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ABSTRACT

This study aimed to present an innovative methodological proposal that integrates the ecological label tool with
the Emergy accounting analysis methodology, with the purpose of developing an agricultural label for egg
production grounded on Emergy accounting principles. The deliberate choice of this combination stems from the
widespread recognition and extensive use of the ecological label tool for communicating sustainability infor-
mation to society. However, it is important to note that some ecological labels have limitations, providing
restricted information and presenting complexities that hinder their understanding. In this context, Emergy
accounting was selected due to its capacity to convey a wide range of information in a direct and concise manner,
condensing complex scenarios into easily understandable indexes. To achieve the proposed objective, several
steps were undertaken. Initially, a comprehensive survey of scientific articles related to ecological labels was
conducted, followed by exploration of existing ecological labels. Subsequently, a review of scientific literature
was carried out to demonstrate the potential of Emergy accounting in comparing sustainability levels across
different production systems. Then, the necessary steps of Emergy accounting were applied to evaluate four
distinct egg production systems. These steps included defining, locating, and collecting data from the systems,
creating Emergy diagrams, constructing Emergy tables, and evaluating the results. Additionally, this study
established connections between the selected Emergy indexes and the ecological label Traffic Light Index. The
culmination of this research was the methodological proposition of an agricultural label that integrates the
Traffic Light Index eco-label. This label employs three distinct colors to signify differences in the sustainability of
systems, utilizing Emergy accounting indexes both directly and indirectly to assess and compare them. The
findings obtained offer valuable insights into how the fusion of Emergy accounting with the ecological label tool
can serve as an effective management and communication tool. This methodological proposition holds signifi-
cant potential for enhancing understanding and facilitating decisions related to sustainable practices and
consumption.

1. Introduction

environmental sustainability, as noted by Ricardo Santin, president of
the Brazilian Animal Protein Association (ABPA) (Correa Netto et al.,

In the face of mounting challenges posed by climate change and
intensifying agricultural practices, ensuring global food security has
become an increasingly pressing issue, as underscored by the Global
Food Security Index (The Economist Group, 2022). The intricate inter-
play between these factors not only impacts the quantity and quality of
available food but also raises profound concerns about sustainability
within the agricultural sector. Within this broader context, the produc-
tion of eggs emerges as a critical component of the global food system,
with significant implications for both human nutrition and
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2018; Guimaraes et al., 2017). Consequently, addressing sustainability
in production has become a global issue, necessitating innovative ap-
proaches to enhance both production efficiency and environmental
stewardship.

It is important to ramp up efforts to promote sustainable develop-
ment in a world striving to balance food supply with environmental
preservation, as outlined in the 2030 Agenda. A significant body of
literature has explored various methodologies for assessing sustain-
ability, ranging from Life Cycle Assessment (LCA) to Material Flow
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Analysis (MFA), each offering distinct advantages and limitations
(Finnveden et al., 2009; Mattila et al., 2012). However, despite the
quantitative growth in studies related to sustainability and sustainable
development between 2000 and 2022, the sheer volume of research
published does not always translate into tangible actions, with many
initiatives falling short of achieving desired outcomes (Abbass et al.,
2022; Trapero et al., 2023). This disconnect often arises due to lack of
integration between theoretical frameworks and practical applications,
particularly in the communication of results to stakeholders (Smith
et al., 2020). As a result, there are discernible gaps between anticipated
results, research, and applicability of findings, with effective commu-
nication emerging as a key area of concern.

Establishing effective communication channels between researchers
and decision-makers, spanning from policymakers to stakeholders such
as producers and consumers, is paramount (Bernabo, 1995; Copp et al.,
2021). Recent studies highlight the need for more comprehensive ap-
proaches, such as the integration of Emergy accounting with other
sustainability metrics, to address these gaps (Giannetti et al., 2021;
Tilley et al., 2019). To ensure the feasibility and comprehensibility of
such communication, attention must be paid to language, mediums, and
dissemination contexts, with clear and accessible language being
indispensable. Additionally, considerations regarding the format and
accessibility of information are crucial, given that only a select segment
of society tends to engage with scientific literature. While ecological
labels have traditionally focused on specific aspects of sustainability,
such as carbon footprint or organic production, they often fail to capture
the full spectrum of environmental impacts. Emergy accounting, with its
ability to quantify the total energy inputs into a system, offers a way to
enhance the comprehensiveness of these labels, providing a more ho-
listic view of environmental impacts. By integrating Emergy metrics into
ecological labels, it is possible to provide consumers and stakeholders
with a more complete picture of the sustainability of products like eggs.
This approach not only improves the accuracy of sustainability
communication, but also strengthens the practical applicability of these
labels. By guiding consumer behavior and informing policymaking, it
contributes significantly to achieving sustainability goals.

Among the myriad of strategies, eco-labels emerge as promising tool
(Grankvist and Biel, 2007; Potter et al., 2021). However these labels
frequently confront substantial challenges, including low societal
awareness, complexity, and limited capacity to convey comprehensive
information (Rossi and Rivetti, 2023; Wang et al., 2022; Xin and Long,
2023). In many instances, consumer decisions remain largely unaffected
by a lack of knowledge about or clarity regarding eco-labels (Carrero
etal., 2021; Taufique et al., 2014). Eco-labels have the potential to guide
consumers at every stage of their decision-making process, from pur-
chase to product disposal. However, realizing this potential hinges on
their ability to effectively convey information (Barkemeyer et al., 2023;
Meis-Harris et al., 2021). Given that many eco-labels currently focus on
specific aspects, such as carbon emissions or animal testing, there is a
compelling need to explore comprehensive approaches, such as
meta-eco-labels. Meta-labels are capable of consolidating information
from individual eco-labels into a single accessible source. They hold
promise for enhancing clarity and comprehensiveness in sustainability
communication, particularly in the realm of food products like eggs.

The Emergy accounting methodology, initially developed by Howard
Odum, offers a comprehensive approach to evaluating resource utili-
zation within systems. By quantifying natural and economic resources
and generating indicators and indexes, Emergy facilitates clear com-
parisons and aids in evaluating sustainability in production systems
(Brown and Buranakarn, 2003; Brown and Ulgiati, 2004; Gigliotti et al.,
2018; Howard Thomas Odum, 1996b). Moreover, its indexes can
seamlessly integrate with eco-labels, enhancing communication with
stakeholders (Giannetti and Almeida, 2006).

This study aims to apply Emergy accounting methodology and
ecological labeling using egg production systems for its contextualiza-
tion. The research began with a thorough examination of ecological
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labels on scientific platforms and databases, revealing an absence of
association with Emergy accounting. Subsequently, an extensive litera-
ture review that employs Emergy accounting focused on comparative
studies of systems, which proved its applicability. Following this, four
egg production systems were selected based on their locations and di-
versities. Emergy indexes were then employed to compare these sys-
tems, resulting in the strategic alignment of three of them with the
suggested agricultural label, both directly and indirectly. The Traffic
Light Index emerged as the most suitable ecological label for its ease of
understanding.

The proposed methodological framework offers significant potential
to enhance sustainability assessment and communication in egg pro-
duction. By integrating Emergy accounting methodology with the
Traffic Light Index ecological label, a holistic approach is provided,
ensuring comprehensibility for stakeholders. Improvements in sustain-
ability assessment and communication can be achieved through the
application of Emergy accounting methodology by organizations
composed of experts in the field. The results obtained, when associated
with the proposed agricultural label model, can be incorporated into
food packaging, addressing the gap in efficient communication among
researchers, policymakers, managers, and consumers. Moreover, the
methodological proposal outlined in this study demonstrates significant
potential to contribute to the Sustainable Development Goals of the UN’s
2030 Agenda, thus aligning with broader sustainability objectives. Ul-
timately, the main objective of this study is to propose a methodological
framework that leverages Emergy accounting methodology and
ecological labeling to enhance sustainability assessment and communi-
cation in egg production, facilitating informed decision-making pro-
cesses and contributing to broader sustainability objectives.

2. Methodology

This research was submitted to the Research Ethics Committee (REC)
through the Plataforma Brasil, and it was identified by the Certificate of
Presentation for Ethical Consideration (CAAE) code
71034923.1.0000.5422, receiving the Approval Number: 6.614.468.

2.1. Systems selections and descriptions

As a context for the methodological proposition, Emergy accounting
was applied to four egg production systems of commercial producers in
the Campinas Mesoregion, State of Sao Paulo. The selection of these
producers was based on criteria that considered the diversity of pro-
duction systems and their location, ensuring that factors like these did
not interfere with the analysis.

Among these producers, two of them had aviaries with access to
pasture areas, one dedicated to free-range production and another
certified as organic following Brazilian regulation. Three of the pro-
ducers held certifications for antibiotic-free production systems and
emphasized animal welfare. Additionally, three of them were partners
with a company operating in an integration system, while one producer
operated independently. The evaluated systems feature similar auto-
matic feeding and hydration systems, as well as equipment for con-
trolling temperature and humidity levels within the environment.
Details regarding the characterization, such as area, performance,
number of poultry, location, and other relevant aspects for Emergy
evaluation, are available in Table 1. Further details are available in
Supplementary Material 2.

It is essential to highlight the differences between the assessed in-
dependent and integrated systems, as within the comparative analyses
conducted through Emergy accounting methodology, it is observed that
Emergy from services is crucial in the sustainability analysis of the
systems. Therefore, specifying what was considered independent and
integrated in this study is relevant as it directly affects the input of
services into the systems. System S1 is an independent system, meaning
the organization takes responsibility for all stages of the process, from
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Table 1
Identification and location of assessed egg production systems.
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Reference code System Total area (m?) Paddock (m?) Operation Certifications Number of poultries Egg yield (unit/year)
S1 Cage-free 3600 - Independent - 58,200 16,848,000
S2 Cage-free 5700 - Integrated “Antibiotic-free 29,690 5,819,040
°Animal welfare
S3 Free-range 17,400 10,000 Integrated “Antibiotic-free 20,700 3,771,360
°Animal welfare
S4 Organic 12,500 10,500 Integrated “Antibiotic-free 10,060 2,496,960

°Animal welfare
“Brazilian organic compliance

2 Antibiotic-Free Egg Production according to the production standard of the Brazilian Association of Alternative Poultry Farming (AVAL) and certified by the World

Quality Services (WQS) certifier.

b Egg production according to the Humane Farm Animal Care (HFAC) standard and certified by the Certified Humane Brazil Institute.
¢ Organic egg production certified by the Organic Conformity Assessment Body (OAC), accredited by the Ministry of Agriculture, Livestock, and Supply (MAPA)
according to Normative Instruction No. 19, of 05/28/2009, and with the use of the SisOrg seal.

production to process and commercialization. However, systems S2, S3,
and S4 are integrated systems, where rural producers have established a
contractual relationship with an agroindustry (integrating company). In
this scenario, the integrating company supplies birds, feed, and tech-
nical support, while integrated producers receive a percentage of
product sales.

The construction of poultry houses and the acquisition of equipment,
such as drinkers, feeders, and climate control systems, were re-
sponsibilities assigned to integrated producers, who received assistance
from the integrating company to facilitate access to financing from
financial institutions. The integrating company took responsibility for
supplying inputs, technology, and technical support, as well as acquiring
the production, processing it, and distributing the product to consumers.
Meanwhile, integrated producers are responsible for supplying other
necessary inputs for the activity. Quality objectives were established and
maintained through process and operation indicators all aligned to
achieve the goals set by the companies.

2.2. Emergy accounting background and its indexes

Emergy accounting is crucial for understanding the relationship be-
tween society and nature. The precursor of Emergy theory, Howard T.
Odum (1996a), provided a fundamental definition of Emergy as the
energy of the same type that was previously required, both directly and
indirectly, to generate a specific service or product. In other words,
Emergy can be seen as a kind of “energy memory” that records the en-
ergy from all essential sources in the production chain (Giannetti et al.,
2019; He et al., 2020; Howard T. Odum, 1996a). The evaluation of
Emergy is carried out through a series of methods and equations
developed by Odum and his collaborators, utilizing principles of ther-
modynamics, and connecting concepts from the fields of economic sci-
ence and ecology (Almeida et al., 2010, 2020; He et al., 2020;
Nacimento et al., 2022; Odum, 1996b). This approach establishes
Emergy as a robust methodology for measuring the combined work of
nature and society on a common basis, which is energy.

To comprehend the significance of the methodological proposal
underlying the development of the agricultural label, the data from the
four distinct egg production systems outlined in the preceding section
underwent analysis employing classical Emergy accounting techniques.
This approach sought to establish a fitting context for a more compre-
hensive understanding during the subsequent analysis and discussion,
thereby accentuating the central focus of the study on the proposed
methodology. Thus, the process was initiated with the examination of
responses from completed questionnaires and descriptive documents,
elucidating the production systems provided by the organizations via a
designated representative. The qualitative analysis of the data facilitated
an understanding of the diverse inputs of energy resources from
renewable, non-renewable, and service sources within the production
system, thereby facilitating the formulation of a generic Emergy

diagram for the investigated egg production systems, in line with the
symbology proposed by Odum (1996a); as depicted in Fig. 1.

A comprehensive Emergy calculation spreadsheet was developed for
each production system using Excel software. This process entailed an
assessment of actual flows of energy, labor, and material. As elaborated
in the subsequent results section, these quantified results allowed for the
calculation of indexes considered relevant for integrating the eco-label.
Thus, the systems could be assessed independently and later compared.
This analysis was conducted with contributions from various authors.
Table 2 summarizes the scopes defined by their contribution.
(Brandt-Williams, 2002; Brown and Buranakarn, 2003; Brown and
Ulgiati, 2004, 2002, 1997; Dos Reis et al., 2021; Giannetti et al., 2019,
2013, 2006; Nacimento et al., 2022; Howard T. Odum, 1996b).

For the evaluation, a spatial boundary was established covering the
entire area accessible to the birds, including sheds and external areas,
with the aim of understanding the egg production system. Additionally,
a temporal boundary of one year was adopted due to seasonal variations
affecting food demand and animal welfare related to temperature and
humidity. The average of all system inputs was calculated for subse-
quent allocation in the calculation table. The reference year for the
analysis was 2018, with the 12E+24 baseline (Brown and Ulgiati, 2016)
chosen as the basis for calculations.

The significance of these indicators and indexes for the present
research is substantial. Previous studies have underscored the effec-
tiveness of Emergy indicators and indexes in assessing production sys-
tems. For instance, Nascimento et al. (2022) compared two contrasting

‘/Residu;\l / o /
] R~
= “sale or use as
Egg production system - fertilizer

%

Fig. 1. Generic Energy Diagram for an Egg Production System, containing
symbols and nomenclatures commonly used in Emergy synthesis. Letters “R”
and “N” refer to renewables and non-renewables, respectively; “F” represents
resources from the economy.
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Table 2
Description of Emergy indexes.
Index Equation Overview Scope Reference
Solar Transformity T - Y Ratio of total Emergy (Y) to the energy of a As the T, increases, more energy is consumed relative to the available  a, b, c,d, e, f,
" E, good or service (Ep). energy for the subsequent level of the production system, indicating g, j, k
lower efficiency at higher T,
% Renewable %Ren — 5*1 00 Ratio of renewable Emergy (R) to total Emergy It facilitates determining the proportion of renewable resources c,d,e fh
Y ). within the system in relation to the total Emergy.
Emergy Yield Ratio EYR — Ratio of renewable (R) and non-renewable (N) 1 < EYR < 2 Low utilization of local resources, thus not contributing c,d,e f,h,i,j
Emergy plus imported Emergy (F) to imported  to the local economy.
RtN+F _ Y Emergy (F). 2 < EYR < 5 Signals a moderate contribution to the local economy.
F F EYR > 5 High potential for economic contribution.
Environmental FIR — N+F Ratio of non-renewable Emergy (N) plus ELR < 2 Relatively low ecological impact, primarily utilizing local c¢,d,e f,h,i,j
Load Ratio R imported Emergy (F) to renewable Emergy (R). ~ renewable resources.
2 < ELR < 10 Moderate ecological impact with balanced utilization
of local natural and non-renewable resources.
ELR > 10 High ecological strain, with heavy reliance on non-
renewable and imported resources.
Emergy EST — EYR Ratio of Emergy Yield Ratio (EYR) to ESI < 1 Ahighly processed system with a high dependence on energy ¢, d, e, f, h,i,j
Sustainability ELR Environmental Load Ratio (ELR). that has undergone numerous transformations.
Index 1 < ESI < 10 Systems with moderate environmental impact that

contribute positively to the economy and society.
ESI > 10 Relatively untouched ecosystems.

Where: “Y” is total incorporate Emergy; “R” is the local renewable resources; “N” is local non-renewable resources; “F” is Emergy purchased from economy; “E,” is the

energy produced in the process as a product.

Brandt-Williams, 2002; "Brown and Buranakarn, 2003; ““*Brown and Ulgiati, 2004, 2002, 1997; ‘Dos Reis et al., 2021; ®™Giannetti et al., 2019, 2013, 2006;

JNacimento et al., 2022; kOdum, 1996a.

broiler chicken production systems: organic and conventional. The
Emergy indicators and indexes utilized in this study revealed that
organic production entails lower environmental impact, whereas con-
ventional production exhibits higher productivity efficiency. Addition-
ally, it was identified that the sustainability bottleneck in both systems
lies in the inputs of corn and soybeans, crucial for animal feed. Thus,
improvements focusing on these aspects are suggested.

A similar approach was adopted by Almeida et al. (2020). In this
study, Emergy indicators and indexes were employed as analytical tools
to assess the feasibility of integrating different production systems to
achieve gains in environmental sustainability. Seven distinct scenarios
were analyzed, involving unique and integrated production systems in
various configurations. In this context, the indicators and indexes led to
the conclusion that increased integration of production systems does not
necessarily ensure gains in environmental sustainability.

These preceding studies underscore the applicability and utility of
Emergy indicators and indexes in evaluating production systems,
emphasizing their significance for comparative analyses among
different systems. However, while Emergy accounting has proven
effective in certain contexts it is important to recognize potential limi-
tations. For example, the current study’s reliance on a one-year time
frame for data collection may present challenges. Producers might resist
findings based on a short-term analysis, arguing that a single year does
not capture the full variability and complexities of agricultural pro-
ductions, which can be influenced by factors like weather patterns,
market fluctuations, and crop cycles.

Moreover, the process of gathering and analyzing data for Emergy
accounting is both labor-intensive and time-consuming. If such evalua-
tions are required annually to maintain the accuracy and relevance of
the eco-label, it could impose a significant burden on producers. The
extensive data collections, along with the need for detailed record-
keeping and periodic assessments, might discourage producers from
participating, especially if they perceive the process as disruptive to
their operations or if the benefits are not immediately apparent.

This potential resistance underscores the need for developing a
streamlined and perhaps less frequent evaluation process that still
maintains the integrity and usefulness of the data. Future research could
explore the feasibility of extending the evaluation period to multiple
years or implementing a rotational assessment schedule where full
evaluations are conducted less frequently supplemented by interim

assessments to monitor key indicators. These considerations highlight
the balance that must be struck between the rigor of the Emergy ac-
counting methodology, and the practical realities faced by producers.
While the goal is to enhance sustainability through transparent and
comprehensive communication of environmental impacts, it is equally
important to ensure that the methodology is practical, and accessible to
those who will be applying it.

Furthermore, system evaluation should transcend individual anal-
ysis, incorporating a comparative dimension based on their specific lo-
cations. It is crucial to simultaneously value and safeguard the
environmental, territorial, and economic diversity of the location where
the system is situated (Tiezzi and Marchettini, 1999). This type of
assessment was conducted on three grape cultivation systems in the Asti
province, Italy. The systems were initially evaluated individually and
subsequently compared with the national average grape production in
Italy. Individual system assessments demonstrated that the system with
the highest Emergy indicator value belonged to the system with the
greatest dependence on fuel, fertilizers, and human activity. However,
the difference in the transformities of production systems did not indi-
cate a significant disparity, suggesting that none of them is markedly
more efficient (Tiezzi and Marchettini, 1999). The comparison of system
indexes and indicators with Italy’s national grape production aimed to
correlate territorial, economic, energetic, and environmental charac-
teristics, thereby generating a new indicator that condensed the infor-
mation extracted from individual indicators and, based on various
assumptions, created a sort of hierarchical sustainability scale (Tiezzi
and Marchettini, 1999).

Thus, the indicators and indexes of systems were analyzed individ-
ually according to their established scope, as represented in Table 2, but
were also correlated with the indexes of the state where they are located.
This choice was made due to the crucial role of sustainability indexes in
shaping public policies and institutions (Tiezzi and Marchettini, 1999).
System evaluation goes beyond individual analysis, incorporating a
comparative dimension based on their specific locations. This alterna-
tive perspective enriches the exploration of sustainable development
using Emergy accounting, making it more meaningful within the context
of this research (Tiezzi and Marchettini, 1999). However, comparing
systems based on their specific locations introduces another layer of
challenge. It requires a thorough evaluation of Emergy inputs at the
local level, which can be both challenging and resource intensive. This
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additional step might make the overall assessment process more
cumbersome, potentially leading to resistance from producers who may
view this as an added burden. In this study the Emergy data for the state
of Sao Paulo, which was necessary for this comparative analysis, was
sourced from the work of Demetrio (2011). This reliance highlights the
importance of leveraging existing research for detailed analyses.

Therefore, while incorporating local context into system evaluation
can significantly enrich the analysis, it also demands careful consider-
ation of the practical implications for those who must implement these
evaluations. To address these challenges in future research, it may be
beneficial to foster collaborative efforts with local experts or utilize
region-specific data already available in the literature. Collaborations
could help in obtaining accurate, location-specific Emergy data,
reducing the burden on individual researchers or producers. Addition-
ally, establishing or accessing regional data repositories could stream-
line the process, making it easier to reproduce and expand upon this
research in different contexts.

Given all this complexity, and the inherent intricacy of Emergy in-
dexes, translating these findings into actionable insights for stakeholders
is a critical challenge. This is where the development of an eco-label, as
proposed in this project, becomes particularly valuable. The eco-label is
designed to simplify and communicate complex sustainability data,
making it easier for consumers, producers, and policymakers to under-
stand and apply this information. By integrating Emergy accounting into
an accessible labeling system, the goal is to bridge the gap between
scientific analysis and practical decision-making, ensuring that sus-
tainability metrics are both comprehensive and comprehensible. This
approach not only enhances the accuracy and relevance of sustainability
communication but also empowers stakeholders to make informed,
impactful decisions in pursuit of a more sustainable future.

2.3. Eco-label

The methodological procedures encompassed a comprehensive
literature review to establish a solid knowledge base on relevant con-
cepts, including a detailed analysis of existing eco-labels through the
Ecolabel Index platform. The absence of a label addressing the Emergy
accounting analysis methodology was identified, underscoring the sig-
nificance of this research.

During this process, several eco-labels already used in egg produc-
tion systems were identified. For instance, the EU organic products label
indicates that the eggs have been produced within sustainable farming
systems. Similarly, the Brazil Organic Product label guarantees that the
eggs are organic according to Brazilian regulations. Another notable
label used in egg production systems is the Certified Humane label,
which ensures that hens are treated humanely. This includes providing a
diet free from antibiotics, with antibiotics only used for sick animals.
Additionally, hens must have access to clean and sufficient food and
water, as well as a safe and healthful living environment. Compliance
with environmental standards is also required. (Ecolabel Index, 2023).

Another observation worth noting is that many packages feature
multiple eco-labels aimed at informing consumers about their produc-
tion systems. For instance, some packages may bear both the Organic
Product Brazil label and the Certified Humane label, alongside a recy-
cling material indicator. While the intention is to provide comprehen-
sive information to consumers, the presence of multiple labels can
complicate matters for those who may not have sufficient knowledge
about each one. This complexity not only makes it challenging for
consumers to understand the production systems behind the products
but also contributes to a significant increase in product value. Organi-
zations often incur additional costs to obtain multiple certifications,
which ultimately gets passed on to consumers. As a result, consumers
may find themselves paying a premium for products carrying multiple
eco-labels, even if they are not fully aware of the significance of each
label. In essence, while the proliferation of eco-labels reflects a growing
commitment to sustainability in product production, it also underscores
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the need for clearer labeling standards and consumer education to
ensure transparency and informed decision-making.

Among the types of eco-labels, the meta-sustainability label was
selected. These comprehensive systems integrate various distinct labels,
providing a more holistic view of the environmental characteristics of
products. Meta-labels have the potential to streamline consumer
choices, enhancing the effectiveness of the search for sustainable prod-
ucts (Courtat et al.,, 2023; Dendler, 2014; Grofke et al., 2021).
Meta-labels enable consumers to access information about various sus-
tainability aspects through a single symbol or certification. This not only
simplifies decision-making but also provides a more comprehensive
understanding of the environmental performance of a product (Dendler,
2014; Grofke et al., 2021).

When Emergy accounting indexes are associated with meta-labels
such as the Trafic Light indexes, they can aggregate various impact di-
mensions, providing a broader and integrated view of the environmental
characteristics of a product. The ELR index excels at distinguishing be-
tween nonrenewable and renewable resources, wich aligns with one of
the principal’s aspects of the EU organic products label. Additionally,
the ESI can evaluate the overall societal benefit of a system or product
while ensuring environmental equilibrium. As this index shows through
bibliographic review and the results obtained in this research, that
systems that prioritize animal welfare yield better results for sustainable
Emergy index, akin to the principles of the Certified Humane label. This
highlights the significant potential of Emergy indexes to simplify com-
plex situations into more understandable metrics when associated with
the Traffic Light Index label. Consequently, this integration can facilitate
a clearer understanding of the information conveyed through multiple
eco-labels.

3. Results and discussion

The results were processed to present the proposed agricultural label
based on Emergy accounting, in a structured manner that offers a
comprehensive understanding of its application and potential impact.
The results and discussion are divided into two distinct sections,
beginning with an initial classical analysis that aligns with previous
research and lays the groundwork for the development.

The results include Emergy accounting calculation spreadsheets for
each system under study, which generated customized indicators and
indexes for independent evaluations comparisons. For instance, Table 3
details Emergy metrics for the cage-free independent egg production
system, while supplementary material 1 includes data for other systems.
Supplementary material 2 offers comprehensive Emergy synthesis
calculation data across all systems. This classical analysis is crucial for
ensuring the robustness and applicability of the Emergy data for label
development.

Building upon this, the classical analysis data were meticulously
refined to align with the study’s criteria. These refined indexes were
integrated into the Traffic Light Index (TLI), creating a label that
effectively communicates sustainability across different production
systems. The TLI translates detailed Emergy data into a more accessible
format, enabling straightforward comparisons and allowing consumers
and stakeholders to quickly assess the sustainability status of each sys-
tem. This labeling initiative bridges the gap between complex Emergy
data and practical, consumer-friendly information, supporting informed
decision-making and promoting sustainable agricultural practices.

3.1. Egg productions systems understanding through emergy accounting

The Emergy accounting analyses began with meticulous develop-
ment of tables, including the Emergy flow diagram (Fig. 1), which de-
lineates the allocation of inputs. In this diagram local environmental
resources are represented on the left side and economic resources
positioned at the top, and monetary flows related to payments for ser-
vices, labor, and other expenditures are represented by dashed lines on
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Table 3
Emergy table for cage-free independent egg production system.
Note Item Unit Annual flow (un/yr) Emergy per unit (sej/un) Emergy (E+13) Reference
(sej/yr)
Renewable Resources
1 Sun® J 1.55E+13 1 1.55 By definition
2 Earth Cycle® J 6.84E+08 4.90E+03 0.34 a
3 Wind, kinetic energy® J 8.22E+10 8.00E+02 6.58 a
4 Rain, geopotential energy® J 9.96E+09 1.30E+04 12.94 b
5 Rain, chemical potential energy J 1.87E+10 7.00E+03 13.07 a
6 Runoff, geopotential energy® J 6.15E+08 1.28E+04 0.79 a
7 Runoff, chemical potential energy® J 5.90E+09 2.13E+04 12.56 a
Non-renewable Storages
8 Soil occupation J 2.20E+09 1.30E+05 28.56 b, ¢
Purchased Resources
9 Poultry J 1.27E+12 4.64E+05 58781.89 b
10 Pesticides and vaccines g 1.57E+06 1.12E+10 1767.06 f
11 Fodder 1334764.71
11.1 Corn J 2.48E+13 4.54E+05 1127267.99 c,d,e,h
11.2 Soybean meal J 1.55E+13 1.25E+05 193372.82 c,d, e, h
1193 ®imestone g 1.84E+08 7.60E+08 14008.72 e
11.4 Vit-mineral su®plements g 9.64E+07 1.12E+10 108.41 e
11.5 Adsorbent g 6.°2E+06 1.12E+10 6.78 e
12 Buildings 169°.12
12.1 Wood g 2.88E+06 6.69E-+08 192.63 b
12.2 Steel g 2.12E+°5 2.39E+09 50.69 b
12.3 Sand g 1.15E+0° 8.51E+08 98.06 b
12.4 Cement g 3.54EP05 1.57E+09 55.64 b
12.5 Gravel g 1.06E°06 1.28E+09 135.60 b
12.6 Block g 2.48E+°5 1.76E+09 43.64 b
12.7 Tile g 4.64E+0° 2.33E+09 1078.50 b
12.1.1 Wood deprecibtion g 7.20E+04 6.69E-+08 4.82 b
12.2.1 Steel deprecbation g 5.31E+03 2.39E+09 1.27 b
12.3.1 Sand deprecibtion g 2.88E-+04 8.51E+08 2.45 b
12.4.1 Cement deprebiation g 8.84E+03 1.57E+09 1.39 b
12.5.1 Gravel deprebiation g 2.66E+04 1.28E+09 3.39 b
12.6.1 Block deprecbation g 6.19E+03 1.76E+09 1.09 b
12.7.1 Tile deprecibtion g 1.16E4+05 2.33E+09 26.96 b
13 Potable Water J b 29E+10 6.40E+04 146.32 c
14 Electricity (Hydcoelectric) J 4.48E+11 6.45E+04 2891.55 c
15 Mechanical equipcent 5.36
15.1 Equipment g 2.67E+04 1.82E+09 4.87 b
15.2 Equipment’s debreciation g 2.67E+03 1.82E+09 0.49 b
16 Transport 90.P9
16.1 Truck g 1.65E+05 5.09E+09 83.81 b
16.2 Truck’s deprecbation g 1.37E+04 5.09E+09 6.98 b
17 Fuel (Diesel) J b 22E+11 6.58E-+04 1460.98 c
18 Packaging (Paper® J 5.62E+07 1.80E+05 1.01 c
19 Labor (manpower) 81.30
19.1Technical assistance J 5.02E+08 3.12E+04 1.57 b
19.2 Poultry farmer J 2.21E+10 3.12E+04 31.61 b
19.3 Owner J 3.45E+9 3.12E+04 10.77 b
20 Services ($ per bAZ) $ 8.16E+05 1.29E+12 105317.88
20.1 Poultry $ 6.61E+04 1.29E+12 8530.33 b, f
20.2 Sanitizatio® $ 1.58E+03 1.29E+12 204.08 b,
20.3 Nutrition $ 4.'5E405 1.29E+12 58687.01 b, f
20.4 Building $ > 1fE+03 1.29E+12 277.29 b, f
20.5 Potable water f 5.87E+04 1.29E+12 7574.36 b,
20.6 Electric pober $ 1.26E+04 1.29E+12 1626.80 b, f
20.7 Mechanical Pqufpment $ 4.40E+02 1.29E+12 56.79 b, f
20.8 Transport $ 2.2E+03 1.29E+12 273.19 b,
20.9 Fuel $ 4.13"40f 1.29E+12 532.41 b, f
20.10 Package $ b 4'E404 1.29E+12 8305.53 b, f
20.11 Workforce b 6f34E+04 1.29E+12 8184.28 b, f
20.12 Depreciation f 8.55E+04 1.29E+12 11031.36 b,
20.13 Nesting Bedding $ 2.67E+02 1.29E+12 34.46 b, f
Products
21 Eggs J 1.63E+13 9.24E+05 1507046.60
22 Bedding as fertilizer g 1.00E+06 1.51E+13
System Results
Index Acronym Expressions Solar Emergy (E+13 sej/yr)
Local Renewable Resources R 13.07

(continued on next page)
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Table 3 (continued)
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System Results

Index Acronym Expressions Solar Emergy (E+13 sej/yr)
Local Non-renewable Resources N 28.56

Material Emergy M 1401687.09

Service Emergy S 105317.88

External Economic Resources F M+S 1507004.97

Renewable Flow Fr Mr + Sr 276745.41

Non-renewable Flow Fn Mn + Sn 1124941.68

Total Emergy Y 1507046.60

Odum et al. (2000).
Inputs that were not
Tabela Brasileira de Composicao de Alimentos (TBCA), 2022.
2 Brown and Ulgiati (2016).
b Nacimento et al. (2022).
¢ Giannetti et al. (2019).
4 Brandt-Williams (2002).
€ Castellini et al. (2012).
f Demetrio (2011).
8 accounted for to avoid double accounting.

the right side.

Upon reviewing the four developed spreadsheets, Table 4 was
formulated. This table serves as a comprehensive summary presenting
key information derived from Emergy accounting of the assessed sys-
tems along with their respective indexes.

The Emergy accounting analysis across all evaluated systems reveals
that poultry feeding is the dominant Emergy input, accounting for
approximately 89% in S1, 92% in S2, 80% in S3, and 69% in S4. This
underscores the critical role of feed in the sustainability dynamics of
these systems. The reliance on external financial resources for feed
procurement poses a significant challenge to sustainability. Even in in-
tegrated systems, where the integrating company supplies the poultry
feed, these inputs are financially sourced, compromising the self-
sufficiency and resilience of the systems, and making them more
vulnerable to market fluctuations and external events.

The Yield Ratio (EYR) index, which evaluates the balance between
local resources use and dependence on imports, shows values between 1
and 2 across all systems (S1 = 1.34; S2 = 1.28; S3 = 1.48; S4 = 1.73),
indicating inefficient use of local renewable resources and significant
reliance on external energy sources for production.

Systems that prioritize poultry welfare, natural behaviors, and out-
door access, demonstrate a more efficient use of renewable resources, as
reflected in the Renewable Emergy Percentage (%R) and Environmental
Load Ratio (ELR) indexes. For instance, S3 and S4, which emphasize
outdoor access, rely on approximately 14% and 26% renewable Emergy,
respectively, while S1 and S2 allocated less than 1%. These trends are
further supported by the %R values (S1 = 18%; S2 = 19%; S3 = 31%); S4
= 40%), highlighting a link between animal welfare practices and

Table 4

renewable energy efficiency. Similarly, the ELR analysis reveals that S1,
S2, and S3 (4.06; 4.08; 2.20 respectively) manifest moderate environ-
mental impacts, while S4 (1.43) reflects a more sustainable environ-
mental approach.

Additionally, analyzing the proportion of Emergy associated with
services and infrastructure shows differences in the collaboration be-
tween producers and integrated companies. For example, S1, an inde-
pendent system, relies on services and infrastructure for about 7% of its
total Emergy, whereas integrated systems rely on less than 5%. This
suggests that integrated systems may have greater potential for
enhanced sustainability. Furthermore, the transformity of each system,
which reflects the efficiency of converting solar energy into useful en-
ergy, shows that all systems exhibit relatively similar efficiency in this
regard.

The Environmental Sustainability Index (ESI), synthesizes these
complex factors into a single measure of sustainability (Giannetti and
Almeida, 2006). Systems S1, S2, and S3 (ESI = 0.33; 0.31; 0.67
respectively) are classified as unsustainable due to their high depen-
dence on non-renewable resources, while S4 (ESI = 1.21) exhibits lower
environmental impact and more beneficial actions for society.

These insights informed the selection of the indexes to integrate the
agricultural label, aiming to transmit holistic information about sus-
tainability in an easy and comprehensive way, as will be demonstrated
in the subsequent section.

Emergy and indexes results outlining the distinct characteristics of each evaluated egg production systems.

Index

Equation

Egg Production System

Cage-free

Cage-free

Free-range

Organic

Independent (S1)

Integrated (S2)

Integrated (S3)

Integrated (S4)

Emergy, (x10'° sej) Y=R+N+Fz+Fy 1507

% Main Emergy contributor

% Emergy from services and infrastructure ~7%

% Emergy from renewable resources <1%
Transformity, (x 10° sej/J) Tr = Y/Ep 0.92
% Renewable R% =Fgr + R/Y 18%
Environmental Load Ratio, (sej/sej) ELR =Fy + N/Fr +R 4.06
Emergy Yield Ratio, (sej/sej) EYR =Y/Fr + Fy 1.34
Emergy Sustainability Index, (sej/sej) ESI = EYR/ELR 0.33

Poultry Nutrition ~89%

800
Poultry Nutrition ~92%
~3%

666
Poultry Nutrition ~80%
~1%

405
Poultry Nutrition ~69%
~2%

<1% ~14% ~26%
1.42 1.83 1.57
19% 31% 40%
4.08 2.20 1.43
1.28 1.48 1.73
0.31 0.67 1.21

Where: “R” are the local renewable resources (sej/yr); “N” are local non-renewable resources(sej/yr); “F,” is the renewable fraction of “F” (sej/yr); “F,” is the non-
renewable fraction of “F” (sej/yr); “E,” is the energy produced in the process as a product(J/yr).
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3.2. Methodological proposal — agricultural label based on emergy
accounting

The previous section illustrated the value of Emergy accounting in
comparing systems and assessing their sustainability. This methodology
is well-supported by studies located in databases such as SCOPUS, Web
of Science, and ScienceDirect (Castellini et al., 2006, 2012; Cheng et al.,
2017; Dos Reis et al., 2021; Nacimento et al., 2022; Sha et al., 2015;
Zhang et al., 2013). Despites its significance, insights gained from
Emergy studies often remain confined to scientific journals and confer-
ences. To effectively leverage the Emergy label, it is essential to
communicate these findings to consumers, helping them understand the
sustainable significance behind the label and empowering them to make
informed choices. The United Nations 2030 Agenda emphasizes the
need to widely disseminate information on sustainable development. It
stresses the importance of fostering public awareness and engaging
diverse sectors of society.

To address the complexity of Emergy accounting and enhance in-
formation dissemination, the integration of Emergy accounting indexes
with an eco-label was proposed. Although Emergy analysis might be
complex, linking its indexes to an eco-label simplifies the understanding
of production system sustainability for consumers. The goal is not to
make consumers experts in sustainability but to enable them to make
informed decisions based on clear and accessible information.

A key strategic decision was the adoption of Traffic Light Index (TLI),
a meta-sustainability label recognized for its simplicity and broad soci-
etal acceptance (Grofke et al., 2021). This label conveys a large amount
of information in a simplified manner, using universally recognized
colors associated with specific meanings.

The second strategic decision involves the direct and indirect utili-
zation of Emergy indexes. Indirectly, this approach compares the
system-specific indexes with those of the state of Sao Paulo, Brazil,
where the assessed systems are situated. This strategy extends the
analysis beyond the individual systems, integrating the regional context,
which is crucial given the varying challenges in achieving sustainability
in different egg production systems. Literature on Emergy accounting
indexes indicates that optimal sustainability values are found in systems
with minimal energy transformation demands and a focus on renewable
resources (Brown and Ulgiati, 2004; Giannetti et al., 2006, 2013). This
perspective influences the marketing impact of the agricultural label, as
organizations may be hesitant to label their products as unsustainable,
even if the Emergy indexes reveal otherwise when compared to other
systems.

Comparing the results of the systems with the values of the state of
Sao Paulo is crucial, because the local resource conditions directly affect
sustainability metrics. Systems located in regions with unfavorable local
resource conditions require more external resources. By comparing their
sustainability indexes with those of the state, consumers can better un-
derstand whether a system has a positive, negative, or neutral impact on
the local environment. The comparison data from Sao Paulo are based
on Demetrio (2011). Although the data’s timeliness is less critical given
the study’s objective, it’s noted that the region’s structure has not
significantly changed since 2011.

Additionally, three Emergy indexes were selected for the agricultural

Table 5
Emergy Indexes of Sao Paulo state and each evaluated egg production system.
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label: Emergy Sustainability Index (ESI), Environmental Loading Ratio
(ELR), and Emergy Yield Ratio (EYR). These indexes were chosen for
their ability to provide a comprehensive assessment when considered
together. As detailed in Section 3.1, these indexes offer valuable insights
into the comparative sustainability of different systems. Table 5 sum-
marizes the sustainability indexes for Sao Paulo and each evaluated egg
production system, facilitating a streamlined comparison.

In resume, when analyzing the Emergy indexes of the egg production
systems, systems S1, S2, and S3 are considered unsustainable based on
ESI values, indicating high dependence on non-renewable resources. In
contrast, system S4 exhibits lower environmental impact and actions
more beneficial to society. Regarding ELR, systems S1, S2, and S3
employ a balanced combination of local renewable resources and non-
renewable resources with imported resources. Meanwhile, system S4
more efficiently utilizes local resources, demonstrating a more envi-
ronmentally sustainable approach. The EYR analysis shows that all
systems inefficiently use local resources and significantly depend on
external energy sources for production.

If these indexes were directly associated with the TLI label, it might
convey negative information to consumers. However, when related to
local context indexes, this perspective changes positively, aligning with
the goal of providing information for sustainable development. It is
important to note that associating Emergy indexes with system-specific
indexes present a challenge, as Emergy accounting is complex and re-
quires evaluating both systems and their local contexts. However, as
discussed in the methodology, this process can be simplified through
collaborative efforts or by utilizing existing information from the
literature.

A comparative analysis of ESI values between the systems and the
state of Sao Paulo highlights that systems S1 and S2 have values 6% and
12% lower than the state, indicating inferior sustainability performance.
Systems S3 and S4 demonstrate a better balance, being 91% and 246%,
respectively, more efficient compared to Sao Paulo. The comparative
evaluation of ELRs demonstrates that all examined systems induce less
stress on the ecosystem compared to the state. They showcase a superior
equilibrium between the utilization of local renewable resources and
non-renewable/imported resources. The systems exhibit a reduction in
stress ranging from 39% to 79% (S1 = 39%, S2 = 39%, S3 = 67%, and
S4 = 79%). Finally, the EYR analysis indicates that none of the systems
effectively harness local resources, instead demonstrating a considerable
reliance on imported resources surpassing that of Sao Paulo state. This
reliance suggests a vulnerability in the local economy due to the costs
associated with importing resources. The EYR values for S1, S2, S3, and
S4 indicate a notable increase in dependence on imported resources,
with respective percentages of 43%, 46%, 38%, and 27% compared to
Sao Paulo.

To clearly convey differences in sustainability performance, the TLI
employs a color-coding strategy. The green range represents systems
that exceed the Emergy indexes of the state by at least 50%, indicating
better performance in terms of sustainability. The red range identifies
systems with inferior performance, exhibiting indexes at least 50%
below the values of Sao Paulo. The yellow range is reserved for systems
with Emergy indexes within 50% above or below the state values,
indicating that these systems reflect regional natural and consumption

Index Sao Paulo state’ Egg Production System
Cage-free Cage-free Free-range Organic
Independent (S1) Integrated (S2) Integrated (S3) Integrated (S4)
Emergy Sustainability Index, (ESI) 0.35 0.33 0.31 0.67 1.21
Environmental Load Ratio, (ELR) 6.68 4.06 4.08 2.20 1.43
Emergy Yield Ratio, (EYR) 2.36 1.34 1.28 1.48 1.73

1 (Demetrio, 2011).
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characteristics without significantly improving or degrading local sus-
tainability. The method is supported by literature on sustainability in-
dexes and the variability of the transformity indicator in Emergy-based
accounting, which can show variations of up to 50% depending on the
evaluated system models (Tiezzi and Marchettini, 1999).

Fig. 2 illustrates the model of the meta-sustainability label Traffic
Light Index, as applied to egg production systems.

The integration of the TLI with Emergy indexes simplifies the
communication of complex data, allowing consumers to easily compare
the systems with each other and with the state of Sao Paulo. This
approach encourages more informed and sustainable choices. Fig. 2
clearly and accessibly visualizes this strategy. Comparing systems with
the region in which they are, the TLI helps define sustainability indexes
that correlate territorial, economic, and environmental characteristics
(Tiezzi and Marchettini, 1999), reflecting the symbiotic relationship
between production systems and their surrounding environments. The
tricolor coding offers a comprehensive and intuitive visual representa-
tion of the results, enabling consumers to quickly identify the relative
impact of each system.

Including the actual value of each index within the TLI reinforces the
commitment to providing detailed information to an interested audi-
ence. It is suggested that the agricultural label, when present on the
product package, be accompanied by a QR code. This QR code would
direct individuals to a web page with explanations about each indicator
and index, details of the Emergy accounting methodology, and infor-
mation about the actions taken by the production system to contribute to
sustainable development This approach helps consumers understand the
sustainable significance behind the Emergy label.

Consumer preferences regarding sustainability can vary widely.
While some prioritize eco-friendliness, others focus on affordability. For
many, the primary concern is whether they can afford the product,
rather than its environmental impact. To address this, a future goal for
the Emergy label is to achieve widespread adoption, like the Procel label
for energy efficiency in Brazil. Initially, Procel was not widely adopted
by companies. However, as consumers recognized the benefits of
energy-efficient products, demand for the label grew. This shift led more
companies to seek Procel certification, resulting in broader market
adoption and greater energy efficiency improvements.

Likewise, by integrating Emergy accounting into a widely recognized
label, we aim to provide clear, actionable information that can influence
purchasing decisions. As consumers increasingly recognize the value of
sustainable practices and potential cost savings, demand for Emergy-
labeled products is expected to rise. This increased demand will, in
turn, encourage more companies to adopt the label, promoting a broader
application of sustainable practices and potentially reducing the cost of
eco-friendly products through economies of scale.

Based on these results and the main objective outlined in this study, a
new methodology was proposed. This methodology presents a
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comprehensive way to convey information through agricultural label-
ing, using Emergy accounting, with egg production systems as a
contextual example.

4. Conclusion

The presented research, developed as part of a master’s dissertation
in management and innovation in the animal industry, introduces a
novel methodology that integrates Emergy accounting with eco-
labeling. This approach offers a comprehensive framework for man-
aging and communicating sustainability information in animal pro-
duction systems. By combining Emergy accounting with the Traffic Light
Index (TLI), the methodology enhances the clarity and accessibility of
sustainability data, enabling consumers to make informed choices and
improving transparency in production systems.

Currently, Emergy accounting is largely confined to academic cir-
cles, limiting its accessibility and impact. Given that public funding
often supports the development of knowledge, it is crucial to make this
information accessible to all. Integrating Emergy accounting with the
TLI label addresses this challenge by translating complex sustainability
data into a more understandable format. This approach not only informs
consumers but also serves as a management tool for production systems,
aligning with the broader goal of sustainable development as outlined in
the United Nations’ 2030 Agenda.

The literature review highlighted the positive impact that eco-
labeling can have on sustainable development. Integrating Emergy ac-
counting with eco-labeling is a promising approach for bridging the gap
between academic knowledge and practical application. By enabling the
transmission of a wide range of sustainability information through
product packaging, this methodology ensures that relevant data reaches
all layers of society, fostering more informed consumption patterns.

Changes in consumer behavior directly influence production
methods. When sustainability becomes a priority for consumers, pro-
duction systems are incentivized to adopt more eco-friendly practices.
Addressing this dynamic is essential for driving significant progress to-
ward a more sustainable future. However, consumer preferences vary
widely; while some prioritize eco-friendliness, others focus on afford-
ability. Successfully addressing these varied preferences is critical for
the widespread adoption of the Emergy label.

A future goal is to achieve widespread adoption of the Emergy label,
like the success of the Procel label for energy efficiency in Brazil. As
consumer awareness and demand for eco-friendly products grow, com-
panies will be more likely to adopt sustainable practices, potentially
reducing costs for eco-friendly products through economies of scale.
This broader adoption will further integrate sustainable practices into
the market, reinforcing the positive feedback loop between informed
consumers and sustainable production methods.

As this research forms part of a master’s dissertation, the next steps in
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Fig. 2. Meta-sustainability label Traffic Light Index associated with the Emergy accounting for each evaluated egg production system.
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future studies should include conducting marketing studies to enhance
public awareness of the Traffic Light Index (TLI). Understanding con-
sumer perceptions and preferences can guide the development of
effective communication strategies, ensuring the eco-label’s relevance
and impact across different production systems and regions. Addition-
ally, future research should evaluate the label’s applicability in various
contexts, acknowledging the variability in local resource conditions.
These steps are crucial for advancing the integration of Emergy ac-
counting into eco-labels and for promoting a more informed and sus-
tainable society.
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