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Abstract—The emerging fourth industrial revolution is revolu-
tionizing the food industry, which has historically been plagued
by food waste and contamination. Several internet-of-things (IoT)
technologies have been proposed for optimizing processes and
reducing costs while improving health conditions and safety in
food consumption. Among them, radiofrequency identification
(RFID) has been considered from the beginning a key instrument,
especially in food logistics and management. Many contributions
and case studies from academia and industry demonstrated the
strategic role and the impact on existing and future paradigms
of food. The literature analysis in the present work suggests a
growing interest in RFID to implement optimization procedures
for food management and control. This review describes RFID
employment in three pillars of the Fourth Generation of the
Food Industry (FI4.0): Logistics, Sensing, and Green RFID.
The logistics one comprises the most mature applications for
RFID, such as cold-chain monitoring or product tracking. Food
sensing, instead, is currently the most attractive research area
for both industry and academia, so researchers are focusing
their attention on detecting physical and chemical parameters
through direct and indirect sensing approaches. Furthermore,
the ever-increasing amount of electronic waste motivated the
research community to provide sustainable tags to establish
Green RFID devices. According to this literature review, RFID
can foster the fourth industrial revolution in food, especially
considering the emerging synergy with artificial intelligence and
biodegradable/resorbable materials.

Index Terms—Edible, Food, Green, NFC, Radiofrequency
Identification, Smart packaging.

I. INTRODUCTION

Food insecurity, malnutrition, and hunger are increasing
worldwide, fostered by growing inequalities, conflicts, climate
extremes, and economic shocks [1]. Outlooks [1] suggest that
8% of the world’s population will still face hunger in 2030,
and healthy diets could become unaffordable for more than
3.1 billion people.

Paradoxically, food production vastly exceeds the world
population’s needs, but due to mismanagement, food surplus
evolves into food waste [2]. In 2021, the first ”Food Waste
Index” report of UNEP (United Nations Environment Pro-
gramme) estimated that more than 930 million tonnes of
food waste would have been produced annually [3]. Food
quality threats society as well. Every year, approximately
420, 000 people die after eating contaminated food; children
are the most affected, with 125, 000 yearly deaths of people
under 5 years old [4]. With the increased complexity of the
food chain, foodborne illnesses have become a worldwide
health issue affecting even high-income nations [4].

Furthermore, a relatively recent concern is related to the
incorrect disposal of food packaging [5]. Optimized manage-

ment policies could have a relevant impact on both the envi-
ronment [6] and the economy since, by reducing food surplus
and waste, enterprises could gain up to 30% of additional
profits [7]. Building more resilient and adequate food supply
chains is hence essential to achieve optimal distribution [8]
while reducing food and food packaging waste. Food quality
monitoring commonly involves qualified personnel through
sampling tests aiming at examining organoleptic properties de-
tectable by human senses [9]. A systematic control, especially
at the customer level, is still missing, and food assumption is
left to the subjective and qualitative evaluation of the product.

In recent years, these global difficulties have also been
investigated from a technological perspective by internet-of-
things (IoT) experts. Platforms [10], which empower cyber-
physical systems (viz., engineered networks of computational
and physical components [11]) and dynamic, reconfigurable
supply chains have been proposed for mitigating the main
issues. The rationale behind the IoT perfectly fits the main
challenge of the food industry, namely the simultaneous man-
agement and objective evaluation of a vast number of food
products. The IoT paradigm is thus driving the fourth industrial
revolution, gradually establishing industry 4.0 (I4.0) also in
the food context. For instance, thanks to smart packaging (i.e.,
food packaging capable of wireless tracking [12], sensing [13],
and even releasing substances [14]), perishable foods can
be recognized when spoiling sooner than through human
senses [15]. Indeed, non-destructing and low-cost techniques
for food quality monitoring are currently being developed [9],
[16], [17]. Furthermore, supply chain and packaging waste can
be optimized by including in the packaging itself information
about the product’s transportation throughout its entire life
through electronic and batteryless labels [18].

Currently, one of the bottlenecks in the adoption of the Food
Industry 4.0 (FI4.0) over a large scale is the deployment of
accurate, low-cost, and passive sensors. In this context, RFID
(radiofrequency identification) technology could represent the
missing physical layer for many of the required services since
it assigns identifiers and connects existing things [19] with
modest, or even null, power consumption, and at the cost of
a few cents per item.

In the last decade, many examples of RFID solutions for
the food sector have been proposed by both academia and
industry, especially for logistics through low, high, ultra-high
frequency, and even batteryless platforms [20], [21]. High-
level architectures and theoretical benefits of deploying RFID
have been systematically described and quantified [22], [23].
Food monitoring has been deeply investigated as well, often
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Fig. 1: Synopsis of the identified RFID research pillars in the Fourth Food Industry and their main applications.

by considering together RFID and other wireless and passive
technologies [24].

In this paper, for the first time, applications of RFID in the
food industry are systematically reviewed by considering all
the operative platforms (NFC, UHF, and wideband) and all
the most significant scenarios. Indeed, through scientometric
trend analysis, this work surveys recent advances in RFID use
for FI4.0 based on the following three pillars (Fig. 1).

1) Food logistics (first pillar). RFID for logistics is the
most mature application pillar given that, since its first
development, it has been employed for product tracking
purposes.

2) Food sensing (second pillar), which can be achieved
through dedicated sensors connected to the RFID tag
or by using the tag’s antenna itself as a sensor.

3) ”Green RFID” (third pillar), a broad categorization
encompassing all the emerging applications primarily
aiming at reducing the environmental footprint of FI4.0.

The analysis includes contributions of the last eight years (ten
years in some cases) and has the double objective of provid-
ing the reader with an operative landscape of the available
technology as well as with a scientific landscape, such as to
be acquainted with the most promising and emerging research
fields.

The review is organized as follows. The methodology
and the scientometric study are reported in Section II. Then,
each research pillar is reviewed in a separate section. Sec-
tion III explores the RFID hardware used in food logistics,
and Section IV categorizes the food sensing devices based on
the chemical/physical food parameters to be measured. Then,
Section V introduces the Green RFIDs and some commercial
tags of interest for that research line. Section VI ends the
review by summarizing and discussing the findings.

II. METHODOLOGY AND TREND ANALYSIS

A. Scope and Methodology
The purpose of trend analysis is twofold; primarily, the

scientometric tool allows us to identify the most recurrent
keywords helping us to refine the document search. Then, the
above results were employed to identify future developments
on the topic. The scope of the literature review was limited to
RFID applications concerning food products after preliminary
filterings, like harvesting. Applications to agriculture [25],
[26] and cattle farming [27] were not surveyed. Moreover,
the sporadic works on low-frequency (LF) RFID for the food
industry, (e.g., [28], [29]), were not included, given that they
are mostly adopted for cattle identification and tracking.

High-level investigations analyses on the technology adop-
tion [30] or architectures independent from the physical
layer [31], [32] were excluded too. Two literature surveys
were completed: the first search for a scientometric analysis
of trends and topics, and the second, finer search for the in-
depth study of reports selected based on the previous survey.
The first search used the scientometric software ScientoPy [33]
to search SCOPUS and Web of Science (WoS) databases.
Afterwards, Google Scholar was employed too to include
additional publications in the finer search. References for
the in-depth study were selected based on their title and
abstract, prioritizing works published after 2015. The WoS
and SCOPUS databases were browsed on the 8th of February
2023 to generate the files to be used afterwards as input for
the scientometric tool ScientoPy1.

B. Scientometric Trend Analysis
After a literature search on the SCOPUS and WoS databases

and based on the list of the 100 most used keywords, both

1Available at: https://github.com/jpruiz84/ScientoPy

https://github.com/jpruiz84/ScientoPy
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Fig. 2: ScientoPy processing of the literature data from WoS
and SCOPUS. (a) The total number of published papers v.s.
the publication year. (b) Average documents published per
year v.s. the percentage of documents published over the total
number of published papers (years: 2021-2022).

inserted by the authors and automatically assigned by the
databases, 6 keywords related to different applications were
identified: i) traceability, ii) sensors, iii) supply chain, iv)
wireless sensor networks, v) smart packaging, and vi) food
waste. The corresponding documents cover all the applications
of RFID in FI4.0 (see Appendix A for further details on
the trend analysis). Current research trends can be visualized
based on the number of published works and the total existing
papers. The evolution plot in Fig. 2a shows that research on
RFID in the food industry started at the beginning of the 21st

century with applications to supply chains, sensors, and smart
packaging, soon followed by traceability uses. The first peak
in research activity around 2010 regarded the typical RFID
applications on supply chain and traceability. The second
peak in 2018, instead, concerned sensing applications, with a
contemporary renewal of interest in smart packaging. Instead,
the first work on food waste was published in 2013, and
the topic is still little investigated. When also considering
the average number of documents published per year v.s. the
percentage of the overall related published works (Fig. 2b),
the scientific community appears to be currently shifting
the attention from the first to the second pillar, while the
research on waste management is still in its infancy like other
researches aiming to reduce the environmental footprint of the
FI4.0. Consequently, in the near future, we expect that the
scholars’ attention to the logistics pillar will continue fading
while they will still focus on the sensing and green ones with
the unprecedented growth of the latter.

III. LOGISTIC PILLAR

The logistic pillar includes all the systems and devices
aiming at tracking the products and ensuring their integrity
without resorting to sensing. It has the highest technology
readiness level (TRL) among other RFID applications in the
FI4.0, and several commercial components for traceability,

anti-tampering and quality assessment are already available
(Table I). For each category, the papers are classified according
to the operating frequency band. The ”wideband” category
comprises all the applications that do not includ RFID inte-
grated circuits (ICs; i.e., chipless solutions, dielectric probes,
resonators etc.). The TRL of the reports is also estimated
and inserted in the table in their order of appearance in the
”References” column.

A. Traceability
The term traceability refers to the capability of backward

and forward tracking to determine the whole life history of
a traceable resource unit (TRU) which can be defined as a
physical entity corresponding to a unique identifier [62].

Tracking TRU is a classical employment of UHF RFID
in retail since, unlike barcodes, no visual line of sight is
needed, and multiple objects can be tracked simultaneously.
The same architecture can also monitor the life history of
food items, like cheese [35] (Fig. 3a), guaranteeing the origin
of PDO (protected designation of origin) or PGI (protected
geographical indication) foods [37].

HF RFID can be used similarly to UHF through check-
points [40], potentially exploiting the NFC readers embedded
in smartphones to follow TRUs even after the consumer
distribution [45]. Wideband tags for inventory management
were proposed in [47], but the need for a more sophisticated
reader hampered their adoption.

Animal traceability can be achieved by any kind of tag [36],
[39], [46] and, being RFID intrinsically scalable [63], trace-
ability systems can be seamlessly integrated with the function-
alities of quality assessment [44], anti-tampering [38], anti-
counterfeiting [42], and quality control [43].

B. Quality Assessment
The most straightforward way to assess food quality is

recurring the tracking history of the specific items [29], [51].
However, even a legitimate food item could be spoiled due to
incorrect storage. For this purpose, HF labels providing real-
time measurements of physical/chemical parameters by means
of the buyer’s smartphone have been proposed. An example
of the measurement of the storage temperature [49], [50] is
reported in Fig. 3b.

The food’s quality can be assessed in a more effective
way by recording the whole time-temperature history (TTH)
of the TRU, though. The TTH includes all the temperature
measurements performed during logistics operations with the
corresponding timestamp and can indicate spoiled food even
if it looks correctly preserved whilst the correct temperature
was instead not always met. External temperature sensors
connected to the tag’s antenna can be used either in data-
logging mode (i.e., the tag stores the TTH on its internal
memory) [44], [48], [53] or by responding to continuous
interrogation from the RFID reader [52]. Another approach is
explored in [55], wherein a temperature-sensitive oil is placed
onto a chipless tag. If exposed to higher temperatures, the
oil melts partially, thus changing the response of the tag and
providing a time-temperature indicator that could be integrated
into a TTH information flow (Fig. 3c).
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TABLE I: RFID in the FI4.0 logistics.

Application Description Band References Estimated Technology
Readiness Level

Traceability

Backwards and forward
tracking to determine the
whole life history of a
traceable resource unit
(TRU).

UHF
[34] [35] [36] [37] [38]

[39] [40] [41] 5, 6, 7, 7, 7, 8, 7, 8

HF
[42] [43] [44] [40] [45]

[39] 8, 6, 4, 7, 6, 8

Wideband [46] [47] 9, 6

Quality assessment

Monitoring of
preservation status during
the whole life-cycle
(transportation, stacking
and distribution) of the
TRU.

UHF [29] [48] 7 , 5

HF
[49] [50] [51] [52] [53]

[44] [54] 4, 4, 7, 6, 5, 4, 4

Wideband [55] 3

Anti-counterfeiting and
anti-tampering

Assessment of both the
packaging integrity and
authenticity of the
product inside it.

UHF [56] [57] [58] [59] 5, 4, 6, 4

HF
[60] [42]

5, 8

Wideband [61] 3

C. Anti-counterfeiting and Anti-tampering

The anti-counterfeit of food is also usually pursued through
RFID and the ”Track and Trace” approach, which consists of
a software-based solution to track food along the entire supply
chain, from the producer to the consumer [42]. Alternatively,
cryptography can be exploited either standard or based on the
physical characteristics of the tags, like the electromagnetic
fingerprint [58]. However, cloning attacks can defeat the
most basic track-and-trace systems. Proposed countermeasures
against cloning were the encoding of encrypted identifiers in
the IC’s user memory [60] and the use of blockchain [59].
Yang et al., instead, exploited the intrinsic variability of the
manufacturing process of chipless tags to create random,
unique, and unclonable identifiers [61].

Tampering of food can be detected by checking packaging
integrity. Hence, anti-opening sensors changing the response
of the tag if they are unfolded can be integrated into food
packaging to prevent the customer from buying opened food
containers [56], [57] (Fig. 3d). Obviously, the anti-tampering
feature could be embedded in a tracking system to obtain
information about the time of opening.

IV. SENSING PILLAR

The application of RFID technology to the sensing of the
food’s status is the most challenging task despite attracting
the major attention of the researchers. It is characterized by
a medium TRL since most of the applications come from
academic research; there are even some pilot experimentations
in industrial sites [64], [65], though.

This Section reports the most recent applications and, at
the same time, collects the different strategies employed in
literature according to the target indicator. With reference
to Table II, a preliminary clustering criterion is about the
class of analyte. We distinguish the measurement of chemical
parameters (e.g., pH, biogenic amines or ethylene) from the
physical ones (e.g., pressure, variation of electromagnetic
properties or temperature). The latter is indirectly linked to
spoilage phenomena but are more easily captured so that
their employment lowers the implementation cost of the RFID
sensing infrastructures. In particular, the physical parameters
can be targeted by exploiting the sensor-less approach [66],
wherein the antenna itself is used as the sensing transducer
by collecting variations of its radiofrequency properties in
reaction to changes in the permittivity of the tagged object.
As in the previous Section, state of the art has been classified
according to the frequency band and highlighting in brackets
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Fig. 3: Example of RFID devices and systems for food tracing and quality assessment. (a) Embedded tag in a cheese wheel
in the top right inset. According to the read range and the antenna substrate, different kinds of cheese can be distinguished
(adapted from [35]). (b) Flexible NFC tag for organic food quality and storage temperature detection. The system is able to
detect either opening or damage to the packaging (adapted from [49]). (c) Chipless tag for cold chain monitoring. Each tag is
covered by a layer of frozen oil which melts as the temperature increase (right inset). Oil melting determines a frequency shift
of the reflection coefficient of the interrogating antenna (adapted from [55]). (d) Employment of UHF RFID tags as real-time
opening sensor [57].

the number of the proposed solution for each parameter.

A. Chemical Parameters

The most accurate and reliable way to determine the preser-
vation status of food is to monitor the concentration of analytes
related to degradation. As a matter of fact, the presence of
amines and bacteria is generally linked to spoilage [100]. The
oxygen inside the packaging is responsible for triggering the
browning mechanism [101] while, instead, ethylene is strongly
correlated to fruit ripening. For example, a rapid increment in
the analyte concentration corresponds to the beginning of the
ripening stage for climacteric fruits [102]. The key feature of
this strategy is its accuracy and the possibility of local mon-
itoring. The possibility of immediately identifying premature
fruits could therefore avoid the wastage of all foods stored in
the same container preventing ripening during transportation
and storage [103]. This method requires a complex hardware
architecture. The evaluation of the analytes’ concentration is
generally performed by means of external sensors [71]. This
implies an integration among the functional units (sensing,
communication, and control) of the device [70], raising the
overall cost and size.

Chemical sensing is achieved through materials that are
sensitive to the target analyte. Such materials can be arranged
as loads for the tag’s antenna (e.g., interdigitated capacitors)
or can be connected to special ICs provided with analog front-
ends [104]. The variation of turn-on power, i.e., the minimum
received power required to activate the RFID IC, can be
correlated with bacteria [67] or gases (O2, CO2 and ethanol)
concentration [68] (Fig. 4). For instance, the target analyte
interacts with a layer of wheat gluten, chemically loading the
tag, so to cause the detuning of the antenna [68].

The chemical loading of interdigitated capacitors connected
to NFC tags is the most common tool to achieve sensing
functionalities (Fig. 5a). Capacitance changes can be simply
induced by the variation of the chemical concentration of the
substrate where the capacitor is placed, like in the case of
water contamination. In [75], indeed, Qian et al. estimated
the concentration of total dissolved solids (TDS) in water,
like pesticides, lead, arsenic, and fluoride. By connecting the
NFC front-end to a parallel plate capacitor, the TDS was
estimated with high accuracy when compared to commer-
cial gold standards. Nevertheless, conductive polymers such
as polyaniline (PANi) [70], poly(3,4-ethylenedioxythiophene)
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TABLE II: RFID for food sensing. In the ”Target” and ”Sensor Type” columns, the numbers between parentheses indicate the
number of works targeting the given parameter/employing that sensor. Not all the reports specify the sensor type. Different
parameters/sensors are separated by commas, and references are separated according to the target.

Measurand class Type of sensor Band Target References Estimated Technology
Readiness Level

Chemical

Electrochemical (1),
Potentiometric (4)
Dielectric (3)
Resistive (3),
Capacitive (6)

UHF Bacteria (1), Gas
concentration (1)

[67], [68] 6, 6

HF

Ammonia/amine (6),
Potassium (1), Total
Dissolved Solids -
TDS (1), pH (1)

[69] [70] [71] [56]
[72] [73], [74], [75],
[76]

6, 4, 7, 6, 4, 4, 4, 6, 5

Wideband
Ammonia/amine (2),
pH (2), Ethanol (1),

CO2 (1)

[77] [78], [79] [80],
[81], [82] 6, 6, 3, 4, 4, 6

Physical

Resistive (3),
Barometric (2),
Dielectric (12),
Weighting (1)

UHF
Pressure (2),

Ripening (5), Liquid
content (1)

[65] [83], [84] [85]
[64] [86] [87], [88] 5, 6, 8, 7, 8, 6, 2, 3

HF
Pressure (3),

Temperature (2),
Ripening (2)

[89] [90] [91], [92],
[76] [93] 4, 6, 7, 6, 5, 6

Wideband

Temperature (1),
Humidity (2), Protected

Geographical
Indication (5)

[94], [82] [21], [95]
[96] [97] [98] [99] 5, 6, 5, 3, 3, 3, 2, 3

polystyrene sulfonate (PEDOT:PSS) [56], or carbon nanotubes
(CNTs) [69] are commonly employed as chemical loads since
their interaction with amine molecules causes the variation of
their electrical properties.

Sensors can also be integrated into NFC tags for monitor-
ing the level of ammonia (Fig. 5b) [56], [73] or potassium
ions [74]. The inductive NFC coupling can better energize the
microchips, allowing more complex sensing (e.g., chronoam-
perometry [104] or potentiometry [76]), which can be too
power-hungry for UHF circuits.

Passive, chipless tags are significantly cheaper than chipped
ones. They generally act as resonators whose radar cross
section (RCS) is modulated by the concentration of analytes.
These tags are, therefore, chemically loaded to sense different
chemical parameters, such as, for example, the pH [80]. One
of the major concerns regarding chipless tags is the isolation
of their backscattered signal from that of the surrounding envi-
ronment. Accordingly, Raju and Bridges [78], [79], developed
an RCS-based depolarizing tag able to perform amine poten-
tiometric sensing only by employing a varactor (Fig. 5c). In
order to distinguish the tag response, they employed both the
co-polarized and cross-polarized components of the scattered
signal.

Another possible strategy to sense analytes without any IC
is to employ a near-field probe, generally a coil that couples
with a resonator. The target analyte’s concentration causes
the probe’s detuning; so, by connecting it to a VNA, the
concentration of the analyte is retrieved by analysing the
frequency shift of the probe’s reflection coefficient [77], [81].

Though the environment does not affect the measurement in
this case, the method requires expensive hardware, and it is
difficult to scale up.

B. Physical Parameters
The quality assessment can also be achieved through the

monitoring of physical parameters. In fact, spoilage is related
to the growth of bacteria, causing the increment of CO2

concentration and, thus, of the pressure inside sealed pack-
aging. Ripening, instead, is generally due to modifications
of enzymes, sugar and water contents [84], which leads to
complex permittivity and/or weight changes. Finally, since the
food preservation status is affected by the storage conditions,
either direct or indirect temperature and RH tracking may be
employed as quality indicators.

Therefore, physical sensing employs ICs with internal sen-
sors or analog-to-digital front-ends to connect a variety of
external low-power transducers (e.g., resistive or NFC chemi-
cal sensors) [105]. Moreover, in the case of digital external
sensors [76], [83], [93], the harvested RF energy powers
microcontroller units necessary to control the acquisition. Even
though the hardware is relatively complex and the accuracy is
lower, collecting physical indicators is thus generally easier
than the chemical ones. In this context, UHF ICs are more
commonly used than their HF/NFC counterpart.

Starting from these considerations, Abdelnour et al. [65]
evaluated the ripening status of Swiss-type cheese. This prod-
uct is generally kept inside closed plastic foils so that the
swelling process can be detected by connecting a resistive
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Fig. 4: RFID tag for monitoring food quality. The antenna is
connected to an interdigitated capacitor whose active layer is
wheat gluten. (a) Layout of the sensor tag. (b) The impact of
different gasses (ethanol, carbon dioxide and dioxygen) on the
turn-on power (adapted from [68]).

sensor to the outer shell of the foil. In fact, the variation
of pressure is converted into an increment of resistance, and
consequently, the corresponding CO2 concentration raised by
the ripening cheese is estimated.

Different dielectric probing methods have been proposed
either to assess the food quality [95], [99] or to verify the
Protected Geographical Indication (PGI) [96]–[98].

A change in the dielectric properties of the target is ex-
pected, causing the antenna to be the sensor itself [84], [87].
Several metrics, such as the RSSI, the phase and the turn-on
power, can be extracted from the RFID link. All of these quan-
tities are related to the impedance matching of the antenna;
thus, the variation of the dielectric properties of the substrate
can affect it. Artificial intelligence algorithms can be trained to
discriminate the ripening status of climacteric fruits [64], [85]
(Fig. 6a). Similarly, in [88], the authors evaluated different
arrangements of RFID tags to study the impact of weak
coupling between the antennas and the material underneath
based on the spectrum of the backscattered signals.

Smart packaging applications require for their large-scale
deployment low manufacturing cost, ease of use for the
final user and automatic and accurate interrogation proce-
dures. Although colorimetric labels (namely labels subjected

Fig. 5: RFID tags for chemical sensing. (a) Impact of the
biogenic amines on the resonance frequency of the tag re-
ported in the bottom left inset (adapted from [70]. (b) Smart
packaging POC developed in [56]. The system is capable
of detecting opening events as well as variations of amine
concentration and sending the data on the smartphone. (c)
Schematic representation of the tag proposed in [78]. The
carrier frequency is doubled by a frequency doubler circuit
controlled by a potentiometric sensor and a varactor.

to colour changes in case of chemical reactions like spoilage)
can provide the above two features, they need a manual
or semi-automatic visual inspection. Unfortunately, variable
environmental conditions, and above all, illumination ones,
may affect the measure. Hence, the authors of [92] merged
RFID and colorimetric technologies to make the best of both
systems. Here, the information is encoded in the shift of
the resonance frequency due to the variation of the chemical
concentration sensed by the label. Miscioscia et al., instead,
printed an interdigitated capacitor upon a colorimetric critical
temperature indicator (CTI); the former was then connected
to an NFC coil. When the temperature overcomes a threshold,
the chemical reagent, i.e., black blotting paper, melts, changing
the label colour from white to black (Fig. 6b). This induces a
variation of the dielectric properties of the label itself, causing
a capacitance variation as well. In this way, the encoding of a
chemical reaction into a shift of the resonance frequency was
achieved.
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Fig. 6: RFID systems for food quality control. (a) Smart ripening system. Each avocado fruit is RFID-tagged to generate data
that feed machine learning algorithms. The algorithms predict the ripening status of the fruit, allowing the modification of
the storing conditions (adapted from [85]. (b) Critical temperature indicator proposed in [92]. The sensor (top inset) changes
its colour when overcoming the critical temperature, modifying, in turn, the capacitance. The capacitance determines the shift
of the resonance frequency. The sensitivity of the system, both considering the IC and neglecting it, is reported in the right
inset (c) NFC label for detecting altered food packaging through strain. The status of the food is indicated by a LED powered
through the NFC magnetic field [90]. (d) Chipless tag capable of detecting variations of both the RH level and of the CO2

concentration (adapted from [82]).

Similarly, by means of a LED and an NFC tag, re-
searchers [89], [90] developed an RFID system capable of
providing information about the preservation status of food
both visually and electronically. The authors employed a
flexible polydimethylsiloxane (PDMS) membrane provided
with micro-channels of a conductive polymer (PEDOT:PSS)
that were drop cast as a sensing layer. Food swelling produces
a strain over the packaging foil, which induces a variation in
the resistance of the sensor. Accordingly, the voltage across
the LED varies, and so does its brightness (Fig. 6c). Moreover,
PEDOT:PSS is temperature sensitive; hence the sensor has
been demonstrated to act as a critical temperature indicator
too.

Chipless solutions have been explored as well. For example,
a flexible complementary split ring resonator acting as a
customizable critical temperature indicator is described in [94].
The authors manufactured a PDMS membrane including three
slotted circular microchannels filled with a liquid metal alloy,
namely Eutectic Gallium Indium. Then, the gaps were filled by
a mixture of two different frozen commercial oils so that when
the threshold temperature is reached, the compound melts,
and the dips in the RCS shift toward lower frequencies. By
changing the mixture ratio between the oils, two threshold
temperatures (4 ◦C and 8 ◦C) were achieved.

Finally, in [82], a tag for both physical and chemical sensing
was developed by integrating an array of radiating slots on
Polyimide (PI) with multi-wall carbon nanotubes (MWCNTs).
The substrate acts as an RH sensor shifting the frequency of
each dip in the RCS; the chemical composition of MWCNTs,
instead, is affected by the CO2 concentration, modifying the
amplitude of the dip in the spectrum accordingly (Fig. 6d).

V. GREEN RFID PILLAR

”Green RFID” is a broad term used in general to refer to
environmentally friendly RFID devices and systems [125]. In
the context of FI4.0 and within the scope of this article, all the
applications aiming at a more sustainable food industry that
are not included in the logistic or detection pillars belong to
Green RFID and are grouped in Table III. Although academic
research on Green RFID for food began in early 2010s, just
a few tags have finally reached the commercialization and
certification stages, as detailed next.

A. Tags for Recycling

1) Tags made of recyclable materials: By definition, re-
cyclable tags must not hinder the recycling process of the
object they are attached to so that the recyclability of an RFID
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TABLE III: Green RFID in the Fourth Food Industry

Type Description Band References Estimated Technology
Readiness Level

Tags for Recycling

Capability of tags to be
fully integrated inside the
packaging and be
recycled together or to
assist the recycling
process

UHF [106] 3

HF [107] 2

Wideband [108] [109] 2, 2

Biodegradable and Edible

Capability to be quickly
degraded by the
environment or
completely absorbed
during the digestion

UHF
[110] [111] [112] [113] [114]

[115] [116] [117] [118] [119] 3, 3, 3, 3, 3, 1, 3, 2, 1, 3

HF [120] [119] 3, 3

Wideband [117] [121] 2, 4

Commercial-off-the-
shelves

Recyclable and
biodegradable tags on the
market at the time of
writing

UHF [122] [123] 9, 9

HF [124] [123] 9, 9

tag depends on both the materials of the tagged item and the
tag’s antenna. In the food industry, smart labels are generally
embedded in the packaging rather than in the food item. In
this way, indeed, i) any local degradation of the tagged piece
of food is avoided, ii) the consumer perception of the latter
is kept unchanged, and, finally, iii) a circular economy of the
label and the packaging is granted at the same time.

All the components of a tag, namely the IC, the conduct-
ing trace forming the antenna and the substrate, should be
recyclable. Concerning the antenna, the absence of metal can
foster the recyclability of the tagged object with respect to
classic tags’ antennas. Hence, Marque et al. [106] proposed a
semi-transparent and non-metallic polymer-based paste (PCT-
2.2 by TICON) that uses water as a diluent. In [107], instead,
two nanosilver inks (”Orgacon SI-P2000” by Agfa-Gevaert
and ”Loctite ECI 1011” by Henkel) were tested. Big efforts
were also made for the development of recyclable substrates
as the same authors compared 76 fiber-based substrates to
manufacture recyclable RFID tags for smart packaging made
of cardboard. In the end, the wood-free graphic paper ”Magno
Satin” was used to create recyclable prototypes.

2) Tags to assist recycling: In addition to logistics using
recyclable tags, RFID labels could actively assist in recycling
by returning information on the item’s material. To this end,
chipless tags are currently being investigated to discriminate
different types of plastics based on the EM responses (Fig. 7a).
Preliminary results reached a discrimination accuracy higher
than 90% when discriminating two plastics [108]. More ad-
vanced work on the discrimination of glass and seven plastics

can be found in [109].

B. Biodegradable and Edible

Biodegradable RFID tags do not need specific waste pro-
cessing, thus allowing minimisation of the environmental
footprint. In the vision of the FI4.0, they could allow the
tracking and tracing of individual pieces of food, and they
could degrade with the tagged food itself. The simplest works
in this direction focus on biodegradable substrates and neglect
the conductor since it is a smaller portion of the tag. Thanks
to its availability, paper is the most exploited bioresorbable
substrate [111], [115], [117], and it can perform similarly
to the widely-employed FR-4 substrates [117]. 3D-printed
substrates using biodegradable polymers are another possible
option for such RFID tags [110], [113], [114]. Concerning the
conductors, bioresorbable copper-based paint [112] and con-
ductive zinc ink [116] are two identified solutions (Fig. 7b). In
particular, Gopalakrishnan et al. [121] confirmed the feasibility
of using zinc as a biodegradable conductor for RFID tags.

Alternatively, edible RFID transponders have been demon-
strated to be a valid solution for FI4.0. Yet, despite the
recent advances concerning edible and ingestible electron-
ics [126]–[128], research on these devices is still limited.
An ingestible dual-frequency tag to be inserted in pills for
checking medication compliance was proposed in [119], but
no digestible prototype was presented or validated. Tao et al,
in [120], instead, describe a fabrication technique for using
edible gold and silk for HF tags. The technique can also
be applied to different frequencies. Even if the presented
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Fig. 7: Green RFIDs. (a) Chipless tag for plastic material
recognition based on the RCS (adapted from [108]). (b)
Bioresorbable RFID tag primarily made of conductive zinc
ink and balsa wood as a substrate. Adapted from [116]. (c)
Green RFID tags fabricated with paper and a small content of
aluminium suitable to be recycled within the paper recycling
cycle (adapted from [123]).

prototypes are indeed digestible, only chipless RFID tags could
be manufactured in this way since digestible RFID microchips
do not exist currently.

C. Commercial-off-the-shelves Tags

By virtue of its practical and commercial value, the limited
research on Green RFIDs has already hit the markets even
though a small set of tags are available at present. Fully
recyclable UHF and HF labels exploiting minimal metal
content to comply with the paper recycling regulation are
yet on the market [122], [123] (Fig. 7c). Therefore, they
can be applied to any paper-based food packaging without
hindering recyclability. Even though such tags can degrade
after 2 years of dispersion in the environment, they cannot
be considered biodegradable according to current definitions,
which enforce a stricter time limit (more information in [129]).
On the contrary, the ECO RFID line of labels in [124] obtained
multiple certifications of biodegradability, compostability, and
recyclability.

VI. CONCLUSION

The state of the art of RFID research and applications
to the food life-cycle can foster logistics, sensing, and eco-
sustainability goals of the digital transformation of the food
industry. Despite being still a niche, this research field is

TABLE IV: Average, maximum and minimum TRL for each
pillar based on the reviewed papers.

Pillar Average ± std Maximum Minimum

Logistic 5.72± 1.60 9 3

Sensing 4.97± 1.66 8 2

Green 3.58± 2.46 9 1

rapidly growing, especially concerning sensing and smart
packaging. Radiofrequency identification and sensing will play
a crucial role in FI4.0 in the next years due to the maturity of
the technology for logistics and the promising tests for sensing.
Table IV reports the TRL for the three pillars reviewed in the
pages above; for each reviewed paper, a TRL was estimated
so that the average technology readiness of the pillar could be
evaluated. Despite including some COTS devices, the Green
pillar is confirmed to be the least investigated one, given that
most papers concern fundamental research on biodegradable
material for antenna design.

There are naturally still open issues. First of all, the
highest-TRL pillar, namely the logistic one, could be ex-
ploited further. The emerging synergy with machine learning
and artificial intelligence [130] can boost the adoption of
RFID thanks to the additional features it can provide, for
instance, estimating if some food products are entering or
leaving the warehouse [131]. The pillars having lower TRL
have yet to demonstrate their practical feasibility beyond
theoretical soundness. For instance, most of the reviewed
sensing approaches require electronic circuitry whose cost
can be amortised by the vendor provided that the items’
price is raised or an adequate waste reduction is achieved.
This practice is probably possible only with expensive foods,
i.e., meat and fish, while different solutions should be found
in the case of low-cost food. Furthermore, the transduced
signal from the sensor generally fluctuates within the same
class of food, affecting thus the sensor’s repeatability. As a
consequence, the identification of objective metrics is strongly
hindered. Biodegradable components also have yet to be fully
assessed, and the next future works can exploit the synergy
with the current research in bioresorbable materials driven by
the advances in medical engineering [132]. Overall, in the next
few years, we expect a surge of RFID academic proofs-of-
concept and industrial tests regarding the food that will boost
the development of reliable hardware and software solutions
for large-scale adoption.
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APPENDIX A
TREND ANALYSIS DETAILS

The search strings were used to collect as many works
on RFID related to the three research pillars as possible, as
reported in Table V. The first screening omitted the documents
that were not journal or conference papers, reviews, or arti-
cles soon to be published. The second screening eliminated
duplicates between the SCOPUS and WoS lists, and the final
merge removed duplicated entries between different keywords.
2646 records were found for the subsequent trend analysis, and
most of the keywords found in the complete list of 100 most
used keywords were not subsequently considered since most of
them were application-independent (like ”RFID”), duplicates
(like ”supply chains” and ”supply chain”), or too generic (like
”labels”). The ”food waste” keyword was not among the 100
most used and was inserted to represent the Green RFID
emerging pillar. The final subset of reports selected using
the 6 keywords (see Table V again) was finally employed to
investigate the current trends in Fig. 2.

TABLE V: Literature searches screened through ScientoPy.
Search strings: (”RFID” OR ”Near Field Communication”)...

Initial First Second
Search terms search screening screening Merge
... AND ”food” 1995 1840 1320 -
... AND ”packaging” 1883 1690 1331 -
... AND (”grocery”
OR ”catering”) 183 169 125 -
... AND ”spoilage” 103 101 68 -
... AND ”restaurant” 92 89 72 -
... AND ”biodegra-
dable” 62 56 37 -
... AND ”edible” 17 11 11 -
Total 4335 3956 2964 2646
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Machine Learning Applications in Electromagnetics and Antenna Array
Processing. Norwood, MA, USA: Artech House, 2020.

[131] G. Alfian, M. Syafrudin, U. Farooq, M. R. Ma’arif, M. A. Syaekhoni,
N. L. Fitriyani, J. Lee, and J. Rhee, “Improving efficiency of rfid-
based traceability system for perishable food by utilizing iot sensors
and machine learning model,” Food Control, vol. 110, 2020.

[132] G. D. Cha, D. Kang, J. Lee, and D.-H. Kim, “Bioresorbable electronic
implants: History, materials, fabrication, devices, and clinical applica-
tions,” Advanced Healthcare Materials, vol. 8, no. 11, 2019.

https://rfid.averydennison.com/en/home/products-solutions/rfid-sustainable-tags.html
https://rfid.averydennison.com/en/home/products-solutions/rfid-sustainable-tags.html
https://www.identiv.com/products/rfid-tags-inlays-labels/nfc/eco-friendly-rfid-nfc-tags
https://www.identiv.com/products/rfid-tags-inlays-labels/nfc/eco-friendly-rfid-nfc-tags
https://www.storaenso.com/en/newsroom/news/2020/4/eco-rfid-passes-industry-tests-for-biodegradability
https://www.storaenso.com/en/newsroom/news/2020/4/eco-rfid-passes-industry-tests-for-biodegradability

	Introduction
	Methodology and Trend Analysis
	Scope and Methodology
	Scientometric Trend Analysis

	Logistic Pillar
	Traceability
	Quality Assessment
	Anti-counterfeiting and Anti-tampering

	Sensing Pillar
	Chemical Parameters
	Physical Parameters

	Green RFID Pillar
	Tags for Recycling
	Tags made of recyclable materials
	Tags to assist recycling

	Biodegradable and Edible
	Commercial-off-the-shelves Tags

	Conclusion
	Appendix A: Trend Analysis Details
	References

