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Abstract: Manufacturing Execution Systems (MES) emerged as a software solu-
tion to bridge the gap in digital communication between two functional layers: the
company’s management and the supervisory system. Initially focused on track-
ing and operational control, MES has evolved through the integration of Artificial
Intelligence (AI), the Internet of Things (IoT), and Big Data Analytics (BDA),
leading to the emergence of Intelligent Manufacturing Execution Systems (IMES),
which satisfy Industry 4.0 requirements.

Advanced technologies have driven industries toward digitalization, particularly
within the Food and Beverage (FB) sector. This industry faces demands for trace-
ability, compliance, agility, and sustainability, necessitating flexible, real-time solu-
tions that traditional systems cannot provide. The digitalization of the FB sector
has been propelled by the integration of advanced technologies into intelligent MES
platforms, which provide the capabilities necessary to meet modern industry de-
mands.

To demonstrate these statements, we described eight case studies from the dairy,
meat, dietary supplement, brewing, and beverage manufacturing sectors. The final
case study, which we focus on and conducted at ECCBC, is detailed to illustrate
the successful implementation of IMES, which has automated monitoring, reduced
waste, and improved responsiveness to consumers’ needs.

This paper analyzes the evolution of MES into intelligent platforms within the con-
text of digital transformation in the food and beverage industry. It describes the
critical role of IMES in enabling innovative, sustainable, and flexible manufactur-
ing environments. It also addresses several implementation challenges, including
system integration, technology complexity, and organizational readiness. The find-
ings support the strategic positioning of IMES as a key enabler of next-generation
manufacturing systems aligned with Industry 4.0 objectives.

Key-Words: Intelligent Manufacturing Execution System, Smart Factory, Advanced Technologies, In-
dustry 4.0, Food and Beverage Industry, Production Optimization, Operational Efficiency, Digital Trans-

formation.
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1. Introduction

MES acts as a crucial link between enterprise-level
planning systems, like ERP (Enterprise Resource Plan-
ning), and shop floor operations, such as PLC (Pro-
grammable Logic Controller) and SCADA (Supervi-
sory Control and Data Acquisition), addressing gaps
in real-time data integration and bidirectional com-
munication [1][2]. Manufacturing Execution Systems
(MES) have historically focused on tracking and oper-
ational control. Over time, MES has gradually inte-
grated advanced technologies such as artificial intelli-
gence, the Internet of Things, and Big Data Analytics.
These developments have led to Integrated Manu-
facturing Execution Systems (IMES), which provide
real-time visibility, predictive capabilities, and adap-
tive responses to production variability [1][3][4][5].
The global MES market is projected to grow from
12.47 billion dollar in 2022 to 36.9 billion dollar by
2032, highlighting the demand linked to the strategic
importance of scalable, intelligent solutions for modern
manufacturing [6].

In this race toward intelligent production, the food
and beverage industry—a sector long seen as tradi-
tional and process-driven—is experiencing a significant
transformation. The rising demand for traceability,
regulatory compliance, agility, and sustainability has
revealed the limitations of conventional production sys-
tems, opening up opportunities for flexible, real-time
solutions [7]. At the core of this shift are MES, digital
platforms designed to manage, monitor, and optimize
shop floor operations. Since their introduction, these
systems have undergone a significant transformation,
evolving from static data collection tools into dynamic
systems that enable informed decision-making.

Today, this development is being accelerated with the
advent of IMES, which has been significantly enhanced
by the emergence of advanced technologies, including
artificial intelligence, the Internet of Things, and big
data analytics, to improve both efficiency and respon-
siveness in manufacturing [1][3].

Before delving deeper into the paper’s content, it is
essential to address the existing knowledge gaps and
limitations of previous research on MES and its evo-
lution toward Intelligent MES, particularly within the
Industry 4.0 framework and the food and beverage
sector [8].

Despite increasing academic attention, the literature
remains fragmented and outdated, with a noticeable
lack of understanding regarding the specific require-
ments and operational particularities of the food and
beverage industry [7][9][10], which is evident in ex-
isting studies that typically fall into four broad cate-
gories: overviews of MES, studies on the emergence of
advanced technologies within MES to achieve intelli-
gent capabilities, implementation approaches, and case
study applications. However, each of these categories
reveals significant limitations in addressing challenges
and success factors relevant to real-world industrial
contexts [11].

Traditional overviews often present generalized func-
tions without adapting to food and beverage-specific
constraints, such as perishability, hygiene compliance,
and sustainability goals [9][10]. Research on emerg-
ing technologies tends to emphasize theoretical models
rather than validated, practical integration [3]. Imple-
mentation approaches frequently overlook the context
of SMEs and the complexity of deployment in resource-
constrained environments [12][11]. Additionally, case
studies are commonly simulation-based, providing lim-
ited empirical insight into the technical and organiza-
tional realities of IMES adoption [1]. These persistent
gaps highlight the necessity for an updated, sector-
specific framework that accounts for technological,
economic, and regulatory dimensions. This study con-
tributes by offering a comprehensive and empirically
grounded investigation that addresses these deficien-
cies and supports the effective deployment of IMES
in the food and beverage sector. While many compa-
nies already have a Manufacturing Execution System
(MES) in place, few take advantage of the additional
intelligent layer that can turn these systems into active
decision-making tools. A central question this article
will address is:

How can the food and beverage industry
leverage IMES in its operations and strategy
to tackle the evolving challenges of a rapidly
digitized world?

The paper employs an integrated research methodology
to explore the adoption of Manufacturing Execution
Systems in the food and beverage industry. It utilizes
data from various databases, including Scopus, HAL,
Elsevier, ResearchGate, Procedia Manufacturing, and
IEEE, to analyze publication trends and contributions
from authors in the field.

The paper aims to investigate the integration and
impact of MES within the context of Industry 4.0,
focusing on how MES evolves with advancements in
automation, reconfigurability, and real-time decision-
making in smart factories. It also examines the spe-
cific challenges and benefits of MES implementation
in the food and beverage sector, discusses the adop-
tion of MES by small and medium-sized enterprises
(SMEs), and proposes methodologies for successful
digital transformation. The findings are supported by
practical applications and case studies, drawing on 42
references to substantiate the analysis.

This article begins with a foundational overview of
MES and traces its evolution. It then examines the
enabling technologies that power IMES, followed by il-
lustrative case studies. The discussion section presents
a critical analysis of the success factors, challenges,
and strategic implications of these systems, highlight-
ing the potential that IMES represents as a significant
step into another industrial age in food and beverage
manufacturing, characterized by data and speed as its
defining traits.



2. Overview of Manufacturing

Execution Systems

This section offers a comprehensive analysis of IMES,
detailing its definition, evolution, and integration
within the framework of Industry 4.0.

2.1. Definition of MES

In terms of manufacturing competitiveness, industrial
companies strive to utilize advanced techniques that
enhance efficiency, improve quality, and achieve greater
flexibility and sustainability. Modern industries are
guided by the Industry 4.0 vision to achieve high lev-
els of digital capabilities to tackle the challenges of
transformation, such as interconnectivity, managing
big data, integrating real-time information, and ensur-
ing adaptability among smart factories, IT infrastruc-
ture, and software [3]. In most smart factories, there
are two types of software:

e The company’s management system generally
consists of an ERP and a CAPM (Computer
Aided Production Management) [2].

e The supervision system provides real-time con-
trol of production resources, such as PLC and
SCADA.

Figurel illustrates the connections between these sys-
tems and the flow of information among them. It high-
lights their distinct time frames, decision-making lev-
els, and how the details and scope of the shared infor-
mation evolve as one progresses through the layers.

Enterprise management

Tactical decisions Business planning & logistics

ERP
Months, Weeks, Days ,Order status \

Production management \

Planned orders:

Operational decisions Manufacturing operations management

MES

Days, Hours, Minutes F Shop floor state \
y |
Detailed schedule I

Supervisory control and data acquisition system
DCS, PLC

Shop floor control/ \
automation

Operational decisions Information

detail

Minutes, Seconds, Milli:

Figure 1: Information and management systems for
planning and control [1]

The MES emerged from the need for digital commu-
nication between these two functional layers, ensur-
ing alignment and synchronization. It also serves as
a bidirectional link between enterprise planning and
the shop floor, encompassing control and automation
systems [1]. Tt typically resides at the third level of the
CIM (Computer Integrated Manufacturing) automa-
tion pyramid (Figure 2).

Figure 2: CIM automation pyramid

MES has evolved from basic tracking systems to
process-centric software solutions that collect and man-
age real-time information from manufacturing pro-
cesses [3][4]. This enables real-time management of
shop floor activities by utilizing manufacturing infor-
mation about equipment, resources, and orders to opti-
mize production [3]. It has evolved, incorporating ex-
tensions to perform manufacturing activities through
advancements in information technology. The core
function of an MES is to provide accurate information
about the actual status of the production system, along
with analytical tools to enhance both the quantitative
and qualitative aspects of production [7].

2.2. Emergence and Evolution of MES

When MES first appeared in the 1970s, its main ob-
jective was to support production execution, focusing
on online shop floor activity management. The de-
velopment of MES closely relates to manufacturing
strategies that emphasize cost reduction and the in-
tegration of planning and process control. This devel-
opment involved multiple stages, including MRP, MR-
PII, computer-aided manufacturing, and ERP systems,
aimed at enhancing production efficiency and compet-
itiveness [1] [3][7]. The need for data integration from
various sources, including shop floor and enterprise sys-
tems, along with the requirement to manage the in-
creasing complexity of manufacturing processes, has
propelled the growth of MES. SMEs are rapidly tran-
sitioning to more reliable and efficient alternatives to
the paper-based solutions they previously depended on
[13]. Fueled by advanced technologies, Industry 4.0
signifies a major transformation in the industrial land-
scape. Therefore, to support the upcoming generation
of production systems, digitizing MES is crucial [3] [14].



Table 1: Comparison between Traditional MES and Intelligent MES - Source: Author’s work

Characteristic

Traditional MES

Intelligent MES

Main Objective

Simplify production execution and
link planning (ERP) with control
systems (PLC, sensors).

Maximize production data for
continuous improvement and
optimization with big data analytics.

Data Management

Collect and store production data,
primarily used for performance
indicator calculation.

Real-time management and analysis of
massive, diverse data from various
sources using big data analytics to
extract insights.

Analysis and Decision

Performance indicator calculation
(such as OEE) with limited diagnostic |analysis with advanced diagnostic
support, relying on human expertise.

Real-time visibility and performance

support, enabling fast and intelligent
decision making at all levels.

Intelligence and Autonomy human expertise.

Reactive and rule-based, relying on

Autonomous and intelligent operations
with AT and ML for maintenance,
detection, optimization, and decision
making.

Interoperability through integration
with ERP, PLM (Product Lifecycle

Fast and secure integration with a
broad ecosystem of systems and

RS L2y Management), and traceability devices, enabling vertical integration
systems, following the ISA-95 within Industry 4.0.
standard.
Limited and predefined failure Advanced diagnostic capabilities using
Diagnosis diagnosis with minimal analysis of probabilistic models to identify
performance and quality issues. performance deviation causes.
Reactivity based on configured Real-time responsiveness through
Reactivity information and alerts. continuous data analysis.

MES has transformed from basic tracking systems to
advanced integrated solutions. An IMES represents an
evolution of traditional production systems, incorpo-
rating cutting-edge technologies to enhance real-time
processes. Using standards like ISA-95 and OPC UA
(Object Linking and Embedding for Process Control)
[2], it also integrates with various systems, including
ERPs and automated control systems, providing an
integrated view of industrial activities [15]. To bet-
ter understand the evolution from traditional to intel-
ligent MES, (Tablel) highlights the main differences
between these two generations of systems. It facili-
tates a comparison of their primary objectives, data
management, analysis, decision-making, intelligence,
autonomy, as well as their integration, diagnosis, and
reactivity. Traditional MES focuses on production ex-
ecution by ensuring the connection between ERP sys-
tems and shop floor control devices, such as PLCs and
sensors. With limited diagnostic capabilities and a re-
active approach based on human expertise, it collects
and stores production data to compute performance in-
dicators like Overall Equipment Effectiveness (OEE).
However, the IMES employs big data analytics to man-
age and analyze large volumes of real-time data from
various sources, facilitating vertical integration with
Industry 4.0. This enables intuitive system and de-
vice integration, autonomous decision-making, and ad-
vanced diagnostics. Additionally, it enhances diagnos-
tics and flexibility by utilizing continuous data analysis
and probabilistic models.

3. Technologies and Features of
IMES

IMES are characterized by the integration of advanced
Industry 4.0 technologies, notably Artificial Intelli-
gence (AI), the Internet of Things (IoT), Machine
Learning (ML), and Big Data Analytics (BDA). This
section presents these technologies, their integration
into MES, and the resulting features of this integra-
tion (Figure 3).

D To anticipate failures and schedule proactive maintenance

) To implement inspection systems and improve

Al 0 { product quality
m To optimize production, machine learning predicts
2 consumer demand through advanced algorithms.
ot
Z To enhance production management, IoT devices enable
= : continuous tracking and control of production
M E s IoT U conditions.
] H
- %) To optimize inventory and distribution, ToT solutions
; streamline smart warehousing and logistics.
ot
E To optimizing supply chains, boost efficiency and reduce
H | BDA costs.

To customize products effectively, data analytics analyze

customer behavior and preferences.

Figure 3: Technologies and Features of IMES

Source: Author’s work



3.1. Integration of MES with Al

Al is a field of computer science that develops sys-
tems capable of performing tasks typically requiring
human intelligence. It encompasses key elements sum-
marized by the acronym ABCDE: Analytics technol-
ogy, Big Data, Cloud Computing, Domain knowledge,
and Evidence [16]. Integrating AT into MES can sig-
nificantly improve manufacturing operations. It in-
volves understanding the problem, the available data,
the physical meaning of parameters, the characteristics
of a manufacturing process, and the uncertainties as-
sociated with the parameters. This explains why the
integration of AI enhances IMES. Thus, feedback on
real-world models improves the accuracy of Al models
[1]. In manufacturing companies, where devices essen-
tially monitor operations, Al is being used increasingly.
It is applied for reasoning, knowledge, planning, learn-
ing, natural language processing, and perception [? ].
AT enhances this capability by powering systems that
imitate human behavior and operate in areas such as
planning and decision-making, thereby advancing pre-
dictive maintenance, real-time monitoring of produc-
tion conditions, and quality control [1][17][18][19].

For predictive maintenance, as the IT center of
factories, IMES collects and manages vast amounts of
real-time production data. This data originates from
machines, sensors, controllers, and automatic identifi-
cation systems. Integrating Al allows for the analysis
of this data to establish failure models through data
correlations, known as Data Mining, which can indi-
cate potential equipment failures [1]. The combina-
tion of Al and ML with MES will enable predictive
analytics and advanced process optimization, further
enhancing the benefits of IMES [19][20]. Addition-
ally, the integration of Al techniques with the Digital
Twin—a virtual copy of a physical system used for sim-
ulation, monitoring, and diagnostics—enables the pre-
diction of equipment failures and the optimization of
maintenance by simulating realistic future scenarios [?
][21]. However, some sources note that applying ML
to the design of predictive maintenance applications
is still a relatively new approach, with a lack of im-
provement in equipment detection methods to enhance
data quality and quantity. In addition, existing IMES
models for Industry 4.0 do not sufficiently emphasize
the inclusion of predictive maintenance[1][21]. For ex-
ample, in a predictive maintenance setup, Al within
a MES uses historical operations data such as error
messages, cycle times, and power consumption to train
an ML algorithm to identify subtle trends and anoma-
lies that indicate upcoming equipment failures. Once
the Al detects these early anomalies, it generates pre-
dictive alerts that prompt the IMES to automatically
schedule maintenance during planned downtimes; con-
sequently, this prevents unexpected breakdowns, re-
duces repair costs, and extends the life of the equip-
ment [? |. For intelligent quality control through
image recognition, a powerful application that aims
to significantly improve product quality, the integra-

tion of Al-driven industrial vision systems within MES
automates and enhances the accuracy of visual inspec-
tions, thus contributing to better quality assurance [1].
As previously mentioned, IMES enables the collection
and management of real-time production data. Image
recognition and machine learning techniques can be ap-
plied to these data streams to automatically identify
defects and anomalies that may go unnoticed during
human inspections [1]. Al-driven industrial vision sys-
tems can be trained to recognize various types of prod-
uct defects. They facilitate continuous quality mon-
itoring, ensuring early defect detection and quick in-
tervention to prevent defective batches [13]. Moreover,
they simplify root cause analysis by maintaining in-
spection records [4]. AI can assist in identifying cor-
relations between defects and production parameters,
enabling more effective corrective actions. Automat-
ing inspections reduces subjectivity and human errors,
while linking inspection results to traceability informa-
tion ensures accurate tracking and effective recall man-
agement [7][15]. A key element of the IMES concept
that stems from more intelligence is quality [1]. The in-
tegration of AT for quality control in IMES aligns with a
broader trend toward smart factories, where machines
and products communicate and make autonomous de-
cisions to optimize production, including quality [15].
For example, a quality control process supported by Al
uses high-resolution cameras to capture images of the
production line. These images are then processed in
real-time. The system identifies anomalies indicating
nonconformity, automatically detects defective prod-
ucts, and instantly interacts with the IMES to activate
corrective actions, such as stopping the line or adjust-
ing production parameters. This automated visual in-
spection reduces dependence on manual controls, de-
creases variability, and minimizes waste [1][7][17].

For demand forecasting, ML seeks to optimize
production planning by anticipating consumer needs.
With the incorporation of ML algorithms into MES,
companies can achieve more accurate demand forecasts
and adjust their production operations accordingly [1].
Essential information for demand forecasting includes
sales and order history, inventory levels, current and
past production data, equipment performance infor-
mation, and external data such as market trends, pro-
motions, and supply chain information [17]. ML al-
gorithms can be applied to the vast datasets collected
by IMES to identify patterns, trends, and correlations
that help predict future consumer demand [15][17][20].
Accurate demand forecasts obtained through IMES en-
able optimization of the production schedule [1][22], al-
lowing for flexible adjustments to production plans in
order to effectively respond to fluctuations in demand.
For example, the system can automatically adjust man-
ufacturing orders, distribute resources effectively, and
modify work schedules in connection with predicted pe-
riods of high demand [19]. This adaptability also sup-
ports the optimization of inventory levels by ensuring
that the correct quantity of products is produced at the
right time, thereby minimizing storage costs and reduc-
ing the risk of stockouts. Additionally, it enhances re-



source utilization by enabling optimal planning of ma-
chines, labor, and raw materials based on projected
demand [1][19]. As a result, delivery times are short-
ened due to proactive scheduling, and decision-making
regarding raw material procurement and capacity plan-
ning becomes more intelligent, as insights into future
demand allow for better anticipation of upstream sup-
ply chain requirements [22].

3.2. Integration of MES with IoT

The IoT enables real-time data collection to monitor
and control processes for improvement by allowing vari-
ous machines, methods, and products to communicate,
facilitating their interaction with the cloud for efficient
data processing[18][20][23].

For real-time monitoring, integrating the IoT into
MES allows for the continuous tracking and manage-
ment of production parameters [19]. The combination
of ToT and MES can lead to several outcomes in the
manufacturing environment. IoT devices enable the
automated collection of real-time data from the shop
floor, providing a continuous stream of valuable in-
formation [3]. Sensors and RFID (Radio Frequency
Identification) tags are used to track equipment sta-
tus and stock levels, while IMES records the complete
history of batches, orders, and equipment, optimizing
flow localization through automatic identification tech-
nologies. The integration of IoT allows raw data to
be used to assess production performance and equip-
ment efficiency, while resource control is optimized
through IMES [13]{17][22][24]. These IoT-generated
data can be presented through graphical interfaces to
enhance collaboration within the factory [25], while
also enabling the integration of operational technol-
ogy with IT infrastructure and ensuring IoT compat-
ibility between computing components [3][16]. In ad-
dition, cloud computing allows for quick communica-
tion within the network, thereby enabling real-time
decision-making [16].

For innovative warehousing and logistics, logis-
tics encompasses the entire flow of products, from the
supply of raw materials to the storage, transport, and
distribution of the final products. Throughout the sup-
ply chain, sensors and RFID technology track the lo-
cation and condition of products, enhancing visibility
and enabling real-time monitoring. These technolo-
gies facilitate GPS tracking and remote [25] location
both indoors and outdoors when combined with cloud-
based systems. To optimize freight transportation, IoT
is employed to identify the most efficient routes while
ensuring safety, product quality, and faster deliveries
[22][26].

3.3. Integration of MES with BDA

BDA involves applying computational and analytical
power to process large and diverse datasets, often in
real time. To provide helpful information for decision-
making, it allows systematic collection and analysis of

data [17][27]. Based on Al and ML, BDA plays a key
role in optimizing processes and enabling automatic
adjustments to production parameters [16]. The inte-
gration of BDA into MES fully utilizes the potential of
Industry 4.0 by transforming massive volumes of pro-
duction data into actionable insights for continuous im-
provement and strategic decision-making [15][19][28].

For supply chain optimization, IMES plays a key
role by leveraging the power of BDA and advanced
technologies such as IoT, Al, and cloud computing. It
provides real-time visibility into inventory levels, ma-
chine performance, and production delays, enabling
ideal coordination between supply chain management
(SCM) and ERP systems by collecting and analyz-
ing vast amounts of manufacturing data [19][26][29].
The IMES supports rational decision-making, identifies
trends related to production efficiency, product qual-
ity, and customer preferences [22]. This data-driven
approach also simplifies optimization planning, allow-
ing for precise adjustments to production schedules
and resource allocation based on anticipated demand
[4][7]. Furthermore, the system’s real-time monitor-
ing capabilities ensure quick responsiveness to disrup-
tions, helping to detect and resolve issues before they
escalate [13]. The IMES also enhances product qual-
ity and traceability by tracking all information related
to the production process and enabling fast correc-
tive actions when needed. Additionally, the integration
of predictive maintenance minimizes equipment down-
time by anticipating failures through real-time machine
data analysis. Finally, the IMES promotes collabora-
tion and integration across the supply chain by acting
as a centralized information core, connecting various
organizational levels and external partners. As a re-
sult, IMES enhances the supply chain by improving
efficiency, resilience, and key performance indicators,
meeting Industry 4.0 requirements [15][19][30].

For customer behavior analysis, MES utilizing
BDA and advanced technologies analyzes customer
data and continuously adjusts product features to en-
hance customer satisfaction. Such success is achieved
through optimized order management and supply chain
planning, ensuring timely delivery and alignment with
consumer demands [31]. Advanced sales forecasting,
powered by sensors and analytics tools, enables inno-
vations such as smart shelves that pave the way for
personalized advertising based on customer character-
istics and behavior. These intelligent shelves optimize
inventory control and operational efficiency in addition
to improving restocking procedures. Then, the IMES
can identify the most profitable customer segments, al-
lowing companies to adapt their strategies to better
serve high-value clients while maximizing overall prof-
itability. This integration of data-driven model insights
and intelligent systems ensures a competitive edge in
meeting evolving market expectations and enhancing
customer loyalty [3][22][32].



3.4. More IMES solutions: Comple-

mentary Enabling Technologies

While AI, BDA, and IoT form the technological foun-
dation, the true power of IMES emerges from their
integration with complementary Industry 4.0 innova-
tions within MES. These include:

e Cyber Physical Systems (CPS): allows
smart factories by integrating cyber capabili-
ties with physical systems. IMES integrates CPS
components (machines, sensors, and more) for
continuous communication, decision making, and
process control [17][33].

e Cloud Computing (CC): Cloud platforms en-
able data sharing and process monitoring across
supply chains. To improve automation and ben-
efit access to real-time production data, IMES
applies cloud-based solutions [1].

e Additive Manufacturing: IMES supports
flexible production by integrating 3D printing
for on demand manufacturing and quick proto-
typing [17].

e Augmented Reality (AR): enhances IMES
functionality by providing operators with real-
time assembly or repair instructions, improving
human-machine interaction [1].

e Simulation and Digital Twins: create virtual
replicas of physical systems, feeding real-time
data to IMES. This enables predictive main-
tenance, optimization, and anomaly detection
[1][34].

e Autonomous Robots (Cobots): IMES man-
ages human-robot collaboration, ensuring safe
and efficient integration of autonomous systems
into production workflows [1].

e Cybersecurity: IMES relies on reliable cyber-
security measures to protect interconnected sys-
tems and ensure secure communication between
machines and processes [15].

e Machine-to-Machine Communication
(M2M): networks enable direct communication
between machines, improving operational effi-
ciency. IMES uses M2M data to make decisions
in real time [20].

e RFID Technology: RFID tags provide real-time
tracking and traceability of resources, enhancing

IMES accuracy and reducing production delays
[13][15].

e Industrial Communication Protocols
(OPC-UA, Fieldbus): IMES uses protocols
like OPC-UA to collect and transfer production

data, ensuring interoperability between IT and
OT systems [17].

e Neural Networks Fuzzy Logic: IMES em-
ploys AI tools like neural networks to analyze
machine-generated data, identify patterns, and
optimize production processes [32].

e Visual Computing: Advanced visualization
tools in IMES improve human-machine inter-
faces
enabling intuitive data display and analysis [15].

e Blockchain Technology: While not directly
tied to IMES, blockchain can enhance supply
chain transparency and secure production data,
indirectly supporting IMES operations [17].

4. Case studies presenting the
deployment of IMES in food
and beverage companies

The implementation of IMES in the food and beverage
industry represents a significant step toward the digi-
talization of industrial processes. This section presents
eight real case studies that illustrate the implemen-
tation of IMES, discussing various technologies used,
benefits achieved, challenges encountered, and key suc-
cess factors in a highly regulated and quality-guided
environment.

4.1. Specific requirements of the food

and beverage industry

Before examining the case studies, it is essential to un-
derstand the fundamental requirements of this sector,
characterized by strict regulations, high competitive-
ness, and growing demand. It also faces low profit
margins, making the implementation of IMES difficult
and complex.

In this sector, the final consumer is human; traceabil-
ity, hygiene, and food safety [35] are essential pillars of
production. This field also presents technical and or-
ganizational specificities that demand high standards
in production [7]:

e Raw materials and semi-finished products often
possess dynamic characteristics that evolve over
time. Raw milk serves as a perfect example of
this. If it is not pasteurized or cooled quickly af-
ter milking, it begins to deteriorate within a few
hours. This sensitivity necessitates strict pro-
cessing timelines and rigorous storage conditions
to maintain product quality and prevent any loss.

e The recycling of products or semi-finished goods
is a common practice in many processes. In
the chocolate industry, recycling molding scraps
is standard. Production surpluses or broken



pieces, such as chocolate bars or candies, are
remelted and reintegrated into a new produc-
tion cycle. This practice helps minimize material
losses while maintaining the quality and taste
properties of the final product.

e The safety and quality of finished products de-
pend on multiple factors, including the hygiene
of the environment, equipment, personnel, trans-
portation, and storage conditions. In a bever-
age production plant, ensuring the safety and
quality of finished products is essential. Envi-
ronmental hygiene is maintained through sterile
white production zones, where air is filtered and
controlled to prevent contamination. Equipment
such as mixing tanks and production lines is
cleaned automatically using CIP (Cleaning In
Place) procedures to ensure no residue remains
between production cycles. Personnel must fol-
low strict protocols, including wearing hairnets,
shoe covers, and gloves, and undergoing regular
health checks.

e Raw materials, semi-finished products, and fin-
ished products are generally perishable and have
a limited shelf life. For example, soft cheese is a
semi-finished product that requires maturation.
However, it can deteriorate quickly if storage
conditions are not properly maintained, particu-
larly in the case of insufficient refrigeration.

To comply with regulations regarding safety and trace-
ability, manufacturers must implement safety princi-
ples in their production processes such as [7]:

e Good Hygiene Practices (GHP)

e Good Manufacturing Practices (GMP)

e Hazard Analysis and Critical Control Points
(HACCP) system, aimed at analyzing hazards
and controlling critical points.

4.2. Case studies of IMES in the food

and beverage industry

To illustrate the implementation challenges and suc-
cess factors of IMES in the food and beverage industry,
this section presents a selection of case studies collected
from various manufacturers, including dairy, meat, di-
etary supplements, brewing, and beverages.

These case studies were chosen for their relevance to
Industry 4.0 integration, their documented outcomes,
and their representativeness of the industry’s digital
transformation journey. Among these, particular at-
tention is given to a local case study conducted at EC-
CBC, which provides a detailed and contextualized ex-
ample of IMES deployment in a real-world production
environment.

Case study 1: Dairy manufacturing company -
Scandinavia

The author of [36] discusses a case concerning a leading

dairy manufacturing company specializing in the pro-
duction of organic dairy products, with facilities spread
across Scandinavia. To meet increasing consumer de-
mands for transparency regarding product origins and
operations, including animal treatment and farm hy-
giene, the company required enhanced data collection
capabilities and information transparency across its
supply chain. Additionally, it aimed to improve logis-
tics, food quality, flexibility, scalability, and establish
a strong foundation for data management and digital
services.

In 2018, the company commissioned an IoT platform
for its food supply chain, integrating real-time data
acquisition and process monitoring into its MES to en-
hance its capabilities. To ensure optimal interoper-
ability between IT and OT (Operational Technology)
systems, the platform adhered to open standards in-
cluding ISA 95 and RAMI 4.0.

Using MQTT and OPC UA protocols, the company
connected all 23 of its factories to the IIoT, enabling
both centralized control and decentralized decision-
making. The IMES served as a process digital twin
by offering real-time insights into production processes,
which helped identify issues that were previously mis-
defined through manual data collection.

The company collaborated closely with its suppliers
and IT architects during the implementation phases to
adapt the IMES to meet specific operational require-
ments, such as integrating existing equipment and co-
ordinating with suppliers. With enhanced shop floor
planning software, the company was able to reduce
changeover times and increase delivery speeds despite
challenges like supplier limitations and siloed solutions.
Full traceability is achieved through the implementa-
tion of RFID tags and wireless sensors added to the
material and component levels.

Although it’s still challenging to quantify productiv-
ity gains, the company estimates a significant improve-
ment in operational efficiency, particularly in reducing
stock levels through advanced predictions and enhanc-
ing resource utilization. The company is completely
satisfied with the IMES, which supports essential fea-
tures like real-time scheduling, predictive maintenance,
and operator support for tasks such as color and mold
changes.

Case study 2: European Pork and beef pro-
ducer

In [36], there is a second case concerning a major inter-
national meat processing business that operates across
Europe and specializes in the production of beef and
pork. The company required enhanced planning, re-
source management, and process transparency within
its complex supply chain environment to meet the
stringent requirements for food safety, traceability, and
operational efficiency.

In 2018, the company installed a new high-technology
MES/MOM (Manufacturing Operations Management)
platform to reduce data silos and improve communica-
tion between IT and OT systems. The proper use of
the ISA 95 standard and the adoption of respective
transport and semantic protocols such as MQTT and



OPC UA were further deemed essential for successful
Industrial IoT integration. By supporting open indus-
try standards, the company aimed to improve connec-
tions between its central IT department, farms, and
factory networks while maintaining legal compliance.
The IMES provided reliable batch, quantity, and stage
monitoring, ensuring complete product traceability
from farm to fork. Maintaining this feature was im-
portant for monitoring parameters that affect meat
quality, such as processing time, temperature control,
and machine sanitation. With increased visibility came
improved operational reliability, resource management,
and production scheduling, notably decreasing raw ma-
terial inventories and storage costs. As a result, the
system paved the way for advancements in logistics,
allowing real-time information sharing to better com-
municate fresh food supply chains.

Throughout the implementation, senior IT architects
and global IT leaders collaborated closely with fac-
tory operators and supply chain managers to design
the IMES solution that addresses specific process needs
and operational constraints. The complexity of inte-
grating past systems makes it challenging to quantify
productivity gains, but the company estimates a sig-
nificant increase in overall efficiency. There is complete
satisfaction with the IMES, particularly regarding its
ability to support essential functions like the workshop
for packaging finished products and the production of
required certificates of analysis for the food industry.
Case study 3: DSM Nutritional Products -
France

This case [37] concerns DSM Nutritional Products, a
leading company specializing in the production of vita-
min and carotenoid premixes, with a facility in Village
Neuf (Haut Rhin, France). To meet stringent produc-
tion deadlines, which allow no more than four weeks
between order receipt and finished product shipment,
including the issuance of analysis certificates, DSM re-
quired enhanced process transparency, planning, and
traceability capabilities in a demanding food industry
environment.

In 2013, ABB deployed a comprehensive IMES that in-
tegrates real-time operational management. This sys-
tem comprises seven extended 800xA control command
stations and the cpmPlus ECS (Enterprise Control Sys-
tem), a middleware solution linking IMES with the
ERP system via ISA 95 standard interfaces, with 15
dedicated stations all running on virtualized servers
to ensure robustness and flexibility. The IMES pro-
vides precise tracking of produced batches, quantities,
and stages, ensuring complete product traceability in
compliance with regulatory requirements. This in-
creased visibility enhances operational reliability, re-
source management, and production scheduling, result-
ing in a notable reduction in raw material inventory
and optimized storage costs.

As part of the performance engagement process, ABB
engineers worked closely with the DSM premix team
to adapt the IMES to specific process needs and oper-
ational constraints. While it is challenging to quantify
productivity benefits, DSM estimates an overall pro-

ductivity increase in double figures. As a company,
DSM welcomes the IMES solution in support of essen-
tial operations, including the finished product packag-
ing workshop and, in the food industry, certificates of
analysis generation.

Case study 4: Wander AG - Switzerland

In [37], a second case discusses Wander AG, a renowned
producer of Ovaltine and Caotina chocolate malt
drinks with a facility in Neuenegg, Switzerland. To
address the growing demands for capacity and flexibil-
ity in a production environment that had evolved over
several decades, Wander sought to modernize and ra-
tionalize its processes.

In 2016, ABB implemented a comprehensive IMES so-
lution for real-time operations management, which in-
cluded cpmPlus ECS and bidirectional integration with
ERP systems and numerous control stations across the
facility. The IMES maintains perfect horizontal and
vertical integration from raw material delivery to fin-
ished product dispatch, ensuring full traceability of ma-
terials, equipment, and personnel.

The IMES enables precise tracking of production or-
ders, materials, and stages to ensure full traceability
of products and compliance with regulatory require-
ments. With greater awareness, it is directly linked
to operational reliability, resource management, and
production scheduling, which has significantly reduced
raw material inventories and optimized storage costs.
During implementation, ABB engineers collaborated
with the production team at Wander to customize the
IMES to specific process needs and address any other
constraints that may hinder its operation.

When it comes to quantifying gains, Wander accounts
for significant improvements in efficiency, flexibility,
and productivity. The company is entirely satisfied
with the IMES that supports essential operations such
as raw material handling, batch formulation, and pack-
aging. The IMES also produces requisite certificates of
analysis while ensuring compliance with hygiene and
service delivery standards. Case study 5: Beer
manufacturing company - Germany

Authors of [9] describe the case of a traditional brew-
ery, Weihenstephan, that employs model-driven engi-
neering (MDE) to develop a MES in the brewing pro-
cess. Preparing the beer involves a series of opera-
tions termed mashing, lautering, boiling, and cooling,
which require accurate and highly transparent control
to fulfill quality and regulatory requirements. Due to
the high customization effort typically associated with
such implementations, the company chooses MDE to
simplify deployment, facilitate changes to energy mon-
itoring, and enhance operational efficiency.

The IMES solution has been developed using prede-
fined modeling elements and organized into four li-
braries: plant, process, IMES function, and report.
The brewery first constructed the technical systems
(such as mash tun and lauter tun) along with the asso-
ciated data points based on the established energy con-
sumption, using ISA 95 and Weihenstephan Standards
to ensure accurate communication and data exchange.
Brewing processes were divided into stages (mashing,



boiling) and operations (heating, stirring) to enhance
MES functions for calculating KPIs and energy usage.
By mapping these models, the company was able to
dynamically generate an IMES prototype tailored to
its operations.

Throughout the implementation, the brewery adjusted
its process to facilitate real-time monitoring and con-
trol of energy consumption and equipment efficiency.
Despite the lack of a fully operational IMES gener-
ator, the modeling phase was validated through ex-
pert feedback, demonstrating improved communica-
tion, reusability of elements, and readiness for future
automation. RFID systems and standardized modeling
tools were utilized for an audit of existing physical pro-
cesses to enhance traceability and data accuracy across
the brew house.

Although not fully automated yet, the brewery has
made improvements in process modeling clarity, the
potential for future IMES integration, and reduced
manual configuration needs. This case demonstrates
the suitability of a model-driven IMES approach
for SMEs in the food and beverage sector looking
to digitize their operations efficiently and flexibly.
Case study 6: Dairy manufacturing industry -
Malaysia

The authors of [38] regarding the usage of MES within
the Malaysian dairy context minimized it to the Ha-
lal food environment. The nation hopes to position
Malaysia as a global halal hub and is therefore encour-
aging dairy manufacturers to adopt digital solutions to
improve traceability, production efficiency, and quality
management. The industry faces numerous internal
challenges, including minimal production data, weak
integration between management and operations, as
well as increased regulatory demands.

The introduction of IMES has been recognized as a
key technology for transparency, traceability, and real-
time monitoring. It is important to note that most
of these modules have been implemented in Malaysia’s
dairy processing systems, even though IMES was still
in the early stages of implementation. They have de-
ployed modules for data acquisition, quality control,
electronic batch records, and inventory management.
Additionally, IMES has been made available for ERP
and WMS integration, thereby providing better coor-
dination of production and logistics functions.

The IMES implementation strategy focuses on opti-
mizing material handling and minimizing human er-
ror, and includes features such as barcoding, RFID-
based traceability, automated weighing systems, and
electronic Kanban boards.

Furthermore, IMES supports real-time device monitor-
ing, predictive maintenance, and fault-proof feeding to
achieve operational enhancement and reduce produc-
tion costs.

The initial IMES applications have faced challenges, in-
cluding the high cost of investments and staff training.
Yet, they have successfully recorded improved accuracy
in the data, reduced material wastage, enhanced ha-
lal compliance, and increased production transparency.
The study indicates that the complete adoption of
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IMES would position the Malaysian dairy industry
to enhance its competitive edge and sustainability by
ensuring compliance with international standards and
consumer expectations.

Case study 7: Cultivated meat manufacturing
industry - Global perspective

In [39], the case study illustrates a sector that is rapidly
developing to address global issues of food sustainabil-
ity, environmental impact, and health. The term CM
designates the in vitro cultivation of animal cells ca-
pable of generating meat products with a taste and
nutritional profile similar to traditional meat offerings
while addressing ethical and environmental concerns.
For the large-scale, efficient, and safe production of
meat products, it requires advanced digital tracking
capabilities with real-time monitoring, intelligent au-
tomation, and data-driven decision-making through-
out the entire value chain. In this case, several CM
companies, such as Eat Just, Mosa Meats, and Orbil-
lion, have begun implementing adapted Industry 4.0
environments and are showing their interest in con-
verting their current systems into AI, ML, IoT, and
blockchain technologies in both upstream and down-
stream operations. Programs such as Al-based cell
screening, real-time bioreactor monitoring using IoT
sensors, innovative packaging, predictive maintenance,
and blockchain-enabled traceability have been devel-
oped. IMES solutions, along with ERP tools, were de-
ployed to link production data to business processes.
Such digital solutions are designed to offer flexibility,
efficiency, and transparency while scaling CM produc-
tion systems.

The implementation faced challenges such as high in-
frastructure costs, integration with legacy systems,
workforce upskilling, and, of course, the adoption of
cybersecurity requirements. Nonetheless, industries
laid the groundwork for intelligent CM factories by de-
ploying a phased digital adoption strategy, beginning
with cloud data storage and culminating in IIoT and
digital twins. Other technologies, including AR/VR,
were utilized for operator training and customer inter-
action, while RFID systems were introduced for real-
time traceability throughout the supply chain. Op-
tions for quantifying cost or yield improvements are
limited due to the industry’s early stage. However,
companies do report increased operational control and
enhanced product consistency, as well as adaptability
to the market. Stakeholders cite improved forecast-
ing and resource optimization, along with the ability
to customize a product’s design according to consumer
preferences, as the main beneficiaries of ongoing digi-
talization in the cultivated meat sector. They express
optimism regarding the long-term impact of Industry
4.0 on cultivated meat businesses.

Case study 8: Beverage manufacturing industry
- Algeria (ECCBC)

Equatorial Coca Cola Bottling Company, or ECCBC,
in Algeria has adopted a well-structured action plan
and a strict operational ethic in pursuit of its am-
bitious goals. To align organizational efforts toward
excellence, ECCBC has established a strategic frame-



work built around five central pillars. The first pillar
concerns safety, quality, and operational sustainabil-
ity; the second focuses on service levels, production
capacity, and capability; the third centers on opera-
tions and cost efficiency; the fourth aims to optimize
cash capital. Finally, the fifth pillar emphasizes oper-
ational excellence in standardization, reinforcing con-
sistency and overall process performance. To support
this strategic structure, ECCBC has two important en-
ablers: the staff development program, which encour-
ages employee commitment, self-sufficiency, and exper-
tise; and the technology and digitalization program,
which upgrades processes and accelerates digital trans-
formation. These two levers serve as enablers, creating
a foundation for real and impactful initiatives. This
global framework serves as a comprehensive reference
guide for all ECCBC operational teams. It steers all
projects and programs toward achieving the company’s
vision. In this context, monitoring and enhancing OEE
is central to the system, facilitating effective interac-
tion between the pillars and catalysts. Consequently,
ECCBC needed to identify a solution that would yield
precise OEE measurements across all factories while
also meeting specific factory requirements and opera-
tional specifications. Initially, the plant recorded data
manually using Excel, which presented many limita-
tions. The downtime documented by line managers was
not consistently recorded, speed losses were not identi-
fied, and the absence of a real-time dashboard hindered
immediate data entry and responses to production in-
cidents, causing significant delays. Furthermore, the
lack of remote monitoring and the questionable relia-
bility of the collected data severely restricted analysis
and decision-making capacity. Based on this analy-
sis, a decision was made to implement an IMES with
the appropriate technologies and strategies for process
digitalization. Such a system automated data collec-
tion, centralized production information, and provided
real-time visibility into performance. The analysis of
old production reports identified major gaps in per-
formance monitoring and control. First, there was no
structured shift-based tracking system, making it dif-
ficult to assess performance on a team basis or track
the timing of production events. Additionally, key in-
dicators like OEE, which combines performance, avail-
ability, and quality, were neither computed nor uti-
lized, stifling unbiased assessments of overall machine
effectiveness. The report also lacked precise data on
the quantity produced per shift or hour, hindering de-
tailed analysis of performance variations throughout
the day. Regarding production downtime, no distinc-
tion was made between operational downtime, equip-
ment downtime, or planned stoppages, and no type of
downtime was specifically categorized, which hindered
any strategy to reduce idle time. Furthermore, data
related to the EPRS (raw material tracking) was in-
sufficient, particularly concerning consumed material
quantities, recorded losses, and the management of
components like syrup or performs. This overall lack
of visibility and data reliability was a major barrier
to performance optimization and underscored the need
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for an IMES that would enable precise, real-time, and
automated tracking of production operations. After
analyzing operational needs, it is essential to gather
the expectations of the various users involved in the
production process. Operators, on the front lines, ex-
pressed the need for a simple, intuitive, and easy-to-
use interface that would allow them to enter or con-
sult data without complexity or time loss. On their
side, production, maintenance, and quality managers
emphasized more strategic issues, including reducing
the administrative burden associated with manual re-
porting, improving the reliability of collected data, and
ensuring complete traceability of production events.
They also expect real-time visibility of line perfor-
mance to facilitate decision-making and optimize inter-
ventions. Based on these expectations, the objectives
of the IMES project were clearly defined: improve OEE
by acting on availability, performance, and quality, en-
sure the reliability and automation of data collection,
and offer real-time supervision of operations, thus lay-
ing the foundations for proactive, data-driven produc-
tion management. After analyzing needs and gather-
ing user expectations, it was necessary to define the
functional and technical specifications of the system to
be implemented. The first steps were to determine the
key features required concerning the previously defined
objectives: automated data collection and credibility,
real-time visualization, report generation, traceability,
downtime tracking, and yield monitoring. Following
this, the selection of the equipment to connect was pre-
cise. For example, introducing IoT sensors would allow
for IMES system installation, enabling automatic and
continuous reporting of production data from the lines
(Figure 4).

=

{@} network

Power supply

Figure 4: Integration of IIoT Devices for Automated
Production Line Monitoring[40]

Meanwhile, a technical constraints evaluation was con-
ducted, considering the existing network infrastruc-
ture, information technology security requirements,
and compatibility with the current systems, particu-
larly the SAP ERP system, to ensure coherent integra-
tion within the company’s overall digital environment
(Figure 5).
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Figure 5: Installation Steps of IIoT System [40]

The implementation of the IMES Evocon solution was
customized according to the company’s needs and in-
tegrates various functions, including the following;:

OEE Tracking: The system allows real-time OEE
tracking, but at this stage, does not factor in quality
in the calculations (Figure 6).

Figure 6: OEE tracking in Evocon

Equipment Downtime Tracking: Evocon automat-
ically detects and records machine downtime, making
it easier to identify the causes of production loss and
implement corrective actions (Figure 7).

Utilisation du temps

Figure 7: Equipment Downtime Tracking in Evocon

Speed Loss Tracking: The system analyzes the
difference between theoretical and actual equipment
speeds, enabling the detection of performance losses
that are often unnoticed (Figure 8).
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Figure 8: Speed Loss Tracking in Evocon

Personnel Performance by Shift Tracking: Evo-
con enables the assessment of operators’ collective
performance by shift, enhancing visibility on human
efficiency and fostering effective team management.
Quality Control Tracking: The system integrates
the tracking of specific quality control parameters, such
as product coding, which enhances compliance and
batch traceability.

Reporting and Analysis: The solution offers an au-
tomated reporting and analysis mechanism that en-
ables quick and informed decision-making at all levels
of the organization (Figure 9).

58,26% *5.26%( 2,92

Figure 9: Reporting and Analysis in Evocon

Beyond these customized features, the integration of
IMES Evocon began in 2024. It was deployed at the
start of 2025 and has continued to the present day,
bringing significant operational advantages at various
levels of the company. One essential benefit is the im-
provement in data reliability. Errors caused by human
intervention in data collection are almost eliminated,
allowing for maximum accuracy, consistency, and va-
lidity of information.

This has led to greater reliability and notably reduced
the time required to analyze and track performance
due to centralized data repositories and integrated an-
alytical tools that quickly identify issues and ensure
performance verification.

Furthermore, the system fosters better intergroup com-
munication, as real-time data sharing between differ-
ent subsidiaries enables smoother coordination and en-
hanced responsiveness. Data security is also a key as-
set of IMES, which offers reliable solutions for backup,



access management, and protection against data loss
or tampering. Automating data collection minimizes
human errors, resulting in reliable, consistent, and ac-
tionable information. With this reliability, shortened
analysis and tracking time arise from the integration of
centralized data with advanced analysis tools, facilitat-
ing quick issue detection and performance reviews. In-
tergroup communication improves since real-time data
sharing among various subsidiaries leads to better co-
ordination and faster response times.

Data protection is an essential advantage of IMES,
which also provides solutions for backup and access
management against destruction and/or modifications.
Evocon believes that production data must be secure
and confidential. Data is the sole property of the client,
hosted in Europe on the Amazon AWS environment,
and secured with strong encryption (AES-256-GCM).
Access is strictly controlled, connections are secure,
and backups are automated and replicated. Evocon,
certified ISO/TEC 27001: 2013, ensures compliance
with international standards for information security,
risk management, and business continuity.

The application, therefore, notably enhances report-
ing by enabling automatic generation of detailed, cus-
tomizable reports, thereby assisting with strategic and
operational management. Tracking data in real-time
allows for close monitoring of production and provides
immediate intervention when issues arise. In terms of
productivity, this system offers better visibility on per-
formance and losses, enabling quick identification of
optimization levers and process improvements. Data
is deleted, in the event of termination, by following the
strict procedures established for this purpose. IMES
promotes the monitoring of personnel by displaying
operators’ activities and positions, along with their
performance, thus enhancing human resource manage-
ment. It also strengthens traceability, as all production
steps are automatically recorded, making audits prac-
tical and ensuring total transparency. Lastly, struc-
tured and secure data archiving creates a solid histor-
ical record, which is necessary for time trend analyses,
benefits tracking, and maintaining continuous improve-
ment efforts.

However, despite the numerous advantages provided by
IMES Evocon, some limitations were observed during
its deployment and usage on the ground.

One of the main constraints lies in the fact that down-
times are recorded by line without specifying the exact
equipment involved, which limits analysis and makes it
difficult to identify the causes of malfunctions quickly.
Additionally, the quality of comments input into the
system is often quite inadequate, especially when it
relates to the skill levels of operators, affecting the rel-
evance of the information collected. Technically, using
Wi-Fi as the connectivity mode results in instability,
as loss of connection and data may occur at any time,
rendering the system unreliable.

Furthermore, problems related to sensor degradation,
such as reading errors due to sensor wear or the
presence of beverages in sensors, skew the readings.
Raw material consumption is still monitored manually;
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thus, no automation exists, which increases the risk of
errors. Humidity conditions on production lines also
affect touch screen functionality, making the IMES in-
terface less smooth to operate. In light of these limi-
tations, technical and organizational adaptations need
to be made for the optimal integration of the Evocon
system.

5. Discussion

IMES integration involves new trends, lessons learned,
and ongoing challenges in the food and beverage sector.
By analyzing the eight case studies (see Table 2), stan-
dard technologies, success factors, and barriers were
identified, providing this documentation with a com-
prehensive and thorough discussion of the deployment
of IMES in this sector.

To provide a structured analysis of the case studies, a
systematic approach is adopted, and the flow of ideas
is organized into two distinct phases: before implemen-
tation (5.1) and during and after the implementation
of the IMES (5.2).

e Before the implementation, attention is focused
on defining needs and describing expectations,
similar to a preliminary study that clarifies ob-
jectives, functionalities, and the technologies con-
sidered.

The implementation encompasses the aspects en-
countered both during and after its execution, in-
cluding obstacles faced, technology integration,
and the results achieved.

Furthermore, the comparative analysis of the cases has
highlighted the challenges and specific functionalities
identified as critical success factors (5.3).

.1. Before the implementation of the

IMES

As practice states, the essential initial requirement in
a systematic approach is to identify what the require-
ments and expectations involve, serving as a founda-
tional analysis that clarifies goals, features, and other
potential technologies.

Companies typically initiate IMES projects focusing
on specific needs such as improved data collection,
achieving real-time monitoring, resource management,
traceability, and intelligent production planning. For
example, the Scandinavian dairy manufacturing com-
pany sought better transparency and real-time insights
from IoT digital twins, while the European pork and
beef producer required end-to-end traceability to meet
stringent food safety standards. Other companies, such
as DSM Nutritional Products and Wander AG, aimed
for more reliable and flexible operations in conjunction
with ERP system integration and real-time process vi-
sualization.



These cases reveal that industry-specific pressures,
such as compliance with food safety regulations, pro-
cess variability, and high demand for traceability, play
a central role in shaping IMES requirements. Objec-
tives frequently revolve around operational efficiency,
integrating lean manufacturing and operational excel-
lence strategies, as well as sustainability, quality assur-
ance, and digital transformation in line with the Indus-
try 4.0 paradigm.

Technologies such as IoT, Al, ML, and BDA were se-
lected to meet functional expectations, including real-
time monitoring, predictive maintenance, traceability,
quality control, and inventory optimization. Further-
more, technical specifications considered factors like
system interoperability with standards such as ISA 95,
SAP ERP compatibility, cybersecurity, and the need
for intuitive operator interfaces.

5.2. During and after implementation

of the IMES

The second phase explores the actual developments
during and after IMES implementation, focusing on
technology integration, encountered obstacles, and
achieved results. Across the cases, technology integra-
tion demonstrated widespread adoption of advanced
tools.

Core technologies such as IoT and Al-enabled capabil-
ities like predictive maintenance and smart packaging,
particularly in cultivated meat manufacturing.
Complementary technologies, including blockchain for
traceability and augmented reality/virtual reality for
operator support, were also utilized.

However, a high level of challenges accompanied IMES
deployment across the analyzed case studies. Integra-
tion complexity was pervasive when connecting new
IMES with heterogeneous legacy systems, as evidenced
in the European pork and beef case. The origin refers
to the wide variety of software platforms used in pro-
duction environments, which include ERP, LIMS (Lab-
oratory Information Management Systems), and PPS
(Production Planning Systems) that ensure a smooth
flow of information, thus presenting a significant tech-
nical hurdle.

In addition, there is complexity in adjusting IMES
characteristics to the specific features of food and bev-
erage manufacturing operations. Such processes can
be batch, continuous, or discrete, and they are often
combined in convergent or divergent forms.

Systems must manage yield variability, frequent recy-
cling, recipe differences, and strict hygiene and safety
requirements, particularly at Weihenstephan Brewery.
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Additionally, high investment costs emerged as one of
the primary barriers, particularly for SMEs, such as
those in the dairy sector in Malaysia. In this context,
the need for standardized modular IMES solutions be-
comes crucial; otherwise, the complexity of customiza-
tion and implementation costs can become challenging
to manage. Regarding standardization, the initiation
of platforms like the Weihenstephan Standards aims to
provide a universal communication protocol and main-
tain data consistency across systems.

Resistance to organizational change and the need for
workforce upskilling were additional critical issues,
particularly in an early-stage industry like cultivated
meat. Technical fields included all: Wi-Fi instability,
sensor degradation, and poor-quality data input were
typical operational challenges, as observed with EC-
CBC'’s installation, for example.

These limitations were further compounded by envi-
ronmental conditions; numerous examples exist, such
as humidity affecting touchscreen functionality, cyber-
security concerns, and the absence of real-time dash-
boards, which impaired visibility and slowed respon-
siveness.

Moreover, IMES must be capable of collecting and
managing detailed traceability and food safety data,
covering raw material origins, production processes,
and hygiene conditions. Ensuring compliance with
strict standards such as GHP, GMP, and HACCP is
critical; it enables the system to offer planning, ex-
ecution, and monitoring functionalities that are reli-
able. Flexibility is yet another challenging require-
ment; IMES must adapt quickly to any changes in con-
sumer demand or new product variations, particularly
in highly competitive markets.

Finally, sustainability efforts should be supported by
IMES integrating and analyzing energy consumption
data for KPI calculations[41], such as OEE, and iden-
tifying opportunities to improve production efficiency
while decreasing environmental impact.

Despite these barriers, the eight cases demonstrated
reasonably good operational gains. Improvements in-
clude enhanced real-time visibility, operational effi-
ciency, product traceability, stock level reductions, and
minimized material losses throughout the chain.

For instance, Evocon IMES implemented by ECCBC
Algeria provided a new edge towards improved moni-
toring and traceability of OEE. Improvements in pro-
ductivity, flexibility, and stock optimization for DSM
Nutritional Products and Wander AG were particu-
larly pronounced, while operational transparency and
energy management were further advanced using a
model-driven approach at Weihenstephan Brewery,
with total automation still on the horizon [42].
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5.3. Challenges and Success Factors

The implementation cases at ECCBC, a Scandina-
vian dairy company, and cultivated meat manufactur-
ers greatly emphasized real-time monitoring. Quality
control, primarily enhanced by Al-based vision sys-
tems, has become an essential topic in the Malaysian
dairy industry. Complete traceability, a key require-
ment for compliance and food safety, was evident in
the implementations of ABB and the cultivated meat
sector, where blockchain technology provided trans-
parency. Inventory management has been significantly
improved at the sites of ABB and ECCBC, and pre-
dictive maintenance is being implemented, particularly
in the dairy and cultivated meat projects. OEE calcu-
lation, a fundamental performance indicator, has been
systematically deployed using specialized solutions like
Evocon. Certain key elements for success were con-
sistently highlighted in the various case studies. Col-
laboration across functions, including IT, production,
and supply chain teams, was identified as critical for
successful integration. Establishing key performance
indicators and specific requirements before the start
of the implementation project ensured that technol-
ogy and business needs were well aligned. Seamless
integration with existing systems, such as ERP or
LIMS, facilitated easier transitions, while the careful
selection of an intuitive and modular IMES platform
promoted user acceptance and minimized resistance.
Managing data quality through automated data collec-
tion greatly improved the process of making informed
decisions. Training personnel and developing proac-
tive change management plans were essential for sys-
tem acceptance and sustainability across all cases stud-
ied. Furthermore, in the cases analyzed, standardiza-
tion approaches such as ISA 95 and Weihenstephan
standards helped ensure interoperability and scalabil-
ity. Nevertheless, these challenges remain to be over-
come. A considerable level of technical expertise is
required to coordinate IMES with complex legacy en-
vironments. Substantial initial investments, particu-
larly for SMEs, often make phased deployment the only
option. The cultural barrier to technological change,
combined with issues of technical robustness like sen-
sor drift and Wi-Fi reliability, continues to affect sys-
tem performance adversely. Environmental conditions
such as humidity lead to touchscreen failures in bever-
age manufacturing; furthermore, increased digital con-
nectivity brings added complexity by posing cyberse-
curity threats. Modifying the IMES to support various
production types— specifically batch, continuous, and
discrete—presents a challenge in ensuring traceability
and food safety compliance, which remains a signif-
icant hurdle, particularly in highly regulated indus-
tries. The cross-case insights highlight common factors
that contribute to success, as well as challenges preva-
lent across the set, all of which uniquely shape various
IMES implementations. To summarize these findings,
the following figure 10 integrates several success factors
throughout the IMES implementation life cycle, from
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preparation to deployment to stabilization. This figure
also represents challenges organized into different per-
spectives: technical, organizational, and environmental
aspects that have influenced the success of IMES.

6. Conclusion

This study aimed to explore how MES evolves within
the framework of Industry 4.0, particularly in the food
and beverage sector, by integrating Al, IoT, and Big
Data Analytics to enhance automation, reconfigurabil-
ity, and real-time decision-making in smart factories.
The study demonstrates that Intelligent Manufactur-
ing Execution Systems (IMES) effectively tackle indus-
try challenges in the food and beverage sector, such
as market shifts, regulations, and sustainability goals.
IMES plays a crucial role in enabling innovative, sus-
tainable, and flexible manufacturing environments. It
aligns with Industry 4.0 aims, enhancing flexibility, re-
sponsiveness, and sustainability. IMES implementa-
tion leads to operational benefits such as automated
monitoring, reduced waste, and improved responsive-
ness to consumer needs. Additionally, IMES improves
data management and analysis, enhancing real-time
tracking and responsiveness. It also facilitates process
improvements, enhances traceability and compliance,
optimizes resource and inventory management, and en-
ables predictive maintenance. The study concludes
that IMES can promote continuous improvement and
strategic decision-making by transforming massive pro-
duction data into actionable insights through advanced
analysis tools.

The study focuses on integrating emerging technologies
into manufacturing operations systems (MES) within
the food and beverage industries. It outlines the
study’s limitations, including its reliance on qualitative
case studies, emphasis on theoretical models, neglect of
small and medium-sized enterprises (SMEs), and the
use of simulation-based case studies. Additionally, it
highlights challenges such as high investment costs, in-
tegration complexity, issues with technical robustness,
manual processes, and concerns regarding data qual-
ity and specificity. The study also addresses organi-
zational challenges like resistance to change, the need
for workforce upskilling, and cybersecurity issues re-
lated to increased digital connectivity. Future research
should incorporate quantitative analyses to measure
the long-term impact of IMES on operational perfor-
mance and sustainability. It should also explore how
IMES can be modified to support operational excel-
lence, automation, and smart supply chains. Addi-
tionally, industry-specific adaptations and standard-
ized modular solutions for SMEs are necessary. En-
hancements in data quality and specificity are needed,
and technical limitations must be addressed. Predic-
tive maintenance should be integrated into IMES mod-
els for Industry 4.0, and integration with technologies
like Digital Twins could assist in simulating realistic
scenarios and optimizing processes.
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