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Abstract

The increasing deployment of lithium-ion batteries in electromobility, industrial logistics,
and stationary energy storage systems has introduced new operational safety challenges as-
sociated with thermal runaway, fire development, and the release of hazardous substances.
Although significant attention has been devoted to battery design and fire suppression
technologies, less emphasis has been placed on the development of integrated monitoring
systems capable of identifying abnormal thermal behaviour during routine storage and
handling operations. This paper presents an operational framework for the early detection
of thermal anomalies in lithium-ion battery storage facilities based on the integration of
thermal imaging technology, multi-level alarm logic, automated notification processes,
and predefined response procedures. The proposed framework was developed using a
risk-based approach and implemented within an industrial environment where lithium-ion
batteries and battery modules are routinely stored and handled. The methodology included
hazard identification, determination of critical monitoring zones, configuration of thermal
detection devices, establishment of alarm thresholds, and integration with existing fire
protection infrastructure. Particular attention was devoted to ensuring rapid identification,
localization, verification, and escalation of abnormal thermal conditions before the occur-
rence of visible fire manifestations. The implemented monitoring framework comprised
a total of 21 thermal imaging cameras, including four fixed radiometric thermal imaging
cameras and seventeen local thermal monitoring cameras, covering five risk-prioritized
monitoring zones within an industrial lithium-ion battery storage facility. During opera-
tional deployment, the system recorded 21 Yellow Alerts, 6 Red Alerts, and 4 false alarms,
with an average response time of 4.2 min. Experimental verification further demonstrated
that, although directly exposed battery modules were measured at approximately 60 °C,
enclosure within the battery pack significantly attenuated the externally detectable thermal
signature, with surface temperatures decreasing to approximately 23-31 °C after prolonged
enclosure. The results demonstrate that the proposed framework enables continuous
operational monitoring, supports timely identification of abnormal thermal behaviour,
and provides a structured basis for rapid decision-making and emergency response in
industrial lithium-ion battery storage facilities. The integration of thermal monitoring with
structured alarm management and response procedures creates a comprehensive safety
chain that contributes to reducing the probability of delayed incident recognition. The
presented approach provides practical guidance for industrial operators seeking to improve
lithium-ion battery safety and may serve as a foundation for the future development of
operational safety requirements for battery storage facilities. The principal contribution of
this study is the documented implementation and operational evaluation of an integrated
thermal monitoring and response system under routine automotive production conditions.
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1. Introduction

The ongoing transition towards low-carbon transportation and sustainable energy
systems has significantly accelerated the deployment of lithium-ion battery technologies.
Lithium-ion batteries have become a dominant energy storage solution for electric vehicles,
industrial equipment, consumer electronics, and stationary energy storage systems due to
their high energy density, long cycle life, and favorable performance characteristics [1-3].

The rapid growth of battery applications has simultaneously increased concerns
regarding operational safety throughout the entire battery life cycle. In addition to risks
associated with manufacturing and transportation, significant attention has recently been
directed towards hazards occurring during storage, handling, charging, maintenance, and
end-of-life processing. Numerous incidents involving battery fires in industrial facilities,
warehouses, logistics centers, and electric vehicles have demonstrated that lithium-ion
battery failures may result in severe consequences including fire, explosion, toxic gas
release, environmental contamination, property damage, and risks to human health [4-7].

One of the most critical failure mechanisms is thermal runaway. Thermal runaway
represents a self-accelerating process initiated by internal or external battery abuse condi-
tions, including mechanical damage, electrical faults, manufacturing defects, overheating,
or improper operating conditions. Once initiated, exothermic reactions within battery cells
generate heat at a rate exceeding the system’s ability to dissipate it, resulting in rapid
temperature escalation and potential fire development [5,6,8-15].

Current safety strategies rely on a combination of preventive measures, monitoring
systems, fire detection technologies, and emergency response procedures. Conventional
fire protection systems typically utilize smoke detectors, heat detectors, or flame detection
technologies. Although these systems provide essential protection functions, they often
respond only after the development of observable fire phenomena. In the case of lithium-ion
batteries, however, significant thermal abnormalities may occur before smoke generation
or visible combustion becomes apparent [16-23].

Recent advances in thermal imaging technologies have created new opportunities for
the early identification of abnormal thermal behaviour. Continuous temperature moni-
toring allows operators to detect localized temperature increases and thermal anomalies
that may indicate the initial stages of battery failure. Consequently, thermal monitoring is
increasingly considered an important component of modern battery safety management
systems [22,23].

Despite the growing adoption of thermal monitoring technologies, the current litera-
ture remains primarily focused on battery chemistry, thermal runaway mechanisms, fire
behaviour, and extinguishing methods. Comparatively less attention has been devoted to
the practical implementation of integrated thermal detection systems within real indus-
trial environments. Existing studies rarely address the complete operational chain linking
anomaly detection, alarm evaluation, visual verification, notification processes, escalation
logic, and emergency response procedures.

This gap is particularly evident in large-scale industrial battery storage facilities, where
effective risk management requires not only accurate temperature monitoring but also
clearly defined operational procedures capable of transforming detected information into
timely decision-making and intervention.
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Therefore, the aim of this paper is to present an integrated framework for the im-
plementation of thermal detection systems in lithium-ion battery storage facilities. The
proposed approach combines thermal imaging technology, multi-level alarm management,
automated notification, visual verification, and predefined response procedures into a uni-
fied operational safety system. The framework is demonstrated through its implementation
in an industrial environment where lithium-ion batteries and battery modules are routinely
stored and handled.

The results contribute to the development of practical methodologies for battery
storage safety and provide guidance for industrial operators seeking to improve early
warning capabilities and reduce the consequences of thermal incidents.

Rather than proposing a new thermal detection technology, this study documents the
full-scale implementation of an integrated monitoring, alarm-management, and operational-
response system in a real automotive environment. Its contribution lies in the transparent
description of the system configuration, response chain, operational experience, and field
data obtained during routine operation.

2. Materials and Methods
2.1. Industrial Case Study

The proposed monitoring framework was implemented in Hall M6 of the Skoda
Auto manufacturing plant in Mlad4 Boleslav, Czech Republic. The monitored facil-
ity is dedicated to the storage, handling, inspection, and temporary logistics of high-
voltage lithium-ion traction batteries and battery modules used in battery-electric vehicles
based on the Volkswagen Group MEB platform. The monitored batteries were based on
nickel-manganese—cobalt (NMC) lithium-ion cell chemistry integrated into MEB traction
battery packs.

The monitored areas included battery storage racks, battery-module storage locations,
temporary quarantine areas, and logistics zones associated with battery handling prior to
further manufacturing operations. The monitored section of Hall M6 was equipped with
a total of 21 thermal imaging cameras, including four fixed radiometric thermal imaging
cameras providing continuous quantitative temperature measurement and seventeen local
thermal monitoring cameras supervising battery handling, storage, and logistics operations.
The monitoring system covered the principal MEB battery storage areas, battery module
storage, logistics routes, and temporary quarantine locations identified during the risk
assessment process. Figure 1 illustrates the monitored operational layout and the spatial
distribution of the thermal monitoring system within Hall M6. The monitoring strategy was
developed according to operational risk priorities, considering battery quantity, handling
frequency, accessibility, and potential consequences of abnormal thermal events.

For confidentiality reasons, detailed information regarding warehouse dimensions,
storage capacity, battery inventory, and production throughput cannot be disclosed. Nev-
ertheless, the presented implementation represents a full-scale industrial deployment
operating under routine automotive production conditions. Figure 2 illustrates the loca-
tion of Hall M6 within the Skoda Auto production complex, while Figure 1 presents the
monitored operational zones equipped with the thermal imaging system.

2.2. Risk-Based Design Approach

The development of the thermal detection framework was based on a risk-oriented
methodology focusing on the identification, assessment, and mitigation of hazards associ-
ated with the storage and handling of lithium-ion batteries.
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Layout M6 —GS3.1

Figure 1. Overview of the monitored operational areas within Hall M6 equipped with the thermal
monitoring system.

Figure 2. Location of Hall M6 within the Skoda Auto production complex in Mladé4 Boleslav,
Czech Republic.

The design process consisted of five consecutive stages:
- Identification of battery-related hazards.
- Assessment of potential failure scenarios.
- Determination of critical monitoring areas.
- Design of the thermal detection architecture.
- Development of alarm management and emergency response procedures.
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The risk-oriented methodology was based on a qualitative expert risk assessment
combining operational experience, hazard identification, literature review, and industrial
safety practice rather than on a formal quantitative method such as FMEA or HAZOP.

The methodology was developed with the objective of enabling the earliest possible
identification of abnormal thermal behaviour before the occurrence of visible fire manifestations.

The proposed methodology follows a sequential workflow. The initial risk assessment
identifies battery-related hazards and determines critical monitoring areas. These findings
provide the basis for the thermal detection framework, including monitoring-zone design,
camera placement, and alarm-threshold configuration. Thermal events identified by the
monitoring system are subsequently evaluated through the alarm management logic,
after which predefined operational procedures determine the corresponding inspection,
notification, and emergency response actions.

2.3. Hazard Identification

Lithium-ion battery systems may be exposed to various conditions capable of initiating
internal failure mechanisms. Based on the analysis of operational experience, available
literature, and battery safety requirements, the following primary hazard categories were
identified [4-11,24]:

- Mechanical damage;

- Electrical abuse;

- Thermal stress;

- Manufacturing defects;

- Improper handling and storage;
- Internal cell failures.

The principal hazards associated with lithium-ion battery storage and handling opera-
tions are summarized in Table 1. The identified hazard categories formed the basis for the
subsequent risk assessment and monitoring strategy.

Table 1. Identified Hazards Associated with Lithium-Ion Batteries [4—11,24].

Hazard

Category

Description

Potential Consequences

Mechanical Damage

Physical deformation, crushing,
penetration, vibration, or impact affecting
battery integrity

Internal short circuit, localized
overheating, thermal runaway

Electrical Abuse

Overcharging, over-discharging, short
circuits, or electrical faults

Excessive heat generation, cell
degradation, fire initiation

Thermal Stress

Exposure to elevated temperatures or
inadequate heat dissipation

Accelerated aging, temperature increase,
thermal runaway

Manufacturing Defects

Internal defects, contamination, separator
damage, or assembly imperfections

Latent cell failure, spontaneous
overheating, fire risk

Improper Handling and Storage

Inappropriate storage conditions,
incorrect stacking, mechanical
mishandling

Battery damage, degradation, increased
probability of failure

Internal Cell Failure

Electrochemical instability, separator
failure, or internal short circuits

Rapid temperature rise, gas release,
thermal runaway

Damaged or Returned Batteries

Batteries with unknown operational
history or suspected defects

Increased likelihood of abnormal thermal
behaviour

Human Error

Incorrect operation, maintenance
mistakes, or non-compliance with
procedures

Safety incidents, delayed response,
escalation of hazardous conditions

https:/ /doi.org/10.3390/safety12040100


https://doi.org/10.3390/safety12040100

Safety 2026, 12, 100

60f19

These factors may contribute to internal degradation processes leading to localized
overheating and, under certain circumstances, thermal runaway.

The assessment demonstrated that thermal abnormalities generally represent one of
the earliest detectable indicators of developing battery failure. Consequently, continuous
temperature monitoring was selected as the principal monitoring strategy.

2.4. Identification of Critical Monitoring Zones

The monitored facility consisted of areas used for battery storage, battery module
handling, and temporary placement of batteries requiring additional inspection.

To maximize monitoring effectiveness, a zoning approach was adopted. Individual
areas were classified according to:

- Quantity of stored batteries;

- Battery state and condition;

- Frequency of handling operations;

- Potential consequences of battery failure;
- Accessibility for intervention.

Particular attention was devoted to locations where damaged, returned, or diagnos-
tically uncertain batteries could be present, as these categories generally exhibit a higher
probability of abnormal thermal behaviour [13].

The zoning methodology enabled prioritization of monitoring resources and optimiza-
tion of thermal imaging coverage.

The classification of monitored areas according to their operational function and moni-
toring objectives is presented in Table 2. The table summarizes the principal monitoring
zones together with their operational function and primary monitoring objective, thereby
illustrating how the risk assessment was translated into the practical design of the ther-
mal monitoring framework. The selected zones represented locations with the highest
operational safety significance.

Table 2. Classification of Monitoring Zones.

Monitoring Zone Operational Function Monitoring Objective
Zone 1 Battery storage racks Continuous thermal surveillance
Zone 2 Battery module storage Detection of localized thermal anomalies
Zone 3 Logistics and handling area Monitoring during manipulation activities
Zone 4 Operational handling zone Identification of elevated temperature sources
Zone 5 Battery analysis + diagnostic area Thermal verification of batteries during inspection

and diagnostic evaluation

The monitored areas were covered by an integrated thermal monitoring system con-
sisting of 21 thermal imaging cameras, including four fixed radiometric LWIR thermal
imaging cameras for continuous quantitative temperature measurement and seventeen lo-
cal thermal monitoring cameras dedicated to specific battery handling and storage locations.
The monitoring architecture was designed to provide continuous surveillance of battery
storage racks, battery module storage areas, logistics routes, and quarantine locations while
supporting automated alarm generation, remote operator verification, mobile notification,
and integration with the plant fire protection infrastructure.
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2.5. Thermal Detection System Architecture
Thermal Imaging Cameras

The radiometric subsystem comprised four fixed radiometric thermal imaging cameras
of two types: FLIR A310 and FLIR FC334R. Both camera types are based on uncooled
VOx microbolometer technology and operate in the long-wave infrared (LWIR) spectral
range. They provide continuous radiometric temperature measurement, programmable
alarm functions, Ethernet communication, and integration with the plant monitoring
infrastructure. The cameras were selected because of their suitability for continuous
industrial operation, environmental resistance, and capability to support automatic thermal
anomaly detection. Their principal technical specifications are summarized in Table 3.

Table 3. Technical specifications of thermal imaging cameras used in the monitoring system.

Parameter FLIR A310 FLIR FC334R
Detector Uncooled VOx microbolometer Uncooled VOx microbolometer
Spectral range 7.5-13 pym 7.5-13.5 pm
IR resolution 320 x 240 px 320 x 240 px
Thermal sensitivity (NETD) <50 mK <35 mK
Temperature accuracy +2°Cor £2% Radiometric measurement
Frame rate 30 Hz 30 Hz
Communication Ethernet, PoE, Modbus TCP Ethernet, ONVIF
Alarm capability Spot, Area, Isotherm, Delta T Spot/Box alarms
Environmental protection IP66 housing (optional) 1P66/1P67

The cameras supported configurable emissivity correction, atmospheric compen-
sation, reflected-temperature compensation, and programmable alarm thresholds. For
routine monitoring, emissivity settings and camera calibration followed the manufacturer’s
recommendations and the standard operating procedures established during system com-
missioning. Image processing, alarm evaluation, and event notification were performed
automatically by the integrated monitoring platform, while authorized operators could
remotely verify alarm events using workstation and mobile client applications.

Thermal imaging technology was selected as the primary detection method due to its
capability to continuously monitor large storage areas and identify localized temperature
anomalies without physical contact [8,12-14].

The proposed architecture consisted of the following components:

- Thermal imaging cameras;

- Video management server;

- Internal communication network;
- Operator workstations;

- Mobile client applications;

- Alarm management interface;

- Fire protection system interface.

The overall architecture of the implemented thermal detection framework is illustrated
in Figure 3. The figure presents the information flow between thermal imaging devices,
alarm management systems, communication channels, and responsible personnel.

Temperature data acquired by thermal imaging cameras were continuously transmit-
ted to the central server, where predefined alarm thresholds were evaluated.

Upon threshold exceedance, the system automatically generated warning notifications
and enabled immediate visual verification of the monitored area.
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Figure 3. Architecture of the Integrated Thermal Detection System.

2.6. Alarm Logic and Response Procedures

A multi-level alarm strategy was implemented to distinguish between developing
thermal anomalies and critical emergency conditions [16,19-21].

The first alarm level was designed to identify abnormal temperature increases requir-
ing inspection and operational assessment.

The second alarm level represented conditions indicating a significant increase in thermal
risk and requiring immediate intervention according to established emergency procedures.

Each alarm level was associated with predefined actions, notification requirements,
escalation procedures, and responsibilities of operating personnel.

This approach ensured that detected thermal anomalies were systematically trans-
formed into operational decision-making processes and corrective actions.

2.7. System Integration

To increase operational effectiveness, the thermal detection framework was integrated
with existing fire protection infrastructure and communication systems.
The integration enabled:
- Automatic alarm transmission;
- Remote monitoring;
- Mobile notification of responsible personnel;
- Event documentation;
- Rapid verification of alarm conditions.
The resulting architecture created a continuous information flow from anomaly detec-
tion to operational response and emergency management.

3. Results
3.1. Implementation of the Thermal Detection Framework

The proposed thermal detection framework was implemented in an industrial envi-
ronment used for the storage and handling of lithium-ion batteries and battery modules.
The implementation focused on locations where battery systems are routinely stored,
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transported, inspected, and temporarily isolated in the event of suspected damage or
abnormal behaviour.

The primary objective of the implementation was to establish a monitoring sys-
tem capable of detecting thermal anomalies at an early stage and providing operators
with sufficient time to perform preventive intervention before the development of fire-
related phenomena.

The final monitoring architecture consisted of thermal imaging devices connected
to a centralized monitoring platform. Continuous temperature surveillance was estab-
lished for all designated critical areas identified during the risk assessment phase. The
implemented solution enabled real-time visualization of monitored areas, automated
alarm generation, remote access to live thermal data, and integration with operational
communication channels.

An example of thermal monitoring in a battery storage area is shown in Figure 4.
The monitored location represents one of the critical storage zones included in the
implemented framework.

Dist =1.0 Trefl=20.0 €=,0.95 Dist = 1.0/ Trefl = 20.0 €= 0.95 Dist=1.0 Trefl = 20.0 €=0.95

(a) Zone 1 (P1: 29.6 °C) (b) Zone 1 (P1: 52.1 °C) (c) Zone 1 (P1: 31.0 °C)
Figure 4. Thermographic monitoring of lithium-ion battery storage racks in zone 1.

3.2. Alarm Threshold Configuration

The alarm strategy was based on predefined temperature thresholds representing
different levels of operational risk.

The absolute temperature thresholds were not intended to represent the onset tem-
perature of thermal runaway. Instead, they were defined as conservative operational
intervention levels for externally measured surface temperatures of the monitored NMC-
based MEB battery systems. The typical ambient temperature in the monitored areas
ranged from approximately 18 to 28 °C and was used as the operational baseline for thresh-
old selection. Relative to the upper ambient baseline of approximately 28 °C, the Yellow,
Orange, and Red thresholds therefore represented temperature margins of approximately
17 °C, 27 °C, and 37 °C, respectively. The threshold selection combined the normal ther-
mal baseline observed in the monitored facility, technical limits applicable to lithium-ion
battery operation, published evidence concerning temperature-dependent degradation
and thermal-runaway mechanisms, and operational experience obtained during system
commissioning. The cited standards and manufacturer requirements were used to define
the general safety and operating context; however, they do not prescribe the specific alarm
values of 45 °C, 55 °C, and 65 °C. These values were established as site-specific operational
thresholds during system commissioning.

The Yellow Alert threshold of 45 °C was selected as an early-warning level indicating
a surface temperature clearly above the normal environmental and operational baseline
and requiring visual verification. The Orange Alert threshold of 55 °C represents an
increased-risk condition approaching the upper range commonly associated with normal
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lithium-ion battery operation and therefore requires intensified monitoring and on-site
inspection. The Red Alert threshold of 65 °C exceeds the generally accepted normal
operating-temperature range and was selected as a conservative critical intervention level
requiring battery isolation and activation of emergency procedures. These thresholds
remain substantially below temperatures associated with self-accelerating exothermic
reactions and thermal runaway reported in the literature and are therefore intended to
provide an operational safety margin rather than to predict the actual onset of thermal
runaway [5,12,15].

The implemented system did not use a separate fixed numerical rate-of-rise thresh-
old. Rapid temperature escalation was assessed from the short-term temperature trend
and subsequently verified by the responsible operator. Consequently, this criterion repre-
sented an operational escalation rule rather than an independently validated quantitative
detection parameter.

The implemented alarm thresholds and associated response criteria are summarized in
Table 4. The threshold structure was designed to distinguish between developing thermal
anomalies and critical emergency conditions.

Table 4. Alarm Threshold Levels and Operational Response Criteria.

Alarm Level

Temperature Threshold Risk Level Required Action

Information State

Continuous monitoring and trend

T<45°C Normal operation .
evaluation

Visual verification, inspection of

Yellow Alert T>45°C Early warning the monitored area, assessment of
temperature development
Intensified monitoring,
o . verification of battery condition,
Orange Alert T >55°C Increased risk e L .
notification of responsible
personnel
Immediate intervention, battery
Red Alert T > 65°C Critical condition isolation, actlvajtl.on (.)f emergency
procedures, notification of fire
protection personnel
Short-term temperature Emergency response activation,
Escalated Critical State trend 1¥1d1cat1n.g rapid Severe risk %nc1dent management,
escalation, subject to implementation of safety
operator verification measures

The threshold configuration applies specifically to the monitored NMC-based MEB
battery systems and the environmental and operational conditions of Hall M6. The values
should not be transferred directly to other battery chemistries, pack designs, states of
charge, or storage environments without a separate risk assessment and validation process.

A multi-level warning concept was adopted to distinguish between situations requir-
ing inspection and conditions requiring immediate intervention.

The logic of the implemented multi-level alarm system is illustrated in Figure 5. The
framework links temperature thresholds with predefined verification, notification, and
response procedures.

The lower alarm level was intended to identify unusual temperature increases that
could indicate developing battery degradation or abnormal thermal behaviour. In these cases,
operational personnel were instructed to perform inspection and verification activities.
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Multi-Level Alarm and Response Logic

LEVEL 1 NORMAL OPERATING CONDITION
MONITORING Continuous monitoring of lithium-ion battery systems

(thermal imaging cameras and sensors)

v

Temperature exceeds the predefined warning threshold

SPECIALIST INSPECTION
* Visual verification of the affected area
+ Assessment of temperature development —7
« Decision on corrective actions .
J
LEVEL 3 CRITICAL STATE (RED ALERT)
CRITICAL Temperature exceeds the critical threshold
CONDITION
@ . .
BATTERY FIRE PROTECTION EMERGENCY SAFETY SAFE
ISOLATION NOTIFICATION PROCEDURES MEASURES CONDITION
Quarantine area Responsible personnel Defined escalation Operational actions Stabilized state

Figure 5. Multi-level alarm and response logic for early detection and management of thermal anomalies.

The higher alarm level represented conditions associated with significantly elevated
thermal risk. Exceedance of this threshold initiated escalation procedures and activation of
emergency response protocols.

This approach reduced the probability of unnecessary interventions while maintaining
sensitivity to potentially hazardous conditions.

Figure 6 presents thermal monitoring during battery handling and logistics operations.
These activities represent situations with an increased probability of battery damage or
abnormal thermal behaviour.

i N
Dist=1.0 Trefl=20.0 £=0.95 Dist=1.0 Trefi=20.0 £=095

=1.0 Trefl=20.0 £=0.95

(a) Zone 3 (25.6 °C) (b) Zone 3 (25.2 °C) (c) Zone 3 (25.6 °C) (d) Zone 3 (15.1 °C)
Figure 6. Thermographic monitoring of logistics and handling operations in monitoring zone 4.

3.3. Notification and Escalation Process

The monitoring system was configured to automatically notify responsible personnel
whenever predefined alarm conditions were detected.

Response actions associated with individual alarm levels are presented in Table 5. The
framework defines responsibilities, escalation procedures, and corrective actions for each
alarm condition.
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Table 5. Response Actions Associated with Individual Alarm Levels.

Alarm Level

Trigger Condition

Responsible Personnel

Required Response Actions

Information State

Normal operating temperature
(T<45°C)

System Operator

Continuous monitoring, trend
evaluation, routine
documentation

Temperature exceeds warning

Visual verification, inspection of
monitored area, confirmation of

Yellow Alert threshold (T > 45 °C) Operator/Safety Specialist alarm validity, assessment of
battery condition
Temperature exceeds Safety E;eréscléff r\?e(;rilflitcoartlir(l)i’ (())fn-s1te
Orange Alert increased-risk threshold Specialist/Operational pection, verl” e
o handling activities, notification
(T >55°C) Personnel )
of responsible personnel
Immediate intervention, battery
" Fire Protection isolation, activation of
Temperature exceeds critical .
Red Alert o Personnel/Incident emergency procedures,
threshold (T > 65 °C) .
Commander preparation for emergency

response

Emergency State

Rapid short-term temperature
escalation confirmed by the
responsible operator, or another
confirmed hazardous condition

Emergency Response Team

Implementation of emergency
measures, evacuation if
required, incident management,
coordination with fire
protection services

Alarm notifications included:

- Identification of the affected monitoring zone;

- Time of alarm activation;

- Measured temperature values;

- Visual information supporting rapid verification.

The notification process was designed to minimize the delay between anomaly detec-

tion and operational response.

Remote access functionality allowed authorized personnel to evaluate alarm condi-

tions without the need for immediate physical presence at the monitored location. This
significantly improved situational awareness and accelerated decision-making processes.

The integrated alarm management and escalation process is illustrated in Figure 7. The
framework demonstrates the transition from anomaly detection to operational response
and emergency management.

3.4. Operational Response Chain

One of the principal outcomes of the implementation was the establishment of a struc-
tured response chain linking thermal anomaly detection with predefined operational actions.
Following alarm activation, operators performed visual verification using the moni-
toring platform and assessed the severity of the detected condition.
Depending on the alarm level, corrective actions included:
- Additional inspection of the affected battery system;
- Relocation of the battery to a designated quarantine area;
- Activation of emergency response procedures;
- Notification of fire protection personnel.
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Integrated Alarm Management and Operational Response Framework

ALARM DETECTION AND INFORMATION INFORMATION RESPONSE FOLLOW-UP ACTIONS
LEVEL EVALUATION TRIGGER RECEIVER PROCESS AND MONITORING

INFORMATION| Ly . ey O Teasc | . | « Continue monitoring Store data
Nanpal cperation [El¥ Trandivithin | - | - Record event + Trend analysis
(<45°C) « Temperature sensors normal range r |+ Logdata fortrends Next evaluation
+ Data acquisition and evaluation System .operator
+ Trend analysis (monitoring center)
|- 1 - El O 1sasc + Verify monitored location + Store data
Pre-alarm condition [ Repdincrease (dT/dt) > Ly * Check the situation Ly - Local evaluation
{45:605C) . Te"'Pe""“’e eeor : + Decide on further action + Corrective action
+ Data acquisition and evaluation [ Acoustic and visual alarm Operator personnel
« Trend analysis (local area)
0 ORANGE ALERT = \ = O 1>e0c Q = linteitymotitoring - Storedata
&y g = « Confirm the situation s
Elevated risk conditi» [ Rapidincrease (dT/dt) = > # y > + Risk level evaluation
(60-70°C) « Temperature sensors =gty responaibls persons + Preventive measures
+ Data acquisition and evaluation [ Acoustic and visual alarm Safety officer - Prepare response measures

« Trend analysis (risk protection specialist)

A B - Activate emergency response + Incident analysis
RED ALERT i ~[1]= \ O T-7% . .
L - - Evacuate affected area + Root cause analysis
[
|

C"“"“""d"‘“ O Repidincrease (dm/ay « Notify emergency services ‘ - Report creation

« Temperature sensors
’ | - Data acquisition and evaluation
_ s Trend analysis

>70°C)
. b [ Acoustic and visual alarm Emergency/responsejtean - Review incident history « Corrective action

(external services)

ion with increasing temperature and abnormal condition
FLOW LEGEND CONNECTED SYSTEMS (examples) NOTES
—>  Information O Temperature sensors « Alarm levels are defined according to temperature thresholds and
Yellow Alert O Control system (BMS) temperature trends.
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Figure 7. Integrated alarm management and operational response framework for lithium-ion battery
storage monitoring.

The defined escalation process ensured a consistent and repeatable approach to inci-
dent management.

An example of detected elevated temperature sources within a monitored operational
area is shown in Figure 8. The figure demonstrates the practical capability of thermal
monitoring to identify localized thermal anomalies.

Box 1 R 4 Box 1 8 i Box 1 °C X Box 1

Max > 180.0 Max >180.0 Max > 180.0 Max > 180.0
Min 20.8 Min 20.5 Min 206 Min 20.4
Avg 336 Avg 340 Avg 348 Avg 339

Dist=1.0 Trefl=20.0 ¢ -+ 20. Dist=1.0 Trefl=20.0 £=0.95 . Dist=1.0 Trefl=20.0 ¢=0.95

(a) Zone 4 (33.0 °C) (b) Zone 4 (38.0 °C) (c) Zone 4 (35.9 °C) (d) Zone 4 (32.1 °C)

Figure 8. Detection of elevated temperature sources in monitoring zone 4.

3.5. Operational Benefits

The implementation demonstrated several operational advantages compared with
conventional fire detection approaches.
The most significant benefits included:

- Continuous monitoring of battery storage areas;

- Earlier identification of abnormal thermal development;

- Improved localization of potentially affected battery systems;
- Faster information transfer to responsible personnel;

- Enhanced preparedness for emergency response.
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To evaluate the operational characteristics of the implemented framework, selected
monitoring and response performance indicators were assessed. The results are summa-
rized in Table 6.

Table 6. Operational Characteristics of the Implemented Monitoring System.

Parameter Value

Monitored zones 5

Thermal imaging cameras 21

Monitoring period 365 operational days
Maximum recorded temperature (°C) 68

Warning alarms (Yellow Alert) 21

Critical alarms (Red Alert) 6

Average response time (min) 4.2

False alarms 4

Notification channels SMS/E-mail/Client

Certain detailed operational and technical data are not publicly available due to
confidentiality requirements of the industrial operator. The presented parameters are
intended to illustrate the architecture and operational characteristics of the implemented
monitoring framework.

The presented indicators demonstrate the capability of the implemented system to
provide continuous monitoring of critical battery storage areas while supporting rapid
identification and management of abnormal thermal conditions.

No response event exceeded the operational intervention limits established for the
monitored facility, and no exceptionally long response times were observed during the
monitored operational period.

The integration of thermal monitoring, alarm management, and response procedures
created a comprehensive operational safety framework capable of supporting both preven-
tive and reactive safety measures.

The implemented framework also improved traceability and documentation of de-
tected events, providing valuable information for subsequent incident analysis and contin-
uous safety improvement.

The presented operational indicators are descriptive because complete event-level
statistical datasets are confidential and therefore cannot be disclosed.

3.6. Experimental Verification of Heat Transfer and Thermal Detectability

To verify the practical capability and limitations of thermal imaging for battery moni-
toring, a preliminary heat-transfer experiment was performed using heated dummy battery
modules. The objective was to evaluate the relationship between internal module tempera-
ture and externally measurable surface temperature after enclosure of the module.

When the battery module was directly exposed, the thermal camera measured ap-
proximately 60 °C, while the contact probe indicated 63 °C, corresponding to a difference
of approximately 3 °C. After inserting an 80 °C heated dummy module into the bat-
tery enclosure and closing the lid, the measured external temperatures decreased rapidly.
One minute after enclosure, the thermal camera measured 41 °C while the contact probe
measured 25 °C. After 5 min, the measured values decreased to 29 °C and 26 °C, respec-
tively, and after 15 min both measurements approached ambient temperature despite the
initially elevated module temperature.
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(a) Open battery pack with exposed modules

An additional experiment using two battery modules initially heated to approxi-
mately 60 °C demonstrated similar behaviour. Although the internal module temperature
remained close to 50 °C after approximately 90 min, the measured external enclosure
temperatures generally ranged between approximately 23 °C and 31 °C.

These observations demonstrate that thermal imaging accurately detects directly
visible heated battery surfaces but cannot reliably determine the temperature of battery
modules enclosed within thermally insulating housings. Consequently, the proposed
monitoring framework should be regarded as an early-warning system for detecting
abnormal surface heating rather than a direct measurement of internal cell temperature.

These findings should therefore be considered when defining alarm thresholds for
thermal monitoring systems intended for enclosed battery packs.

The measured temperatures obtained during the experimental verification are sum-
marized in Table 7.

Table 7. Experimental comparison of internal module temperature and measured enclosure
surface temperature.

Test Condition Contact Probe (°C) Thermal Camera (°C)
Exposed module 63 60
Covered module—1 min 25 41
Covered module—b5 min 26 29
Covered module—15 min 255 23

The experimental results demonstrate that the measured external surface temperature
depends strongly on whether the heated battery modules are directly exposed or enclosed
within the battery pack. Although thermal imaging accurately reflected the temperature of
exposed battery modules, installation of the upper cover substantially reduced the exter-
nally detectable temperature because of heat transfer through the enclosure. Representative
stages of the experimental verification and the corresponding thermographic observations
are presented in Figure 9.

o=

(c) External surface-temperature distribution (d) External surface-temperature distribution
shortly after enclosure (=0 min) after approximately 90 min

Figure 9. Experimental verification of heat transfer and thermal detectability using a Skoda MEB
traction battery pack.
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As illustrated in Figure 9, installation of the battery-pack cover significantly attenuated
the external thermal signature of the heated battery modules. While elevated temperatures
were readily detected under direct observation, enclosure reduced the externally measur-
able surface temperature despite the modules remaining at elevated internal temperatures.
These findings confirm that thermal imaging primarily reflects surface conditions and
should therefore be considered an operational early-warning tool for detecting abnormal
surface heating rather than a direct measurement of internal battery temperature.

The experimental observations provide practical evidence supporting the interpre-
tation of the operational monitoring results presented in Table 6. At the same time, they
demonstrate an important limitation of thermal imaging when battery modules are enclosed
within thermally insulating structures. This aspect is further discussed in the following
section together with its implications for industrial battery-monitoring strategies.

4. Discussion

The increasing use of lithium-ion batteries in industrial applications has generated
growing interest in technologies capable of improving the early detection of battery failures
and reducing the consequences of thermal runaway events. While significant research ef-
forts have focused on battery chemistry, thermal runaway mechanisms, and fire suppression
techniques, considerably less attention has been devoted to the practical implementation of
integrated monitoring systems within real industrial environments [5,6,14].

During the monitored operational period, the maximum recorded surface temperature
reached 68 °C. This value exceeded the predefined Red Alert threshold and therefore
initiated immediate operational intervention according to the implemented emergency
procedures. Importantly, the detected events did not progress to thermal runaway or open
fire, indicating that the alarm thresholds provided sufficient time for preventive response
under the monitored operating conditions.

The preliminary heat-transfer experiment also demonstrated an important limitation
of thermal imaging. While the temperature difference between thermal imaging and contact
measurement was approximately 3 °C for directly exposed battery modules, enclosure of
the heated module significantly reduced the externally measurable surface temperature.
Consequently, elevated internal battery temperatures may not always be detectable through
external thermal imaging when batteries are enclosed. Therefore, the proposed framework
should be regarded as an operational early-warning tool for detecting abnormal surface
heating rather than a direct indicator of internal cell temperature.

The results obtained during the implementation of the proposed framework indicate
that thermal monitoring can provide important operational advantages compared with
conventional fire detection approaches. Traditional fire protection systems are typically
designed to respond to smoke generation, flame development, or significant heat release.
In contrast, thermal imaging technologies enable the identification of localized temperature
anomalies during the earlier stages of battery degradation [5,6,14].

From an operational perspective, the most important benefit is not the temperature
measurement itself but the ability to transform thermal information into actionable safety
decisions. The presented framework therefore combines thermal monitoring with alarm
evaluation, automated notification, visual verification, escalation logic, and predefined
intervention procedures.

This integrated approach addresses one of the key challenges associated with battery
safety management. Large battery storage facilities often contain hundreds or thousands
of battery systems distributed across extensive storage areas. Under such conditions, the
rapid localization and assessment of abnormal battery behaviour becomes essential for
effective incident prevention.
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The implemented framework contributes to operational safety in several ways. First,
continuous thermal monitoring improves the probability of identifying abnormal con-
ditions before the development of visible fire phenomena. Second, automated alarm
transmission reduces the delay between anomaly detection and operator response. Third,
visual verification capabilities allow personnel to rapidly evaluate alarm validity and
determine appropriate corrective actions.

The findings are consistent with previous studies emphasizing the importance of early
detection in mitigating the consequences of lithium-ion battery failures. However, unlike
many laboratory-based investigations, the present study focuses on practical deployment
within an operational industrial environment. This provides valuable insight into the chal-
lenges associated with system integration, alarm management, organizational procedures,
and emergency preparedness [5,6,14,15,24].

Several limitations should also be acknowledged. Thermal monitoring cannot elim-
inate the risk of battery failure and should not be considered a standalone protective
measure. Effective battery safety management requires a combination of preventive, techni-
cal, organizational, and emergency response measures. Furthermore, system performance
may be influenced by environmental conditions, facility layout, battery configuration, and
alarm threshold settings [16,19-22].

In addition, the interpretation of thermal images may be influenced by emissivity
variations, reflected infrared radiation, restricted visibility of battery surfaces, and thermal
insulation provided by battery-pack enclosures. Consequently, thermal imaging should be
regarded as an operational early-warning tool for detecting abnormal surface heating rather
than as a direct measurement of internal battery temperature. These factors further support
the use of operator verification before escalation of emergency response procedures.

Because no documented thermal incidents occurred without system detection during
the monitored operational period, the false-negative rate could not be experimentally
quantified. Consequently, a complete confusion matrix could not be established from the
available operational data. Therefore, the reported operational performance should be in-
terpreted as descriptive rather than as a complete statistical validation of detection accuracy.
Future validation using larger multi-site datasets would enable a more comprehensive
statistical evaluation of detection performance.

Future research should focus on the integration of artificial intelligence algorithms
for anomaly recognition, predictive analysis of thermal development, automated risk clas-
sification, and the standardization of thermal monitoring requirements for lithium-ion
battery storage facilities. Additional studies should also evaluate the long-term reliabil-
ity and economic effectiveness of integrated thermal detection systems under different
industrial conditions.

Opverall, the presented framework demonstrates that thermal monitoring can become
a valuable component of modern battery safety strategies when integrated into a broader
operational safety management system [22,23].

5. Conclusions

The increasing deployment of lithium-ion batteries in industrial applications has
created a growing demand for effective safety management systems capable of identifying
abnormal battery behaviour before the occurrence of severe incidents. Thermal runaway
remains one of the most significant hazards associated with lithium-ion battery storage and
handling, highlighting the importance of reliable early detection methods.

This paper presented a risk-based framework for the implementation of integrated
thermal detection systems in industrial lithium-ion battery storage facilities. The proposed
approach combines thermal imaging technology, alarm management, automated notifica-
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tion, visual verification, and predefined response procedures within a unified operational
safety concept.

The implemented monitoring framework comprised 21 thermal imaging cameras,
including four fixed radiometric cameras and seventeen local thermal monitoring cam-
eras, covering five risk-prioritized monitoring zones within the industrial facility. During
operational deployment, the system recorded 21 Yellow Alerts, 6 Red Alerts, and 4 false
alarms, while maintaining an average response time of 4.2 min. Experimental verification
further demonstrated that enclosure of heated battery modules substantially reduced the
externally detectable thermal signature, confirming that thermal imaging should primarily
be regarded as an operational early-warning tool for surface temperature anomalies.

The implemented framework extends beyond conventional fire detection by combin-
ing continuous thermal monitoring with predefined escalation procedures and organiza-
tional response mechanisms. This integrated approach provides operators with additional
time to assess abnormal thermal behaviour, initiate appropriate interventions, and reduce
the risk of delayed incident recognition in industrial lithium-ion battery storage facilities.

Unlike conventional fire detection systems that primarily respond to already de-
veloped fire phenomena, the proposed framework focuses on the identification of ther-
mal anomalies before visible manifestations occur. This capability provides opera-
tors with additional time for assessment and intervention, thereby improving overall
emergency preparedness.

The principal contribution of this study is the documented full-scale implementation
and operational evaluation of an integrated thermal monitoring and response framework
in a real automotive production environment.

The presented framework can be adapted to various industrial environments where
lithium-ion batteries are stored, handled, tested, transported, or temporarily quarantined.

Future research should focus on the integration of artificial intelligence tools, predic-
tive analytics, automated anomaly classification, and the development of standardized
requirements for thermal monitoring systems in battery storage facilities. Further valida-
tion in different industrial sectors would also contribute to the broader applicability of the
proposed methodology.

The results indicate that integrated thermal detection systems can become an important
component of modern operational safety strategies and contribute to improving the safety
of lithium-ion battery storage throughout their service life.
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