Author pre-print. Publication accepted for EDTconf 2025.

Engineering a Digital Twin for the Monitoring and
Control of Beer Fermentation Sampling

Pierre-Emmanuel Goffi
Dept. of Computer and Software Eng.
Polytechnique Montréal
Montréal, Canada
pierre-emmanuel.goffi @polymtl.ca

Abstract—Successfully engineering interactive industrial DTs
is a complex task, especially when implementing services beyond
passive monitoring. We present here an experience report on
engineering a safety-critical digital twin (DT) for beer fermenta-
tion monitoring, which provides continual sampling and reduces
manual sampling time by 91%. We document our systematic
methodology and practical solutions for implementing bidirec-
tional DTs in industrial environments. This includes our three-
phase engineering approach that transforms a passive monitoring
system into an interactive Type 2 DT with real-time control
capabilities for pressurized systems operating at seven bar. We
contribute details of multi-layered safety protocols, hardware-
software integration strategies across Arduino controllers and
Unity visualization, and real-time synchronization solutions. We
document specific engineering challenges and solutions spanning
interdisciplinary integration, demonstrating how our use of the
constellation reporting framework facilitates cross-domain col-
laboration. Key findings include the critical importance of safety-
first design, simulation-driven development, and progressive
implementation strategies. Our work thus provides actionable
guidance for practitioners developing DTs requiring bidirectional
control in safety-critical applications.

Index Terms—digital twin, brewing technology, safety-critical
systems, process monitoring, bidirectional communication, real-
time visualization, embedded systems, fermentation control, in-
terdisciplinary engineering

I. INTRODUCTION

Beer brewing stands as one of humanity’s oldest biotech-
nological processes, dating back thousands of years. Since its
ancient origins, brewing has evolved into a sophisticated op-
eration balancing craftsmanship with cutting-edge technology.

This project concerns the beer fermentation phase, which
is the most critical and complex stage in beer production
where yeast transforms sugars into alcohol, CO5, and flavor
compounds. This process typically occurs over days to weeks,
depending on the beer style, with each phase requiring specific
environmental conditions for optimal outcomes. The precise
management of this process thus directly impacts product
quality, consistency, and production efficiency [1].

This fermentation process typically requires weeks of care-
ful monitoring in temperature-controlled tanks. Traditional
quality control relies on master brewers manually extracting
samples to measure parameters such as specific gravity, dis-
solved oxygen, pH, and conductivity. This manual approach
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presents several challenges: it is time-consuming, wastes prod-
uct, introduces contamination risks, and provides only periodic
snapshots rather than continuous monitoring.

Physical and Digital Twins for Fermentation: At our
university Polytechnique Montréal, the technical society Poly-
broue! has developed a fermentation monitoring prototype
capable of conducting mechanical tests. However, this sys-
tem previously lacked software automation to realize its full
potential as a research and process control tool.

Our digital twin (DT) system addresses these limitations
by automating measurement and providing real-time visibility
into fermentation dynamics. This paper thus reports on the
engineering of this DT solution for beer fermentation monitor-
ing, creating a dynamic relationship between physical brewing
equipment and its digital representation. This DT was created
as a project during the Digital Twin Engineering graduate
course at Polytechnique Montréal, taught by the last author?.

The implemented solution comprises two primary compo-
nents: 1) a physical twin utilizing an Arduino-based control
system that manages a specialized pressurized measurement
chamber, and 2) a DT hosted on a Linux server for real-time
visualization, data storage, and limited control capabilities.

The physical system (seen in Figure 1) circulates fermenta-
tion contents through a sampling chamber. There, it pressurizes
the contents to seven bar® using nitrogen, and measures
critical parameters including dissolved O, pH, conductivity,
and temperature, while an electronic hydrometer continuously
monitors density data directly from the fermentation tank.

The DT is a ‘true digital twin’ (by the classification of
Kritzinger et al. [2]) through implementation of bidirectional
communication protocols that enable the digital representation
to adjust non-critical parameters while maintaining robust
safety constraints. The system incorporates sophisticated con-
trol mechanisms for critical decompression phases with safety
protocols that prevent equipment damage and operational
hazards. A comprehensive Unity-based visualization system
provides brewers with intuitive 3D representation of fermen-
tation processes and equipment status, supported by a database
solution that tracks parameter evolution over time.

Thttps://www.facebook.com/p/Polybroue-100063519554992/
Zhttps://bentleyjoakes.github.io/dte_course/
37 bar is about 3 times standard tire pressure or 70 meters of water pressure.
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Fig. 1. Presenting the fermentation monitoring tank and dashboard.

This paper presents our insights on engineering a DT exem-
plar which has direct control on a complex physical system.
We report on how this project addresses fundamental engi-
neering challenges in brewing operations: inconsistent testing
due to variable measurement techniques, limited visibility into
process parameters during critical fermentation phases, and
difficulty maintaining optimal conditions amid environmental
fluctuations. The DT thus delivers continuous insights and
control functions for consistent product quality, improved re-
source efficiency, and comprehensive process documentation.
This work advances the state in digital twins by demon-
strating practical implementation of bidirectional control in
safety-critical industrial environments, addressing the gap be-
tween theoretical DT frameworks and operational deployment
challenges. Unlike simulation-focused approaches, our contri-
bution emphasizes real-time physical-digital synchronization
with validated safety protocols for hazardous operations.

II. PROJECT OVERVIEW AND ARCHITECTURE

a) Project Timeline: The engineering process employed
a systematic three-phase approach transitioning from con-
ceptual design to functional implementation as shown in
Figure 2. The methodology emphasized iterative refinement
with continuous validation at each development stage.

Phase 1 - Conceptual Design/Prototyping (Fall 2023):

The initial engineering efforts focused on establishing sys-
tem requirements through stakeholder analysis with brew-
ing technicians and researchers. A functional decomposition
identified critical subsystems including sampling mechanisms,
pressurization control, sensor integration, and safety systems.
The risk assessments evaluated potential failure modes, estab-
lishing safety requirements that informed later design deci-
sions. This initial phase focused on non-invasive monitoring
capabilities and safety considerations.

Phase 2 - Mechanical/Electrical Integration (Fall 2024):
The mechanical implementation phase transformed theoretical
concepts into practical engineering solutions, constructing the
physical prototype and integrating sensors, valves, and control
systems. Engineering transitioned to physical implementa-
tion through CAD modeling and finite element analysis for

pressure vessel design. Component selection criteria priori-
tized industrial-grade reliability, chemical compatibility with
brewing environments, and integration capabilities with digital
control systems. Prototype fabrication employed iterative test-
ing cycles, validating mechanical integrity under operational
pressures before proceeding to sensor integration.

Phase 3 - Digital Twin Implementation (Winter 2025):
This phase implemented the software architecture, database,
visualization systems, and bidirectional communication proto-
cols that transform the system from a monitoring device into
a true DT. Our software engineering processes followed agile
methodology with two-week sprints focusing on incremental
functionality. Continuous integration pipelines ensured code
quality through automated testing of safety-critical functions.
The transition from CAD models to Unity visualization re-
quired precise geometry conversion protocols maintaining
dimensional accuracy for digital-physical correspondence.

b) Physical Twin Implementation: The physical twin
integrates key hardware components for data collection and
operational control. The fermentation tank serves as the con-
nection point through sample circulation ports and a sealed
mounting point for the electronic hydrometer. The sampling
chamber comprises a precision-machined stainless steel cham-
ber rated for 15 bar pressures with 10 bar operational limits,
incorporating electronically controlled valves, nitrogen injec-
tion for pressure control, and sensor ports with sanitary fittings.

The sensor array has an optical dissolved oxygen sensor
(0-100 mg/L range, £0.05 mg/L accuracy), industrial pH
sensor (0-14 pH range, £0.002 pH accuracy with temperature
compensation), four-electrode conductivity sensor (1-100, 000
uS/cm range), platinum RTD temperature sensor (+0.01°C
accuracy across 0-30°C range), and pressure transducer (0-
7 bar measurement with £0.006 bar accuracy). The iSpin-
dle electronic hydrometer operates autonomously, providing
wireless floating measurement of specific gravity with £0.001
accuracy and Wi-Fi connectivity for direct data transmission.

c) Digital Twin Services: The DT implementation em-
ploys a service-oriented architecture comprising five core
services: 1) The Visualization Service provides real-time dash-
boards with current parameter values and trends, historical
data visualization, and Unity-based 3D representation with an-
imated state visualization*. Unity was selected over traditional
simulation frameworks (e.g., DEVS) for its real-time rendering
capabilities and native WebGL support, enabling browser-
based access without specialized software. While DEVS excels
at discrete-event simulation, Unity’s physics engine provides
intuitive 3D interaction for non-technical brewery staff.

2) The Analysis Service processes brewing data through
trend analysis, comparison with theoretical models, and cal-
culation of derived metrics. 3) The Safety Monitoring Service
performs real-time pressure threshold monitoring and enforce-
ment of physical presence requirements for critical operations.

4) The Control Service enables bidirectional interaction
through parameter adjustment capabilities for non-critical set-

4See demo at https://youtu.be/-EGI8y5Qlus
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Fig. 2. DT Evolution: (a) Prototype sketch (Fall 2023), (b) CAD implementation (Fall 2024), and (c) Representation in Unity environment (Winter 2025).

tings and safe command validation. 5) The Database Service
provides persistent storage through structured data relation-
ships and time-series optimizations, ensuring brewing knowl-
edge capture and preservation.

d) Sampling Process: The fermentation monitoring sys-
tem follows a cyclic sampling process to collect measurements
from the brewing tank without disrupting fermentation. This
automated process ensures consistent data collection while
maintaining sterile conditions and equipment safety.

Fig. 3 illustrates the complete sampling cycle implemented
as a finite state machine. The process begins in the Initial
state, triggered by the iSpindle hydrometer. The system then
activates FlowWayl, which takes a sample from the fermen-
tation tank into the measurement chamber. Once filled, the
Pressurization state injects nitrogen gas (which does not alter
the beer’s taste) to achieve 7 bar pressure—necessary for
accurate dissolved oxygen measurements. In the Sampling
state, all sensors’ data is immediately transmitted to the DT.

After measurements are complete, the critical Depressuriza-
tion phase begins, using rapid valve switching to slowly release
pressure and prevent equipment damage. Finally, FlowWay?2
returns the sample to the fermentation tank. The system repeats
this cycle five times before switching flow directions to ensure
representative sampling. Each state transition includes safety
checks for pressure thresholds and timing constraints, ensuring
predictable operation while preventing hazardous conditions.
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Fig. 3. Sample collection and data transmission process.
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e) Safety-Critical Systems Engineering: The system im-
plements three distinct safety levels governing access and
control permissions. Standard operations including non-critical
parameter adjustments can be performed remotely through the

DT interface. Limited operations require confirmation at both
digital and physical interfaces, creating dual-verification pro-
tocols. Critical operations with significant safety implications
are restricted to require physical presence at the brewing site.

Safety implementation includes software-based pressure
monitoring with automatic shutdown triggers, hardware pres-
sure relief valves providing mechanical failsafe functionality,
and watchdog timers detecting controller failures with safe
state transitions during communication timeouts.

f) Safety Requirements Specification: The system defines
specific safety requirements for the pressurized sampling
chamber operation. Safety thresholds include a maximum
operational pressure of 7 bar with automatic shutdown if
pressure exceeds 8 bar, mechanical pressure relief valve set
at 10 bar, and software monitoring with 500ms response time
for pressure anomalies. While formal safety certification was
beyond the project scope, safety validation was performed
through systematic testing of failure scenarios including power
loss during pressurization, valve malfunction simulations, and
sensor failure modes.

g) Digital Twin Architecture: The DT has software com-
ponents that collectively process, store, analyze, and visualize
data from the physical system. The application server uses
Python with Flask, providing RESTful API endpoints, imple-
ments publish-subscribe patterns for real-time data distribu-
tion, has a safety monitor module, and coordinates bidirec-
tional communication between system components.

The PostgreSQL database employs specialized schema de-
sign with time-series optimization for efficient storage and
retrieval of measurement data with automatic aggregation for
historical trend analysis. The Unity visualization provides an
interactive environment with detailed 3D models, real-time
animation, current sensor readings with color-coded status
indicators, and interfaces for adjusting non-critical parameters.

Fig. 4 illustrates how sensor data transforms into actionable
insights in the DT constellation [3]. Raw measurements from
physical sensors (temperature, pH, conductivity, oxygen, pres-
sure) and the iSpindle hydrometer (density, temperature) flow
through communication enablers (WiFi, HTTPS, Web-sockets)
to the DT Manager. The Analysis service processes this data
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Fig. 4. Digital Twin constellation architecture [3].

against previous fermentation data to detect anomalies and
predict fermentation completion. When deviations occur, the
Safety service triggers alarms while the Visualization service
displays parameter trajectories on the operator’s dashboard.
Based on these insights, operators can take corrective ac-
tions—adjusting sampling frequencies or modifying process
parameters—which flow back through the Control service
to the physical system. This bidirectional data flow enables
proactive fermentation management, transforming reactive
brewing practices into predictive quality control.

III. ENGINEERING SPECIFICS

a) System Integration Engineering: The complexity of
integrating mechanical, electrical, and software subsystems
necessitated structured engineering approaches. We developed
custom Arduino libraries that abstract hardware complexity
into logical operations, implementing hardware abstraction
layers (HAL) that enable software modifications without re-
quiring hardware changes.

Communication protocol selection was driven by reliability
requirements and latency constraints. We implemented mes-
sage queuing for asynchronous operations to prevent data loss
during network interruptions and developed heartbeat mecha-
nisms to ensure continuous system health monitoring across
all communication channels. The modular architecture features
interchangeable sensor modules with standardized software
interfaces, supported by configuration files that enable system
adaptation without code modifications.

b) Calibration and Measurement Engineering: Accurate
measurement in a pressurized environment required calibration
procedures for the unique challenges of dynamic pressure
conditions. Each sensor undergoes three-point calibration at
atmospheric pressure, mid-range operational pressure (3.5
bar), and maximum operational pressure (7 bar) to account
for pressure-induced measurement deviations. Cross-validation
between sensors ensures consistency, with pH and conductivity
sensors requiring additional temperature compensation.

The measurement sequence begins with a 30-second mea-
surement stabilization period for pressure equilibration. Sen-
sors activate collecting 10 measurements per sensor. Statistical
averaging with confidence interval calculation precedes the

application of pressure algorithms, followed by final validation
against expected parameter ranges before data transmission.
c) Testing and Validation Engineering: Testing validated
system performance across operational and edge-case sce-
narios. Component-level testing included individual sensor
validation under controlled conditions simulating fermentation
environments, and pressure cycling tests exceeding 1000 cy-
cles to confirm mechanical integrity of seals and fittings.
Integration testing progressed from sensor-Arduino commu-
nication validation through network reliability testing. System-
level validation was complete testing with water before in-
troducing fermentation media, failure mode testing including
power losses, network disconnections, and sensor malfunc-
tions, and performance benchmarking establishing baseline
metrics for response times and data throughput. Safety system
verification independently validated each safety mechanism
including pressure relief valves, software pressure monitoring,
and emergency stop functionality. Fault injection testing con-
firmed appropriate system responses to component failures.
d) Process Optimization Engineering: Continuous im-
provement methodology drove refinements throughout the
development cycle. System metrics include sensor response
times, data transmission latency, and visualization update rates.
Resource utilization improvements included memory foot-
print optimization for the embedded Arduino implementation,
conserving 40% of available RAM. Reliability engineering
implemented redundant data pathways preventing single points
of failure, developed graceful degradation modes maintaining
core functionality during partial system failures, and created
automated recovery for minimizing manual interventions.

IV. IMPLEMENTATION CHALLENGES AND SOLUTIONS

a) Safety and Physical System Challenges: Implementa-
tion of the pressurized fermentation monitoring system pre-
sented significant safety engineering challenges. Early proto-
type testing revealed leakage issues at connection points during
pressure cycling, resolved through redesign of connection
fittings with improved sealing materials and implementation
of gradual pressure ramping. Sensor reliability under pressure
conditions was addressed through sourcing industrial-grade
sensors and developing pressure-specific calibration protocols.



The brewery environment introduced electrical noise affect-
ing sensor readings, mitigated with appropriate shielding and
implementation of signal filtering at both hardware and soft-
ware levels. Water damage incidents during prototype testing
were addressed through redesign of liquid pathway sections to
include overflow protection chambers and implementation of
waterproof enclosures for vulnerable electronic components.

b) Software and Communication Challenges: Maintain-
ing accurate synchronization between physical and DTs re-
quired addressing network latency issues, component clock
drift, and data buffering during connection interruptions. So-
lutions included timestamp reconciliation, connection health
monitoring, and data buffering with catch-up mechanisms.

The Unity visualization system initially faced performance
issues with real-time updates, resolved through optimization
of 3D models for web performance and implementation of
selective update strategies. Database performance with large
sensor data volumes was addressed through time-series opti-
mizations in PostgreSQL and development of data retention
policies with automatic aggregation.

c) Interdisciplinary Integration: The project’s interdis-
ciplinary nature spanning brewing science, electrical engi-
neering, software development, mechanical engineering, and
process control created unique integration challenges. Knowl-
edge domain integration was addressed through regular cross-
disciplinary knowledge-sharing sessions and creation of a
common vocabulary for system components. Testing environ-
ment limitations were addressed through simulator develop-
ment for fermentation processes and creation of test scenarios.

V. RESULTS AND DISCUSSION

a) System Performance: The implemented DT achieves
bidirectional communication between physical and digital
components, enabling real-time monitoring of critical fermen-
tation parameters with data collection intervals configurable
from 5 seconds to 15 minutes. The safety-critical control
systems have demonstrated reliable operation through over 500
pressure cycles without incident, validating our multi-layered
safety architecture. The Unity visualization system provides
responsive 3D representation with less than 100ms latency for
parameter updates, while the database system manages over 1
million data points per batch.

The DT constellation [3] (seen in Figure 4) has proven
effective as a framework for facilitating interdisciplinary
collaboration, with documented improvements in cross-team
communication and system understanding. Specifically, the
four-layer organizational framework (physical environment,
enablers, services, and models/data) created a shared visual
language that reduced technical miscommunication between
mechanical, and software teams eliminating ambiguity about
component relationships and data flow directions.

Prior to using the constellation model, cross-disciplinary
discussions often resulted in terminology conflicts and con-
ceptual misalignment, particularly when brewing technicians
described fermentation requirements to software teams or

when mechanical pressure system modifications required cor-
responding updates to both the Arduino control logic and the
Unity visualization components.

b) Value Delivery to Stakeholders: The DT has deliv-
ered quantifiable value to Polybroue operations since first
deployment. Brewing technicians have experienced significant
operational improvements, with manual sampling time reduced
from 45 minutes per batch per day to 4 minutes, represent-
ing a 91% reduction in labor requirements for fermentation
monitoring. The system has issued 23 automated alerts across
monitored batches. Data collection frequency increased from
bi-daily manual measurements to continuous 5-second inter-
vals, providing 17,280 data points per day versus the previous
8 manual readings. This dramatic increase in data granularity
has revealed fermentation patterns that were previously invis-
ible to manual monitoring approaches. From an educational
perspective, the system serves as a demonstration platform for
students across engineering courses. This practical application
has proven invaluable for bridging the gap between theoretical
knowledge and real-world implementation.

c) Limitations: The current implementation presents lim-
itations that constrain broader deployment. The system’s cost
is high due to industrial-grade sensor requirements and custom
hardware integration, limiting accessibility for smaller brew-
ing operations. Scalability challenges emerge when monitor-
ing multiple fermentation vessels simultaneously, as network
bandwidth and database performance requirements increase
substantially. The system requires specialized technical knowl-
edge for maintenance and troubleshooting, requiring trained
personnel. Additionally, the current sensor suite provides lim-
ited coverage of certain fermentation parameters such as foam
dynamics and yeast viability, requiring supplementary manual
testing for comprehensive process monitoring.

d) Lessons Learned: The development process has
yielded important insights for future DT implementations.
The safety-first design philosophy proved critical, with early
integration of safety considerations enabling architectural de-
cisions that prevented potential hazards. Progressive imple-
mentation strategy evolving from passive monitoring to active
control provided validation of foundational components be-
fore introducing bidirectional control complexity. Simulation-
driven development enabled rapid iteration without risking
physical equipment, while rigorous documentation discipline
ensured information consistency across domains.

VI. RELATED WORK

Academic literature: Pogo et al. implemented a virtual
environment for the mashing and brewing of craft beer pro-
cess [4], combining a Unity 3D environment, controller code
on a Raspberry PI, and detailed simulations. However, their
solution is not connected in real-time to the physical systems.

The University of Technology Sydney developed a DT for
a microbrewery connected to TU Dortmund University in
Germany via a Nokia private 5G network, enabling process
optimization through cloud-based DT analytics [5]. Des-wosu



et al. examine the use of DTs (as simulation) to track beer
mash temperature and to perform predictive maintenance [6].

Lee et al. evaluated the applicability of open-source DT
frameworks by applying them to a small fermentation monitor-
ing case [7]. They focus on the software development aspect,
and do not report overall DT engineering challenges. Wang
et al. demonstrate DTs for predictive control and forecasting
in kombucha fermentation, including hybrid data-driven and
mechanistic models for process flexibility and safety [8].

Commercial solutions: Anheuser-Busch InBev has im-
plemented brewing and supply chain DTs that enable brewers
to adjust inputs based on active conditions and automatically
compensate for production bottlenecks, such as when vats are
full [9]. The ABB Ability™ BeerMaker intelligent process
control solution includes a DT component for simulating new
recipes and testing process modifications in real-time [9].

Carlsberg’s Beer Fingerprinting Project, completed in col-
laboration with Microsoft and Danish universities, utilized Al
and digital twin concepts to analyze hundreds of different
beers and predict flavor profiles [9].

Solutions such as Precision Fermentation’s BrewMonitor
System 2.0 provide real-time, sensor-driven fermentation mon-
itoring and analytics, supporting process transparency, consis-
tency, and proactive risk management in breweries [10].

While these implementations demonstrate the growing
adoption of DT technology in brewing applications, most
focus on recipe optimization, supply chain management, or
general process monitoring. Our work distinguishes itself by
specifically addressing safety-critical pressurized fermentation
monitoring with bidirectional control capabilities, implement-
ing comprehensive safety protocols for Type 2 Interactive
Digital Twin functionality in hazardous brewing environments.

VII. CONCLUSION

This paper presents the successful engineering and imple-
mentation of a DT solution for beer fermentation monitoring
that advances the state of practice in process engineering
applications. The developed system achieves the critical trans-
formation from a digital shadow to an interactive Type 2 Dig-
ital Twin [11] through bidirectional communication protocols,
safety-critical control mechanisms, and real-time visualization.

The implementation of a service-oriented architecture com-
prising visualization, analysis, safety monitoring, control, and
database services provides a robust foundation for scalable
process monitoring applications. The development of com-
prehensive Unity-based visualization delivers intuitive three-
dimensional representation of fermentation processes, bridging
the gap between technical complexity and user accessibility.

The safety-critical systems engineering strategies represent a
valuable contribution to the DT engineering community. The
successful implementation of multi-layered safety protocols
for pressurized operations up to seven bar, combined with so-
phisticated decompression control mechanisms, demonstrates
that interactive DTs can be safely deployed in potentially
hazardous industrial environments. The constellation architec-
ture methodology facilitates interdisciplinary collaboration and

provides a replicable framework for future DT implementa-
tions spanning multiple engineering domains.

Future Work and Research Directions

Future development directions include expansion to multi-
vessel monitoring capabilities and integration of machine
learning algorithms for predictive fermentation modeling using
the high-resolution datasets generated by the system. The DT
framework provides foundation for broader brewing process
optimization, including mashing temperature control and pack-
aging line monitoring. The modular architecture enables adap-
tation for other fermentation industries including distilling,
kombucha production, or development of specialized training
programs for process control engineering.

The integration of machine learning capabilities represents
an immediate opportunity for enhancement. The comprehen-
sive dataset generated by continuous monitoring provides the
foundation for developing predictive models that could an-
ticipate fermentation outcomes, detect anomalous conditions,
and optimize process parameters automatically. Advanced
analytics incorporating time-series forecasting and anomaly
detection algorithms could transform the system from reactive
monitoring to proactive process optimization.

Integration with upstream processes including milling,
mashing, and wort production could provide holistic visibility
into the entire brewing workflow. Similarly, extension to
downstream processes such as conditioning, filtration, and
packaging would create a comprehensive digital representa-
tion of brewery operations enabling optimization across the
complete production chain.

Research into adaptive control algorithms represents another
promising direction. The current implementation enables pa-
rameter adjustment within safety constraints, but future devel-
opment could incorporate autonomous optimization algorithms
that continuously adjust process parameters based on real-time
fermentation dynamics and historical performance data. The
integration of augmented reality interfaces could enhance the
visualization capabilities by overlaying DT data onto physical
equipment during maintenance and operation activities. This
would further bridge the digital and physical representation
gap while providing practical utility for brewery personnel.

Finally, the development of standardized DT frameworks for
process industries, building upon the constellation architecture
demonstrated in this work and the tooling in [12], could accel-
erate adoption of DT technology across manufacturing appli-
cations. This standardization effort would require collaboration
across academic institutions, technology vendors, and industry
stakeholders to establish common protocols and best practices
for DT implementation in safety-critical environments.
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