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Abstract—Despite the benefits resulting from the use of Industry
4.0 technologies in the agri-food sector, the adoption of digital tech-
nologies for preventing and/or reducing food loss and waste (FLW)
across the agri-food supply chain is still under investigation. In
fact, enhancing and optimizing agri-food supply chain operations
through digital technologies would just represent a partial effort
if FLW prevention and reduction are not effectively addressed.
Although companies are starting to adopt digital technologies for
eliminating FLW from their operations, the implementation pro-
cess and the achieved results are generally presented at a super-
ficial level and practical guidance is still missing. This systematic
literature review contributes to theory by developing a framework
analyzing the state-of-the-art of adoption of each Industry 4.0
technology across the agri-food supply chain, and providing a
research agenda structured around the main themes of research
design, digital technologies, contextual differences, governance,
and sustainability. Eventually, the study also informs managers
in the agri-food industry about the potential implementation of
digital technologies for preventing and reducing FLW in across the
agri-food supply chain.

Index Terms—Agri-food supply chain (AFSC), digital technolo-
gies, digitalization, food loss and waste (FLW), industry 4.0.
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1. INTRODUCTION

s a growing number of people is facing food insecurity
A and the global food systems have been severely tested
by a combination of health crisis, climate-related issues, and
conflicts, still too much food is lost or wasted throughout the
AFSC. Between 25% and 50% of food produced does not reach
the consumers, with the majority of losses occurring from the
producers to the retailers point in the supply chain [1]. Wasting
food has significant negative consequences on social, economic,
and environmental sustainability: wasted food in landfills gener-
ates about 8%—10% of global greenhouse gas emissions [2], not
to mention blue water footprint, land footprint, and biodiversity
reduction [3]. Moreover, it leads to an economic cost of around
143 billion euros per year in the 28 European countries alone [4].
Halving per capita global food waste by 2030 is the objective
of target 12.3 of UN sustainable development goal [5]; thus,
reducing FLW represents a relevant and timely issue.

Several strategies of reducing FLW have been identified,
depending also on the supply chain stages considered [6]. De-
spoudi [1] individuates the adoption of technology as one key
aspect for food loss reduction, especially in the upstream part
of the supply chain. For instance, Industry 4.0 (I4.0) solutions,
such as blockchain or IoT, allow the monitoring of the ambient
conditions of food products from the harvest until the selling
stage, thus detecting their deterioration stage and improving
the operations along the entire AFSC [7], [8], [9]. Even in
the downstream supply chain stages (i.e., consumption, food
service, and food sharing), digital technologies are frequently
adopted to avoid or reduce food waste, such as digital platforms
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for redistributing food surplus at a lower price for consumers or
for free to charities helping people in need [10], [11].

The adoption of 14.0 digital technologies, coupled with the
ability of capturing novel insights from the amount of data
collected, is recognized as a key factor to realize more efficient,
resilient, and sustainable food systems [12], [13], [14]. However,
despite the recognized importance of 14.0 in the agri-food sector,
the application of digital technologies for achieving FLW pre-
vention and reduction goal is still under investigation. Indeed,
the literature outlines that the majority of efforts and investments
in digitalization of the AFSCs are directed toward production
process innovation and optimization through smart agriculture
[15] and precision farming [14], [16], [17] or for enhancing food
logistics management through solutions, such as robotics and
automation, drones, IoT, and AI [18], [19], [20], [21]. Never-
theless, increasing and optimizing food production and delivery
through digital technologies would represent just a partial effort
if FLW prevention and reduction are not effectively addressed
[17], [22]. However, despite the availability of some industry
cases, such as the case of Walmart seeking to eliminate food
waste from its operations [23] and of several other companies
adopting digital technologies for reducing FLW [24], [25], the
results achieved by such companies are generally presented at a
superficial level and practical guidance on the implementation
of digital technologies for FLW prevention and reduction is
still missing, thus precluding generalizability of the findings.
Moreover, the available studies and practical cases often present
a limited and fragmented perspective on the supply chain,
frequently considering each supply chain actor separately, and
focusing especially on the downstream food supply chain [26],
thus lacking an integrated perspective on digital technologies
adoption across all stages of the supply chain [27].

Therefore, the objective of this study is twofold. First,
we will provide a comprehensive review of the literature on
the digital technologies used to reduce FLW in AFSCs. Second,
we will identify future research opportunities and gaps by defin-
ing a research agenda. To achieve these two objectives, we pose
the following research questions.

RQI: What is the state of the art of the literature on digital
technologies for preventing and/or reducing FLW across the
entire AFSC?

RQ?2: How do digital technologies contribute to achieve the FLW
reduction and/or prevention goals across the AFSC?

Our study contributes to the literature on the adoption of
digital technologies across the AFSC for preventing and/or
reducing FLW by extending the previous literature reviews, i.e.,
developing a framework and proposing an agenda for future
research. The developed framework aims at capturing the adop-
tion of each technology across each supply chain stage and it
provides a basis to inform managers in the agri-food industry
about the potential implementation of digital technologies for
preventing and reducing FLW across the AFSC and related key
implications.

The article is organized as follows. Section II provides a
theoretical positioning of the topic and the main definitions.

IEEE TRANSACTIONS ON ENGINEERING MANAGEMENT

Section III presents the research questions and methodology.
Section IV reports the framework of analysis and provides a
bibliometric overview of the results. Section V discusses the
results and provides a research agenda. Contributions are pre-
sented in Section VI and conclusions and limitations are given
in Section VIIL.

II. THEORETICAL POSITIONING

First, we provide an overview of the impact that digital
technologies characterizing the Industry 4.0 phenomenon have
on economic, social, and environmental sustainability. Sec-
ond, we review the adoption of digital technologies in AFSCs
and highlight the key limitations and constraints in preventing
and reducing FLW.

A. Impact of Industry 4.0 Technologies on Sustainability

The Industry 4.0 phenomenon was initially characterized by
nine technological pillars, or “enabling technologies”: robotics
and automation, big data, simulation, system integration, 10T,
cybersecurity, the cloud, additive manufacturing, and augmented
reality [28]. In addition to these nine technologies, the re-
cent paper by Zekhnini et al. [29] integrates a supply chain
perspective and suggests adding the most discussed technolo-
gies in Supply Chain Management 4.0: BDA, blockchain, Al,
and IoT. In addition to the widely shared benefits that digital
technologies have for firms’ and supply chain performance,
the technologies of Industry 4.0 represent an opportunity to
promote sustainable and circular practices throughout the entire
supply chain and [30], enabling sustainable AFSCs [14], [31]
and sustainable manufacturing [32]. For instance, developing
BDA capabilities could enable the manufacturing industry to
apply sustainable practices more efficiently [33]. BDA can also
provide more realistic and timely sales forecasts, in line with
customer’s expectations, leading to the reduction of stocks and
waste and, in turn, saving energy and resources [34]. Therefore,
BDA is an essential capability for enabling sustainable supply
chain management, providing benefits in all three dimensions
of sustainability [35]. IoT also plays a central role in digital
transformation across various industries, as it provides perfor-
mance monitoring and optimized productivity [36], enabling
proactive maintenance with positive results in reducing defective
products [37]. ToT helps, in turn, organizations save costs by
reducing wastes of energy [38]. Moreover, technologies such
as blockchain, sensors, and satellite image processing enhance
social and environmental audits, positively contributing to the
supply chain sustainability performance [39].

In general, Industry 4.0 represents an opportunity for the entire
supply chain to engage in sustainable value creation, in line
with the three sustainability dimensions (i.e., social, economic,
and environmental). Indeed, it enables new data-driven business
models, promoting sustainable product development processes,
and inspiring organizations to adopt resource-efficient practices,
ultimately offering the opportunity for realizing closed-loop
product life cycles and industrial symbiosis [40].
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B. Digital Technologies in Agri-Food Supply Chains

The adoption of digital technologies in the AFSC is not novel.
In this article, we define adoption as the intentional implemen-
tation and usage of a given digital technology for performing a
series of activities within a company’s operations in one or more
stages of the supply chain. The word “adoption” is the term
that most frequently appears in the literature on the adoption
of digital technologies across the AFSC for preventing and/or
reducing FLW (e.g., Annosi et al. [27], Ciccullo et al. [41],
Kamble et al. [42], Kazancoglu et al. [43]). As already pointed
out by Demartini et al. [36], food companies are slowly keeping
pace with the digital transformation occurring in other sectors,
and mainly with the aim of creating more secure AFSCs. How-
ever, the adoption of digital technologies in the AFSC is more
complex compared to other industries since AFSC are more
vulnerable to deterioration and perishability in comparison with
other products [43] and are subjected to heavy regulations [44].
Lezoche et al. [45] identify four main sources of contextual
uncertainty in the AFSC: product (shelf-life, deterioration rate,
lack of homogeneity, food quality, and food safety), process (har-
vesting yield, supply lead time, resource needs, and production),
market (demand and market prices), and environment (weather,
pests and diseases, and regulations). For instance, ICT tools used
in the fresh fruits and vegetables sector are the same as for other
goods; however, these supply chains experience short lifetimes
and fragile commodities [46] because inventory turnarounds are
faster, under cold chain conditions, and handling operations are
more delicate to avoid damage [47]. In this context, the proper
implementation of digital technologies has an enormous impact
in managing those uncertainties by allowing for better mon-
itoring of food products and processing, increased efficiency,
sustainability, flexibility, agility, and resilience along the whole
supply chain from the farmers to the final customers. Applying
digital technologies to existing operations demands a greater
technological and economic effort, but it is even more crucial for
creating a more sustainable supply chain. Similarly, managing
closed loop supply chains implies to cope with higher uncer-
tainties and complexity. Adopting circular economy principles
requires enhanced information traceability, data availability and
security, as well as close collaboration between other supply
chain actors and stakeholders [43].

Despite these critical aspects, a number of real cases of imple-
mentation exist, thus proving the interest in digital technologies
is growing in the agri-food sector. Moving upstream in the supply
chain, various applications of digital technologies are pushing
traditional agricultural practices towards smart farming [31],
underlining a growing interest among practitioners in AFSC
digitalization in several processes, such as measuring the en-
vironmental parameters of soil through IoT or monitoring the
fields by analyzing real-time satellite images, both of which
generate a massive amount of data that requires adequate data
analytics capabilities.

The academic literature deals with the topic of FLW
prevention and/or reduction through digital technologies across
AFSC indifferent ways. For instance, Lezoche et al. [45] analyze
impacts and challenges of the most diffused digital technologies

in the agricultural sector, focusing on industrial farming, and
Lioutas et al. [48] weight potential benefits and perils of the
adoption of digital farming technologies. Traceability is the top
concept addressed by most of the authors dealing with digi-
talization along food chains [49], which typically leverage on
blockchain technologies for tracking goods [9], [25], [50], [51].

C. How Can Digital Technologies Contribute to FLW
Prevention and Reduction?

Several definitions of FLW exist [52], [53], [54]; in this article,
we adopt the definition provided by Cattaneo et al. [55], [56],
defining FLW as the decrease in quantity or quality of food along
the AFSC. Food losses can occur along the supply chain, from
harvest up to the moment it enters a store, while food waste
occurs at the retail and consumption levels.

Considering the review performed by Amentae and Gebresen-
bet [49], the concept of reducing FLW through digital technolo-
gies emerged in a substantial number of papers, but it received
minor attention with respect to other themes such as traceability,
sustainability, and further AFSC performance issues. Even fewer
publications exist directly addressing the application of digital
technologies for FLW prevention and/or reduction. A branch of
studies focuses on identifying and addressing FLW root causes
[57], and other studies concentrate on how collaboration among
stakeholders can reduce FLW along the entire supply chain
[58], [59].

Only a few publications stand out for a more comprehensive
view of the topic: Annosi et al. [27] adopt a multiple case-study
approach and in-depth interviews to explore how technologies
are used to prevent food waste throughout the food supply
chain and within a company’s boundaries. Ciccullo et al. [41]
investigate the role of technological solutions on food waste
reduction and unfold how collaborations with supply chain
actors and technology providers can facilitate the effectiveness
of the technologies in reaching FLW objectives. Still, the vast
majority of research focuses only on a restricted portion of the
food supply chain (i.e., retail, food and catering services, or
households) [60], [61]. Other studies consider just a specific
technology or food category, such as fruits and vegetables prod-
ucts [41] or provide single case studies, thus remaining at an
exploratory level.

Moreover, applications of digital technologies to FLW issue
and related scientific publications are mainly concentrated in
developed countries; however, even in more advanced tech-
nological contexts, there are still many challenges hindering
the practical implementation of such innovative solutions [62].
Yet, a few remarkable practical examples and case studies
from particularly innovative firms helps shed light on the
growing sensibility of practitioners towards the digitalization
of agri-food industry and of its positive impact on FLW
minimization. The first example of such a firm is the multina-
tional Walmart, who committed to eliminate waste of all kinds,
from reducing in-store packaging waste to eliminating food
waste from operations, in operations in the U.S., Canada, Japan,
and U.K. [23]. In line with the food waste reduction goal, digital
technologies were introduced to improve the manual inspection
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process of food from farm to fork. Indeed, since 2017, Walmart
relies on the machine learning algorithm “Eden” that scans
products to assess quality and freshness, resulting in $86M
of savings from food waste reduction due to lower screening
times and in-store prioritization. Further improvements of the
algorithm are planned by adding sensors to monitor temperature
and light conditions of shipments.

A second example comes from the Italian firm Barilla that
demonstrated a strong commitment to measuring, monitoring,
and reducing FLW in its processes by integrating the values of
sustainability and loss reduction into its business model. For-
mentini et al. [63] analyzed the entire lifecycle of Barilla’s soft
wheat bread, measuring the waste generated in each supply chain
stage and the main causes of waste. These data increased the
company’s awareness about the circularity level of the product’s
value chain, enabling management to follow the right strategy
for FLW reduction and valorization.

Although the relevance of the FLW issue is recognized and
shared among scholars and practitioners, and the diffusion of
digital technologies in the agri-food sector is growing, the
literature about the topic is still limited and lacks a full supply
chain perspective. This literature review aims to fill this gap
by analyzing the existing literature according to a framework
developed by the authors. More precisely, the objective of this
study is to investigate the current literature on digital technolo-
gies used to address FLW reduction and prevention in AFSC
and thus provide a roadmap for future research.

III. RESEARCH DESIGN

The aim of this study is to inform both scholars and practi-
tioners on the state of the art of digital solutions to address FLW
issue across the entire agri-food system. As Annosi et al. [27]
highlight, a limited number of papers on FLW adopted a supply
chain perspective, which requires moving from an actor-centric
approach to a wider process view. This finding is in con-
trast to what already expressed by the European Commission’s
directive on waste,' calling for the adoption of FLW preventive
measures in all stages of the supply chain, including restaurants,
food services, and households. Indeed, limiting the scope of
analysis to single actors in the supply chain leads to partial and
incomplete considerations. To overcome this limitation, we are
adopting a supply chain perspective to develop an integrated
understanding of the implementation of specific digital solutions
throughout the supply chain. In addition, we are including in our
analysis the contribution of external stakeholders since supply
chain circularity and sustainable FLW management require the
collaboration of multistakeholders and businesses [64], such as
charities, food banks, and policymakers.

A. Material and Methods

The literature on the application of digital technologies to
FLW reduction and management is still limited and fragmented,
thus we adopted a SLR approach to offer a methodical and
comprehensive view of the topic [65]. The chosen methodology
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Fig. 1. Summary diagram of the systematic selection process.

is proven to be the most accurate, efficient, and high quality for
identifying and evaluating extensive bodies of the literature [66].
An SLR is well suited for investigating a topic across different
fields [67], which stays at the interface of many different disci-
plines, such as supply chain management, innovation, computer
science, and environmental and social sustainability. We adopted
the five-step process suggested by Denyer and Tranfield [65]
to ensure the review transparency, as well as inclusivity and
explanatory principles, which we combined with a PRISMA
checklist and flow diagram for clearly reporting the number of
studies reviewed [68] (Fig. 1).

The first step is defining the scope of the review by assessing
the relevance and size of the literature [69]. Analyzing the
number of scientific publications in Scopus database over time
as a result of the combination of keywords: “Industry 4.0” AND
“Food” OR “Food Industry,” we saw that coverage of Industry
4.0 started to gain relevance in food industry related literature
since 2015. Therefore, after identifying the temporal boundaries
of the research, we identified meaningful keywords and search
terms to retrieve the core contributions. Major bibliographic
databases were used to search for related articles, such as those
provided by the major publishers, Elsevier, Emerald, Springer,
Wiley, adopting Scopus search engines. Keywords were selected
through brainstorming sessions among the author team and
combined using logical operators “AND” and “OR” within article
title, abstract, and keywords. A first set of 1202 articles was
retrieved in January 2023 using the keywords search available
in the Appendix. Each article’s overlap with the research topic
was checked through the examination of the title and abstract of
each article retrieved. Moreover, articles published in journals
not dealing with the subject areas of supply chain and operations
management, food and agriculture management and computer
science and digital transformation were excluded, as reported in
the search query. Articles not directly dealing with Industry 4.0
digital technologies specifically used for the scope of preventing
and/or reducing FLW along the supply chain were excluded.
We noticed that only a few studies explore the use of digital
technologies specifically for FLW management throughout the
food supply chain; therefore, such a process left us with 62
articles. Furthermore, snowball search was used in order to refine
the searches and, after the elimination of duplicates, 2 additional
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FRAMEWORK OF ANALYSIS

Paper general Pury and impact of
infopr:lagtion and Digital technologies FLw management a long Context Governance p S bility di;:::f (echnolggies
: the supply chain A
research design applications
- DO « «Mentioned»: « Production and/ or « Product category + Whether the « Social sustainability. « Whether the
» Authors assigned when P ing (¢ i idered. governance is « Economic perspective of the
» Theoretical model of authors rapidly cite the both agriculture, » If the food product is centralized or diffused. Sustainability. study is on single or
analysis adopted. DT with low level of fishing and food highly perishable or « Anyform of « Environmental aggregated
« Brief content. detail processing or not collaboration among sustainability. technology.
description » «Described»: manufacturing). + The typology of firm different actors. «  Any further « Main purpose of the
= Year of publication. assigned when Handling and (e.g. restaurant, food » Anyinformation about considerations about mentioned DT(s).
» Journal. authors describe the Storage. senvice, etc). external actors and sustainability models « Which is the
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purpose and itis Waste management. « It contains also a
usually presented a » Food sharing and section informing
critical pros and cons redistribution. about legislative
analysis. measures, when
mentioned.
Fig. 2. Framework developed for the analysis of the literature. Source: The authors.

publications that were not immediately retrieved with keywords
search were included, resulting in a total of 64 articles.

The same search was conducted by the authors individually,
reaching a high inter-rater reliability since the number of results
retrieved was the same. Since the retrieved literature was not
excessively broad and the topic gained growing attention only
in the last few years, we included peer-reviewed management
journal articles, books in English, and conference proceedings.
Due to the exploratory nature of the review and the limited
number of articles, this allowed us to develop a critical analysis
of the topic rather than just a bibliometric and quantitative
analysis.

We then read each retrieved article in order to ensure that
publications addressed the scope of the review. After a close
reading of each article, 16 articles were excluded either because
digital technologies were not clearly mentioned or because their
impact on FLW was not made explicit. The final sample of 48
articles is summarized in the Appendix, while each article is
analyzed in Section IV.

Among the papers selected, only six papers use an SLR or lit-
erature review approach. Further, the positioning of these papers
differs from ours for the following reasons. Benyam et al. [22]
systematically review articles on digital technologies spe-
cific to agriculture, focusing mainly on the upstream stages
of food production (i.e., farming and agriculture). Fernan-
dez et al. [70] perform a bibliographic review concentrating on
the postharvest food supply chain, with a particular focus on
ecological food packaging, active, and/or intelligent packaging.
Kayikci et al. [71] combine an SLR with semistructured inter-
views in order to investigate blockchain technology implemen-
tation in the food supply chain, in which FLW reduction is one of
the many different benefits reviewed. Onwude et al. [72] analyze
the tools for reducing quality loss only for fruit and vegetable
during the packaging, storage, and transportation stages of cold
chain operations. Although of review of Hassoun et al. [17] pro-
vides a comprehensive analysis of the role of digital technologies
for achieving the UN sustainable development goals, it is not

focused in particular on the FLW issue. Finally, the review by
de Almeida Oroski and da Silva [73] concentrates only on dig-
ital platforms for preventing and/or reducing FLW. Therefore,
with this SLR, we aim to build on these prior publications by
including the literature on the entire supply chain stages, with
a particular focus on the effects of digital technologies on FLW
prevention and reduction.

IV. RESULTS

The developed framework, presented inFig. 2, classifies the
collected papers according to the following seven macro cate-
gories.

1) Section IV-A contains general information collected for

each article.

2) Section IV-B reports whether the authors mention, de-
scribe, or critically analyze each digital technology [29],
[74].

3) Section IV-C summarizes the portion of the supply chain
in which the mentioned technologies were adopted for
addressing FLW.

4) Section IV-D contains information collected about the
contextual characteristics, such as the product category
considered, the country of analysis, or the firm’s typology
(e.g., restaurant, food producer, etc.).

5) Section IV-E reports information about the governance
processes [62], [75].

6) Section IV-F records which sustainability dimension is
addressed in each study, marking if the study considered
deals with one or more of the three sustainability dimen-
sions [41], [49].

7) Section IV-G analyzes the scope of the mentioned tech-
nologies, focusing on understanding how the technologies
address FLW.

First of all, we lay the basis for our literature review by

providing a bibliometric understanding of each section of the
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Fig. 3. Distribution of the publication years of the final sample of papers.

TABLE I
THEORETICAL FRAMEWORKS ADOPTED IN THE LITERATURE

Theoretical framework References
System framework based on four pillars (Environment, [22]
Economy, Social considerations, and Governance)
Availability—Surplus-Recoverability—Waste [77]
framework
Food Waste Hierarchy [41]
People, Process, and Technology model [71]
Platform—based sustainable business models [78]
Theory of Change [61]
Customer Development framework, Social Enterprise [79]
Business Model Canvas.
Resource-Based View [47]
PESTEL model [80]

framework. Each variable of the framework and the emerging
research gaps are then analyzed in Section V.

A. Paper’s General Information and Research Design

This section provides an overview of the general information
collected about the retrieved papers. First of all, the literature
on the use of digital technologies for FLW prevention and/or
reduction along the AFSC has grown in recent years. The follow-
ing chart illustrates the distribution of the reviewed papers, thus
demonstrating the growing relevance of the topic (see Fig. 3).

As overviewed in Table I, only eight papers adopt a clear
theoretical framing and, among them, only one paper adopts
an established theoretical lens in operations and supply chain
management literature—the resource-based view (RBV) [47].
Other papers frame their research using managerial frameworks
[41] specific to FLW management and sustainability literature
[22]. For instance, Michelini et al. [61] adopt the theory of
change (ToC) framework, which is a methodology for under-
standing how, why, and when social change happens in a certain
context [76].

By grouping the retrieved articles according to each jour-
nal’s field of study, the cross-disciplinary nature of the topic
emerges: the majority of journals deal with sustainability and
ecology, which are topics relevant to multiple branches of
knowledge, including operations and supply chain management
and the agri-food sector (e.g., Journal of Cleaner Production,
Sustainability, Sustainable Production and Consumption, Eco-
logical Economics, and Resource, Conservation and Recycling)
while others, especially the conference proceedings, deal with
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TABLE II
JOURNALS LIST

Journal / Conference Number References

Resources, Conservation and Recycling 6 [4