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ARTICLEINFO ABSTRACT

Eeywords: Traceability iz a transparent quality index in almost every supply chain Ezpecially when it comes to highly
Artificial intelligence (Al perizhable products, such as dairy, the need for an effective traceability system iz unavoidable due to increased
Blackchain frandulent products, adulteration, excessive additives, and toxic substances. The dairy industry requires an
Duf?mdm . effective traceability system that ensures visibility and transparency in the supply chain while enhancing zafety,
DmImn quality, and adherence to ethical standards; promotes consumer trust and sakeholder collaborations; optimizes
Sugtainabili dairy operations for economic benefits; and enable: end-to-end macking and monitoring of processes. By
Traceahility effectively utilizing resources and reducing wastage, the system supports the principal objectives of sustainable

developments, trends, opportunities, and impacts of raceability implementation in the dairy induestry. The
theoretical and technological statuz of traceability was inwvestigated, and the content analyziz was used to
examine the intervention of digital technologies in dairy traceability and sustainability indicators. The stody
highlights rezearch indicators in different dairy domains, suggesting potential traceability research pathways. It
also discusses past, present, and fubture aspects of traceability, along with challenges, advancements through
digital technologies, and itz implications for dairy stakeholders. The findings revealed that implementing an
effective traceability system can help attain specific United Nations Sustainable Development Goals (UN SDiGs).

1. Introduction comphiance with quality, hygiene, and regulatory safety requirements

(Malik et al | 2024a). The data indicate that each year, approxmately

The supply chain connects various enbifies, including suppliers,
transport companies, processing unite, distribution partners, retailers,
and consumers, to form a complicated network supply chain (Azcron
et al., 2020). This complex chain invelves numerous process phases,
consuming significant time and integrating vanous locations. Az a
result, traceability becomes vital for the product’s quality and safety
concems (Hac =t al, 2020). The traceability technique, especially in
supply chains, helpe trace products, Improve consumer health and
well-being, and inerease brand trust Ower the years, widespread food
zafety ncidents have prompted people to focus on food hygiene (Mai-
tiniyvazi and Canavari, 2020). People consume daily based on what they
think iz the correct approach to production, including all stepe being
performed in a format that alisme with quality, hygiene, and safety
regulations (Jin =t al | 2023). People’s daily food consumption iz based
on assumptions about a proper strategy, including all stages mn full

* Correzponding authors.

600 million people worldwide are impacted by illness caused by the
consumphion of contaminated food items, and over 40,000 deaths oceur
for the pame reasom (Singh and Gandhi, 2015).

Az food iteme pass through borders worldwide, ensuring their safety,
quality, and compliance with international standards becomes essential
(Ehanna et al | 2022). Globalization has inereased the requirement for
an effective traceability system due to the rising complexity and scope of
food supply chains, raising the rizk of contamination and fraud. As hiving
standarde rise, food safety and quahty become more eritical (Wang et al |
2021]). Despite being the essential food for almeost every group, the dairy
sector's quality has not improved significantly. In 2023, the worldwide
dairy industry reported an estimated value of US$ 944 7 Billion. Imare
group predicts that the market will achieve a value of US$ 14593 Billion
by 2032, with a compound annual growth rate (CAGR) of 4.95 % be-
tween 2024 and 2032 (imare group, 2024). Factors such as rapid
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urbamzation, increasing consumer awareness, technological advance-
ments, demand for dairy-bazed products, changing consumer prefer-
ences, and supportive government policies and regulations drive the
market (Hazsoun et al | 2024a). The worldwide consumption of dairy
products shows its importanee ameng consumers (Chauhan et al | 2020).
Therefore, building a reliable Farm to fork food traceability system,
eespecially for dairy products, 1= essential to ensure safety and quality
(Wang =t al, 2019). Developing countries need a trusted traceability
approach for the dairy industry, where consumers can aceess informa-
tion about dairy products (Tan and Mgan, 2020). Traceabihty, which
maintaine transparency as an essential factor, ensures access to the
required information about the origin of a product along with the pro-
cessing details (Francizco and Swanson, 2018).

Traceability in the dairy sector iz essential due to several erucial
aspecte. Providing the safety and quality of food iz of utmost importanece
in a global dairy market that iz becoming more connected and compli-
cated (Malik =t al, 2023). Many researchers have reported cases of
adulteration and contamination in the dairy industry globally. Such
incidents highlight the need for an effective traceability system (Malik
et al., 2024b). In the present scenario, consumers are becoming inter-
ected In information about the sources and methods used to produce
their food (Cazino <t al | 2020). In addition, the dairy sector influences
the environment due to its uhhization of land, consumption of water, and
emissione of greenhouse gases. Traceability systems monitor and report
these environmental impacts, promoting the adoption of sustainable
practices (Hassoun =t al, 2024a). Effective traceability enables the
optimization of the environmental impact of dairy production, henee
contributing to broader sustainability goals. Adhering to globally
recogmzed food safety standarde is essential for entering global markets
(Tarchi =t al, 2024). Traceahility solutions enable dairy farmers to
comply with these eriteria, promoting seamless trade and market access.
To summarize, the most recent data emphasizes the inereasing size and
intricacy of the worldwide dairy industry, emphasizing the necessity for
strong and reliable systems to track and trace products (Haszoun <t al |
2023). Traceability systems are erucial for the future of the dairy sector
ae they ensure food safety, build consumer trust, promote sustainabality,
and facilitate regulatory compliance (Ehanna =t al | 2022).

Despite its Importance, conventional traceability techmiques,
including manual record management, Radio Frequency ldentification
(RFID), QR codes, ete., are still being used. Using applications based on
IoT, information related to products can be stored in real-time from
production to distribution (Casino =t al | 2019). Tradibional traceability
frameworks can be utilized to observe and collect data related to any
particular product information in all production and consumption
phases. RFID, Mear-Field Communieation (MNFC) technology, Wireless
Sensor Network (WSN), ete., can be used for this purpose (Paul =t al |
2022). This stored information ecan provide waluable insights into
momtoring food quality. Yet, thiz complete system depends on the
centralized system, so the users rely only on thizs syetem to collect and
transfer information related to traceability (Fengs et al | 2020). Due to the
centralized nature of this system, consumers often face many problems,
such as collecting details about the transactions and finding out the
product’s origin (Ilmeri and Ehadraow, 2018). The fourth mdustrial
revolution highlights the interventions of dimital technologies such as
artificial intelbgence, the Intermet of Things (IoT), blockchain, data
analyties, ete. that play a key role in traceability advancement. The loT
monitors dairy operations in real-time and iz integrated with traceability
gyetems, where Al analyees the data for better management. Sumilarly,
digital technologics like blockehain enable transparency and visibility in
the dairy supply chain (Haszoun et al | 2022a).

In the dairy industry, traceability iz still a new technology that has
yet to reach ite full potential Although traceability methods within the
dairy eector have made considerable advancements, there 1z still an
opportunity for potential improvements (Malik t al | 2024b). Current
methods for dairy traceability utilize a combination of traditional and
digital approaches. Several dairy supply chains rely on manual
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record-keeping and insufficient digital toels and must be improved to
accommaodate modern food supply networks" complex and global nature
[Hastiz and Sodhi, 2020). However, advanced technologies like block-
chain and IoT are being progressively adopted. Currently, these tech-
nologies are undergoing testing and implementation at various points of
the dairy supply chain While these have demonstrated promise in
enhanecing the ability to monitor and trace products, there iz still a need
(Hassoun et al, 2022b).

Considering these as research gape, this study investizates the
traceability advancements and their potential for a sustainable dairy
future. The authors address the research questions related to the current
status of traceability, itz potential, and associated challenges. The
rescarch objectives include exploring the current reszearch trends and
traceability statuz in the doory tindustry and the potential applications, azso-
ciated challenges, and future opportunities related to traceability in the dairy
sy,

Considering these research objectives as a beginming point, the au-
thors conducted a systematic review and bibliometric analysiz of the
existing literature to determine previous research investizating trace-
ability. A deseriptive study was conducted to understand the evolution
of the research and foresee likely future trends of traceability applica-
tions in the dairy field As there was no detailed evaluation of the
traceability in the Literature, particularly in the dairy imndustry, from a
strategic viewpoint, it was essential to inwvestigate current research
works to make a significant contribution to the selentific hiterature and
highlight the gaps to be studied in subsequent research. The findings
from thiz iInvestigation are intended to serve az a reference point for
further research into the application of traceability in various dairy
processes and areas and to provide a framework for the successful
adoption of the technology in the mdustry. The assessment enabled the
identification of distinet usage patterns based on dairy processing and
developing an effective framework for traceability based on the various
processes. The remainder of the paper has the following structure:
Section 2 diseusses the review methodeology. Section 3 presents the
syetematic and bibliometrie analyeis, Section 4 discusses the findings,
and Section 5 concludes the study.

2. Review methodology

A scientifie study begine with a hiterature review (LR}, where the
researcher understande the termmology, vocabulary, methodolozies,
regulations, and current trends related to the area of research. The LR
significantly eontributes to new thinking in the field. It can help future
rescarchers determine the path of action through the research process
and provide a deeper understanding and flexability about the possible
optons in their study area (Torraco, 2005). LR is defined az a group of
references without a well-defined preferential approach based on
quantitative measurements and nvestigation mammer. The authors
[Tranfield et al | 2003]) deseribed the systematic literature review (SLR)
as a study that aims to answer specific questions using LR selectively and
syetematically investigate various aspects, viz. research trends, ad-
vancements, challenges, opportumities, ete. (Fitchenham, 2007). An SLR
employe a rigorous and reproducible approach to assess and analyze all
available research related to a specific topie, subject, or field of research.
SLBz generate waluable inzightz by synthesizing prior research and
pinpointing existing gape (FEamble =t al | 201 8). For the current review,
the authors adopted a three-phazed SLR methodology, consisting of a
planning phase, searching phase, and review analysis phase, az sug-
gested by (Tranfield et al | 2003).

2.1. Planning the review
The review's objective was to explore the concept of traceability, its
current status, and ite potential applications in the dairy industry. The
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industry. According to the scope of the review, the following rescarch
questions have been formulated:

« RQ 1. What iz the current status of traceability in the datry industry?
» RQ 2 What are the potential applications, aszoctated challenges, and
future raceability opportunities in the dairy indusory?

To specify the limite of the review, the authors selected potential
kevwords covering research questions such as traceability, dairy trace-
ability, sustainability, dairy industry, dairy supply chain, blockehain,
transparency, product authentication, consumer trust, food safety, and
security to carry out articles search.

2.2 Conducting the review

The review uses an integrated approach to collect and analyze the
relevant data. The systematic and bibliometric review approaches were
used to evaluate the articles collected from the Web of Science (WoS)
database. Compared to other academic databases, including Google
Scholar, Wiley, and SCOPUS, WoS is the oldest database for scientific
work and the most helpful tool for conducting literature analyziz. It has
the most extensive citation records (Ellezaard and Wallin, 201 5). Also, 1t
congiste of the most relevant and impaectful journals of high quality
(Mizhant et al., 2020; Zhao, 2017). A total of 430 articles were searched
initially; the authors then applied the inclusion eriteria, which included
articles published in the English language, full-text articles, articles
related to the research theme, and the study included only
peer-reviewed articles. The articles published between 2000 and 2023
were chosen. The exclusion criteria inelude articles published in con-
ference procesdings, editorial notes, ete., articles published in other
languages, and articles unrelated to traceability were excluded from the
review. After applying these inclusion-exclusion criteria, 269 articles
were selected for content analyeis. The content analysis highlights 184
irrelevant arbicles unrelated to the research theme or traceability in
dairy, which were excluded. A total of 85 articles were selected for the
gystematic and bibliometric analysie. Although the process is syetematic,
there are a few limitations of the methodology, including the fact that
the article search was performed on the WoS database only; it may be
possible that some articles were not considered for the review. Another
area for improvement was the primary language selected for the articles,
Englizh; it may be possible that the study excluded potential articles
published m other languages.

2.3. Descriptive statistics

The authors performed a deseriptive analyzsis to identify the growth
in research related to traceability in the dairy industry. The bibliozhiny
library in B language was used to perform the hibliometric analysis.
Table 1 presents the deseriptive analysiz of articles considered for re-
view. It presents an overview of relevant bibliometric data and statisties
about a collection of articles related to traceability in dairy. The scope of
analyziz includes the tmeframe of the publications, sources, authors,
kevworde, collaboration patterns, ete. Purthermore, it emphasizes the
yearly inerease in published publications, revealing patterns in the
research output as ime progresses.

Table 1 presents an overview of the pimary information related to
the total number of articles collected systematically. Eighty-five articles
were collected from 45 sources authored by 374 authors. As the
descriptive chows, the review considered articles from 2000 to 2023,
and the low collaboration mmdex shows that the research related to
traceability iz still in the nitial phase.

3. Systematic and bibliometric analysis

The research approach includes many aspects of traceability, such az
new technologies, rules and regulations, and possible challenges while
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Table 1
Dencing Rezal
Main Information
Timeepan 2000:2023
Sources (Joumnak, Books, etc) 45
Documenta BS
Awerage years from publication 726
Awerage citations per document 2271
Awerage citations per year per document 3.455
References 3913
Document Types
Article 75
Beview 10
Document Contents
Keywords Plue (ID) 340
Author's Keywords (DE) 206
Authors
Authors 374
Author Appearances 392
Authors of single-authored documenta 4
Authors of multi-anthored doc 70
Authors Collaboration
Single-anthored documents 4
Documents per Author 0227
Authors per Document: 4.4
Co-Anthors per Documents 461
Gollabaration Index 457
Annual Growth Rate 1274 %

implementing such technologies into practice. The findings from the
bibliometric analysizs indicate that research has been done into
traceability-related domains in the dairy industry.

Fiz. | lustrates the current status of the research by indicating the
vear-wise publication of research articles and showe the annual scien-
tific production with a growth rate of 12.74 % related to traceability in
the dairy mndustry. The growth rate related to the research theme is
gaming momentum after 2021, indicating that researchers are inter-
ested In traceability and related research areas.

The source impact refers to a source’s relevanee in any research field.
Thiz impact can be evaluated by several parameters, including the
number of citations, the number of times researchers have cited a
source, the prestige of the source within academics or related industries,
and ite significance to a particular research field. Fiz. 2(a) shows that
“The Journal of Cleaner Production” 15 the most impactful source with a
268 total citation (TC) index, followed by “The Journal of Dary Sei-
ence,” “Food Chemictry,” and “International Dairy Journal”. On the
other hand, the “most relevant source” commenly relates to a particular
publicher that 1z highly relevant or appropriate to the subject that has
been explored. It may not have the most substantial influence on cita-
tions or acknowledzment within the field, but it diseusses or contributes
to the topic under discussion. Evaluating referencing trends to assess
which journals are most impactful within such a particular field of
rescarch is part of recognizing the most relevant sources. Fiz. 2(b) chows
the most relevant sources, including the Journal of Dairy Science, Britich
Food Joumal, Food Control, Food Chemustry, Food Resecarch Interna-
of numerous sourees in the literature. Such aspects are eritical for un-
derstanding the framework, developmentzs, and interactions of literature
review within a particular research field.

A word cloud is used in bibliometrie analysiz to illustrate the most
relevant keywords in the existing Literature and highlight ezsential and
trending research themes. Fiz. 3 showes the word cloud and the most
relevant words reported 1 the hterature as authors" keywords mn parts a
and b. Traceability, food safety, blockehain, dairy mdustry, and sus-
tamnability are chown in bigger sizes, iIndicating researchers’ frequent
ucsage of these terme. Part ¢ shows the trends in topics indicated by
cireles on lines such as traceability-related termes with high frequencies,
among others. The occurrence of particular keywords over time 1=
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Fig. 1. Evolution of traceability in dairy (zource: authors).

tracked by word growth analysis, which allows researchers to explore
the latest developments, transitions in research topics, or the advance-
ment of termes and coneepts in a domain. Part d shows such word srowth;
colored lines indicate different words and growth related to these words
over time.

A conceptual structure map analyziz can assiet in representing the
correlation between two themes or concepts in the literature during
bibliometric analyeis. Fiz. 4(a) shows that research related to trace-
ability iz correlated with food safety, adulteration, and sustainability in
the dawry industry. In Fig. 4(a), dimension 1 presents a traneition from
traditional methods to advanced technological innovations related to
traceability. Dimension 2 highlights a change in general research themes
to practical themes such as sustainability, traceability, and food safety. A
cluster map indicates the connections among various clusters of related
kevworde or terme in the relevant iterature. It supports the classification
of different research topics or fields of study. It categorized the rescarch
themes according to relevance and degree of development. Fig. 4(b)
showe that researchers focus on several research areas in an integrated
mamner. The motor theme indicates that the research themes “sustain-
ability” and “blockchain” are influential, highly dense, and well-
ectablished from a research point of view. The emerging theme in-
dicates low centrality and lese development in research related to these
themes. The basic theme presents the main areas that require more
research n “the supply chain™ and “the dairy industry.” Owerall, the
bibliometric analyziz offers a comprehensive view of the evolution of
traceability in dairy, focusing on recent trends, the relationship betwesn
research themes, and development stages.

32.]. Lumitations

The authors list the various limitations of the study, including the use
of the WoS database to search for relevant articles on the current
research theme. The current study may have overlocked some articles
during the selection process due to, for instance, the keywords that were

used. Furthermore, because the analysis iz based on the authors” inter-
pretation, it depends on how they perceive and categorize the data
gathered. The limitation of the hibliometric analyesiz depende on the
articles collected and the dats analyzed. The exclusion of any related
article may affeet the relationship and trends obtained through analyeis.

4. Discussions

This section highlights the traceability's past, present, and foture. It
foruses on the evolution of traceabality, existing methods, current status
in the dairy industry, potential applieations, existing challenges, and
future aspects of traceability in the dairy sector.

4.1. Traceability-an overview: past, present, and fufure

4.1.1. Past evolution, traditional technigues, and challenges
Traceability in the dairy industry has undergone significant evolu-
tion owver the years. Traditionally, traceability systems were rudimen-
tary, relying heavily on paper-based records and manual tracking
methods (Prachar <t al, 2020). These techmiques involved recording
data at various supply chain stages, such as farm logs, transport records,
and batch numbers during processing. While these methods provided a
basic level of traceability, they were prone to errors, inefficiencies, and
fraud (Casino et al., 2021). The primary challenges included more
real-time data, transparency, and difficulty identifying and responding
to food safety incidents. Despite these limitations, tradifional trace-
ability systems laid the groundwork for more sophisticated approaches
by highlighting the need for accurate and comprehensive data tracking
throughout the supply chain (Khanna et al | 2022). Traceability systems
are expected to trace and track products and their elements through the
supply chain. Although traceability must be an end-to-end method, it 1=
achieved in a supply chain of independent firms with their information
management. To achieve end-to-end traceability, dairy industry stake-
holders must engage in three major events: data acquisition, storage,
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Flg. 2. (a & b): Relevant source analyzis (source: authors).

and charing (Tan and MNgan, 2020). The functionality of the traceabality
gyetem iz mainly dependent on these stepe. In data acquisition, all the
neceszary details related to the product should be eaptured az desenbed
in key data elements (KDE). However, data acquisition can be traditional
methods ke paper-based or technological ones like QR codes, barcodes,
RFID, and loT sensore (Fumar and Eumar, 2020). Data storage and
management of the collected data can be done using a database ae-
cording to a specified traceability syetem. The data sharing deals with
exchanging thiz data ameong all industry stakeholders. For thiz, an
effective traceability evstem must consist of hardware and software,
allowing the system to communicate (Daczh =t al | 2022).

4.1.2. Present current state of traceabilicy
The dairy industry has embraced advanced technologies to enhanece
traceability syetems in the present scenario. Integrating digital solutions

such as blockchain, loT, and Al haz revolutiomized traceabality,
providing real-time, secure, and transparent tracking of dairy products
from farm to consumer (Malik =t al., 2023). Blockehain technology, for
example, offers an immutable ledger that ensures data integnity
throughout the supply chain. At the same time, loT devices enable
continuous monitoring of conditions such as temperature and humadity
during transportation and storage. These advancements have signifi-
cantly improved the accuracy and reliability of traceability systems,
addressing many of the challenges associated with traditional methods
[(Haszoun et al | 2024a). Howewver, the current state of traceability has ite
challenges. The dairy industry faces numerous challenges in imple-
menting digital traceability syetems, including high implementation
coetz, lack of supportive mnfrastructure, lack of collaboration among
stakeholders, lack of awareness, ete. The need for standardization across
different systems and concerns about data privacy and security are
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ongoing issues that must be addressed to utilize the maximum potential
of digital traceability evetems (Vern =t al | 2023).

Deszpite the existing challenges, the Literature reported suceessful
case studies highlighting the effective integration of digital technologies
with traceability svstems. These case studies provide important exam-
ples of how digital technologies like [oT, Al and blockchain are being
applied to Improve traceability systems in the dairy industry (Varavallo
et al., 2022). Carrefour Group implemented a blockchain-based trace-
ability system, which allows users to get traceability information by
seanning the QR ecode (Eyan, 2022). Nestle implemented digital solu-
tions to trace milk operations using emerging technologies, Al, and loT
(Usman, 2022). Arla Foods implemented a traceability evstem to ensure
a transparent supply chain using blockehain and QR codes (Best, 2012,
Maersk implemented an [oT and blockehain-based traceability system to
ensure fraceability in logistics for dairy products (Antua et al | 202]7).
Many authors have reported the development of traceability svstems,
including blockehain-based, loT-based, RFID-based, and QR code-based.
Some studies reported integrated traceability eystems based on multiple
digital technologies like IoT and blockehain Many authors diseussed
theoretical concepts for traceability models, adoption and imple-
mentation challenges, and the development aspects (Jabbar et al., 202];
Kumar and Kumar, 2020; Wang <t al., 2020; Wang <t al, 2021). Some
authore developed prototype traceability systeme that must be imple-
mented in real time to analyze the outcomes and implementation
challenges. Despite these advancements in the current seenario, sue-
cessful practical adoption and implementation of such systems are
limited in the dairy industry (Ehanna =t al | 2022). Practical validation
via implementation needs to be improved in the current scenario.

The adoption of traceability 1= slow in the dairy industry, although
other supply chains have utilized traceability to ensure transparency.
The researchers highlighted the application of blockchain-based trace-
ability for the meat industry to ensure end-to-end traceability and
address issues related to animal welfare (Jo =t al, 2022). The re-
searchers developed an integrated traceability system based on RFID
and bleckchain for the tea industry (Faul =t al | 2022). A emart tag-based
traceability system was reported for the textile industry to ensure
transparency and vizibility in the textile supply chain (Azgarwal =t al |
2022). These case studies highlight the current developments related to
traceability in the dairy industry.

4.1.3. Future: opportunities and challenges

The future of traceability in the dairy mdustry holds 1mmense po-
such as advanced data analyties, machine learning, and next-generation
IoT devices enable greater insighte and control over the supply chain
(Malik et al, 2024b). These technologies can enhance predichve ana-
Iytice, enabling stakeholders to anticipate and mitigate risks before they
oceur. Developing global standards for traceability systems can also
facilitate greater interoperability and collaboration across the industry
(Hazzoun =t al., 2022c). Howewer, the future also presents sewveral
challenges. Ensuring the scalability and affordability of advanced
traceability solutions for small and medium-sized enterprises remains
crtical. Moreowver, as traceability systems become more complex, there
iz a need for reliable security measures to protect data from security
breaches and unauthorized aceess (Haszoun =t al | 2022d). Addressing
holders, policymakers, and technology providers to create a sustainable
and resilient traceability infrastructure for the dairy industry. Owerall,
the evolution of traceability in the dairy industry frem traditional
paper-based methods to advanced digital solutions highlights the
continuous need for innovation to ensure food safety, quality, and sus-
tammability (Hassoun =t al, 2024b). By understanding the past,
addressing current challenges, and leveraging future opportumitics, the
dairy mndustry can achieve a comprehensive and effective traceability
system that benefite all stakeholders.

Puture Foods 10 (2024) 100426
4.2 Traceability in dairy advancements

The authors analyze the literature to investigate the dairy industry's
status in terme of technological advancements. The selected articles are
categorized into four aspects: dairy management, consumer, sustain-
ability indicators, and regulatory aspects. Further content analysiz
divided dairy management aspects into ammal welfare aspects, farmer
aspects, technological advancements, supply chain management, and
operational efficiency; consumer aspects into food safety and security,
food quality, and awareness; sustainability indicators into economic,
social, and environmental aspects; and finally regulatory aspects regu-
lations and complhiances. All 85 articles were analyzed and divided into
these categories and subecategories to Investigate the current status of
research related to every aspect. The section-wise overview of every
aspect and related research iz presented as supplementary material in
Tabl= Al.

The evaluation of Table Al indicates that 27 % of researchers focused
on animal azpectz, 16 % on farmers azpects, 44 % on technological ad-
vancements, 31 % on supply chain management, 14 % on operational
efficiency, 52 % on food safety and security aspects, 34 % on food
quality aspects, 22 % on awareness among stakeholders, 22 % on eco-
nomic clements, 38 % on social and environmental aspects in sustain-
abibity indicators, and only 9 % on regulation and comphance aspects 1n
the dairy industry. Only a small number of studies examined the inte-
grated elements of dairy. These findings indicate a significant require-
ment for implementing the integrated dairy management coneept. This
concept can Improve research in erucial areas such as quality, safety,
awarenecss, welfare, and transparency, ensuring a sustainable future for
the dairy mndustry (Malik =t al | 2023).

Despite these technological advancements, the dairy industry =tll
faces several challenges. The authors identify the challenges associated
with the dairy industry through content analyeis. Table 2 presents
identified challenges, which are categorized arca-wise.

Table 2 hnghlights the challenges that can be addressed by imple-
menting an effective traceability system in the dairy industry.

4.3, Potential applications of traceability in dairy

Thiz section discusses the potential applications of traceability
within the dairy mdustry. Traceabality syetems help the industry deter-
mine the souree and intensity of security or elevated tracking concerns.
It reduces the tme and uhlization of unreliable products, which mini-
mizes the chances for negative impressions, risks, amd eriticism (Mor
et al, 2021). Effectively implementing a traceability system will enable
the industry to deal with product recalls, maintenance, and quality
control issues. From such a eingle piece of information, the processor can
trace a defective product back to its origin and determine whether other
objects in the same batch are defective (Feil =t al | 2023). Many con-
sumers, including restaurants, hotels, and a few chopping malls, are now
guiding their vendors to establish traceability syetems and regularly
ensure that the syetem works. Fig. 5 chows some potential applications
of traceability in the dairy industry. Product authenticity, quality con-
trol, enhanced product recall, token incentive eystem, ete., are possible
outcomes of traceability implementation (Malilk et al | 2023).

Az shown in the figure above, an effective traceable system can
enhanece the dairy industry in various waye, such as product traceability
and quality control, which includes all quality parameters throughout
the complete processing phase to ensure that consumers receive quality
milk products. After that, it will eaze product recall in case of contam-
mnated and adulterated products are delivered. Smart contracts can
tackle these issues wia real-time andibility (Bottoru =t al | 2020). No
doubt, it will also increase brand value for any industry. It will improve
supply chain performance by eliminating the effort and time required to
manage inventories, balance transactions, product collections, and bills.
It will eimplify contract management with vendors, suppliers, and re-
tailers. Complete process will make all processes transparent (Cabrera
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Table 2
Application/
Traceability
Production » Balancing milk » Implementing (Cabrera and
production with ToT sensors for Padul-Pacheco,
coats momitoring 2021; Lovarelli
& Sustainahble animal health et al | BO20)
farmi and -
» Acceming quality  » Using data
feed congistently analytics for
» Animal welfare optimized feed
imsuen and resource
» Lack of real-time management
L . T hili
» Unfair milk myatems for feed
farm practices
Collection « Enmring milk + EFID tags for
quality during milk containers (Wahyono et al |
tranapoct: to track quality 2023; Schillings
» Managing anid origin et al | 2023)
variations in milk ~ « Digital platforma
composition for real-time
# Adulteration data on milk
» Milking Hygiene quantity
» Dot
Management
#» Transparency
Trangportation » Maintxining cold # IoT devices for (Hazszoun et al.,
chain integrity momitoring 2023; Malik
» Addreszing temperature et al | 2023)
challenges » OPS tracking for
» Real-time efficient route
monitoring management:
Processing » Compliance with ~ » Blodkchain for (Lopes et al |
quality and safety transparent 2020; Varavallo
standanda supply chainand et 2l 2027)
» Bfficient quality comntrol
processing of » Automated
varying milk ayatems for
» Ganitary and ammurance amnd
» Wulnerahility to
adulteration and
_—
.
Implementatiomn
of regulatary
requirements
» Wastage problem
» Nutrient
Degradation
#» |mproper
traceability
oystem
Digtribution » Maintaining » Digital inventory ~ (Freeman et al |
prodduct quality management for 2022; Mangla
during product tracking et al | 20159)
diztribastion » Foute
» Optimizing optimization
delivery routes using Al
» lmproper algorithms
traceability
oystem
Dairy » Balancing » Integrated (Hagooun et al ,
Management profitability with management 2024a, 2023
mustainability software for farm ~ Malik et al |
» Adapting to operations 2024b, 2023)
technological » Al-based
adhancements predictive
models for
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Table 2 (continuwed )
el P il Ref
yoeE Application
solusion through
I hili
» Incompatible resgurce
» Improper data
management
Ennvi tal » Managing wagte # Dats-driven (Hazzoum =t al |
Challenges » Beducing carbon wagte 2024b; Tarchi
footprint management et al | 2024)
Fywtema
# loT censore for
environmental
impact
monitoring
Regulations » Enguring » Digital record- (Fresmamn et al |
compliznce with Leeping for reg- 2022 Fhanma
regulations ulxtory etal | 2022 Vem
compliance et al , 2023)
» Blockchain for
transparent
andite and
compliance
checks

and Fadul-Pacheco, 2021).

Implementation of traceability in the dairy industry can optimize the
sector in terms of operational efficiency, market access, and sk mati-
gation. Some potential operational benefits are inventory level accuracy
to tackle the demands, improving tracking to minimize errors, and
lowering coste and waste (Hassoun =t al., 2024b). Improving all these
factors can alzo enhanee the brand value of the industry by creating a
transparent system that will atiract more customers and expand the
market seale. It can also reduce product recalls and customer izsues
related to information sharing (Ehanna et al, 2022). Implementing
product traceability can benefit all stakeholders in the dairy industry as
farmers will get direct benefite az per the quality of their product, the
industry will be able to establish a direct relationship with all stake-
holders, consumers will get safe and secure food, and 1t will alzo tackle
izsues like cost reduction, minimum wastage, ete. (Hastiz and Sodha,
2020).

4.4, Traceahlity and sustamabiity goals

In the dairy industry, traceability systemes allow for the real-time
monitoring of materials utilized at every production stage. This in-
cludes keeping track of feed intake, water consumption, energy intake,
and waste production (Yadav and Singh, 2020). By analyzing thic data,
food producers can detect systemic problems and take adequate mea-
sures to optimize resource utilization, promoting sustainable develop-
ment (Olsen and Borit, 2018). An effective traceability syetem
contributes to waste reduction throughout the supply chain. It enables
supply chain management, as well as the reduction of exeess supply and
burden and rezouree conservation by identifying the causes of waste and
deficiencies (Astill =t al., 20]9). Traceability eyetems help to conserve
the environment by allowing the recogmition of sustainability solutions.
Thiz involves following the path of environment-conscious farming
techniques such as organic or eco-friendly agriculture. It also makes it
easier to track the environmental effects of dairy farming, inspinng the
implementation of practices that reduce adverse mmpacts (Lowvarelh
et al., 2020).
money. These systems Improve inventory management, logistice, and
operational efficiency. Traceability reduces waste and improves effi-
ciency and market aceess, helping dairy operations stay profitable.
Customers frequently want transparency and accountability in food
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Traceability

Future Foods 10 (2024) 100426

_| Imiprovemernis

[ Decreased
SpoilageWaste amd
4‘ Shrinkage

Benifits
|
[ | 1
Operational Market Access Risk Mitigation
Efficiency Benefits Benefits Benefits
; ) Expanded p
ot Supply L MarkersNew [ Returnfo Busines
| Customers |
|
|| Increased Supply Increased Consumer Reduced Recall
Chain Confidence Confidence Costs
P o J
Process Tmproved Brand | | Insurance/Liability
Reputation | Cost Reduction

Fig. 5. Potential traceability applications in the dairy industry (source: authors).

production (Duruz =t al, 2020). Traceability ensures product quality,
cthical zourcing, amd environmental compliance, boosting market
competitiveness. [t enables customers to track dairy product ongin and
production, promoting ethical sourcing. Transparency builds customer
trust and loyalty for ethical and sustamable brands (Michie et al | 2020).
farming. Fairtrade and sustainable agriculture improve dairy farmers”
livelihoods and local communities. Sustainability and dairy traceability
are intertwined. Transparency, accountability, and responsible dairy
supply chain practices promote environmental preservation, economic
productivity, and social responsibility. These interconnected factors
help achieve sustainability mn the dairy industry (Mangla =t al | 2012).
Fiz. & chows that adopting digital and decentralized traceability in the
dairy sector can considerably contribute to many UN SDGe.

Digital technologies integrated with a traceability system can
significantly enhance food quality and safety, mimimize food spoilage,
and transparency in the dairy supply chain. It helpe ensure everyone’s
acecess to safe, healthy, and adequate food, alizning with 5DG 2 (Haszoun
et al, 2022¢). Implementing digital traceability systemes can improve
food safety measures by lowering the nsk of contamination and discase
gpread via dairy productz. [t contributes to SDG 3 by boosting consumer
health and well-being (Malil: et al., 2023). By venfying the safety and
quality of dairy products delivered to cities, digital traceability can help
in metropolitan settings. It creates sustammable and resilient cities by
providing zafe and dependable food sources. Digital traceability en-
courages responsible consumption by informing consumers about dairy
products’ ongin, manufactunng methods, and environmental impact. It
promotes the dairy sector’s sustainable production techniques (Fhanna
et al, 2022). Implementing digital technologies for traceability in the
dairy businesz can lead to more efficient resource management,
decreased waste, and reduced environmental impact. It contributes to
efforts to prevent climate change, corresponding with SDG 13 (Malik

et al, 2023). Although SGD 15 mainly focuses on the land-related
ecosystem, dairy traceability indirectly supports this SDG as it ensures
mimimal environmental impacts and conserves resources in dairy.
Collaboration among dairy sector stakeholders to adopt digital trace-
ability systemes builds partnerships for long-term development. It pro-
motes  Information  channg, technology  innovation, and
capacity-building activities to accomplish several SDGe (Jouzdan: and
Govindan, 2021). In the dairy industry, traceability enhances operating
effectivencss and corresponds with the globalized production, health,
and sustainability goals. It significantly improves real-ime monitoring,
effective decisions, and transparency along the dairy supply chain,
contributing to numerous UN SDGs.

4.5. Opportunities and future scopes

4.5.]. Emerging opportunitics in the developing countries

Innovative technology such az Al, loT, and blockehain has supported
in reducing milk waste, digitizing operational processes, improving milk
production, developing last-mile logistice infrastructure, monitoring
cattle health, detecting anomalies in milk production, and forecasting
weather patterns (Kramer and Bovenkerk, 2024). Technology usage in
the dary sector has evolved from evaluating milk composition or
automated milk collecting in villages to milk airlifting, mechanical dairy
plant operations, and assessing total milk quality indicators. Purther-
more, technological adoption has resulted in nowvel solutions such as
seneors identifying whether the cow is ready for milking, robotic milking
equipment, blockehain for product traceability, livestock monitoring,
and drones (Magar =t al | 2021). Integrated technologieal solutions can
be implemented in dairy to address eritieal issues such as milk adul-
teration, quality, data management, and real-time monitoring sustain-
ably, which can be a game-changer strategy, especally for developing
countries (Malik =t al | 2023). Traceability can be that component in the



M. Malik et ol

Future Foods 10 (2024) 100426

Zero Hunger
(SDG 2)
l_-'a rtnerships Crood Health
for the Goals and 'I,,I,,-’f;ll_heing
(SDG1T) (SDG 3)
LN SDGs
Sustainable
Climate Action Cities and
(SDG 13) Communities
(SDG 1)
Responsible
Consumption
and Production
(5D 12)

Flg. 6. Traceability and UN 506z (zource: authors).

supply chain that can transparently transform the operations. Literature
reported adopting advanced digital traceability systems, especially in
developed countries. There are tremendous opportunities for developing
countries to adopt and implement such traceability systems to enhance
their supply chain operation and establish themselves az potential
competitors in global dairy (Haszoun et al, 2022¢).

4.5 2 Future scopes

Thiz section discusses the future opportunities to Improve trace-
ability evolution and adoption of traceability. Stakeholder collabora-
tion, technological advances, and regulation strengthening are needed
to improve traceability practices in the dairy industry. Investment in
developing cost-effective, user-friendly, and sustainable traceability
solutions 1= essential Comsumer awareness about the Importance of
traceable dairy products and ereating demand for them ecan enhanee
traceability implementation in the dairy industry. Adopting these
technological advancements keepe the environment and ethical prae-
chow a need for an integrated and decentralized traceability system in
the dairy mdustry. Digital technologies such as blockehain, 1oT, Al, and
data analytice can potentially enhance the dairy’s operational activities.
Immutable and decentralized characteristics of blockehain technology
can ensure a trancparent traceability system in the dairy mmdustry.
Proper integration of loT with traceabality systems can monitor activities
in real-time, enhanee operational efficiencies, and minimize waste is-
sues in the dairy industry. Al-enabled data analytics can improve in-
ventory and supply chain management to promote sustamability. Puture
research should focus on the complete dairy integration concept, which
can integrate traceability systems with sustainability indicators such as
carbon emission, circular economy practices, and social aspects.
Implementing such a system will allow dairy stakeholders to monitor
and improve the environmental and economic activities throughout the

10

supply chain. Integrated traceability concepts will pave the way for a
sustainable roadmap for the dairy industry.

4.6. Implications of the research

The study offere significant implications for dairy stakeholders,
consumere, researchers, and regulators. The results highlight the need
for effective traceahility systems to enhance productivity, safety, and
quality. The study pointed out several aspects that ndicate the need for
an effective traceability system in the dairy industry. The dairy stalke-
holder can utilize the findings to adopt and implement a traceability
syetem integrated with digital technologies to optimize their supply
chain operations. The research highlights the entical role of advanced
traceability systems in the dairy sector, which provide advantages to
consumers by ensuring enhanced security and transparency.

The study highlighte traceability needs, importance, and applications
from a consumer perspective. Effective traceability eystems have the
potential to benefit consumers significantly. The study pointed out that
responzsible consumer requirements and preferences towards the de-
mand for traceable dairy products can motivate producers to implement
traceability syetems.

The research findings offer implications for policymakers. The find-
ings pointed out the root challenges affecting traceability implementa-
tion and uncovered several aspects highlighting the need for an effective
traceability eystem for the dairy mdustry. Pobicymakere can utlize these
findings and develop efficient technological adoption and traceability
implementation policies by supporting industry stakeholders. The
incentive schemes, subsidies, and user-friendly producers can enhanece
traceability implementation.

The research offers future opportunities related to traceability ad-
vancements and implementation in supply chaine. The findings pointed
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out deficiencies in the current body of literature and focused on the
requirement of an additional investization into the integration of digital
technologies with traceability methods. These findings can serve as the
starting point for researchers to Investigate challenges such as cost,
interoperability, scalability, and development. Addibonally, researchers
can explore the industrial requirements related to traceability imple-
mentations. Developing a readiness index for dairy and consumer and
industrial pereeptions towards adopting traceability can be investigated
to promote the research. The inclusion of Industry 5.0 can be explored in
future research.

5. Concluzion

The current state of rescarch on traceability and ite applications in
the dairy industry was investigated in thiz study using a systematic
highlighted the trends, research themes, and keyword analyeiz, showing
the research growth in a traceability context. The findings indicate a
noticeable growth in research related to traceability in the dairy.
Further, the content analysiz showe that research related to traceability
in many aspects of the dairy industry still needs to be completed. Digital
traceability iz still in its infancy stage in the dairy context. The study
pointed out the challenges faced by the dairy sector, including izsues
related to adulteration, malk safety, quality, transparency in the supply
chain, lack of infrastructure, and awareness. The analysiz indicates an

Thiz research identified old traditional techniques such az RFID, QR
codes, barcodes, and paper-based systems used in many supply chains,
including dairy. However, the centralized nature of these solutions
makes them more vulnerable to data tampening and less efficient in
termes of transparency. It 1= also observed that government support for
traceability regulations and standards needs to be inereased. Instead, the
government should promote traceability implementation in the dairy
industry to make the process transparent. The findings highlighted the
evolution of traceability with the integration of digital technologies.
More hiterature iz needed to support traceability implementation in the
dairy industry. Overall, the study highlighted the past, present, and
future of traceability.

Future studies can explore the factors that affect an effective trace-
ability zystem in the dairy industry. A traceability syetem based on
decentralized data collection technology, such as blockehain, can be
related to traceability systems based on the blockchain can be explored
further from an industrial/stakeholder permpective. Industry stake-
holders can utlize the findings to streamline their traceability initia-
tives; regulators can make effective policies to support the adoption and
implementation of advanced traceability systeme, and researchers can
utilize the findinge to develop cost-effective and more robust traceability
gyetems for dairy. Global regulatory bodies can utilize the ressarch
findingz to ensure the implementation of robust and reliable traceability
syetems worldwide.
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