Thermal Runaway Propagation and
Fire Safety Modeling of Large-Scale
Marine Battery Rooms

Master’s thesis in Innovative Sustainable Energy Engineering (Heat and
Power)

ASAD MEHMOOD

DEPARTMENT OF INDUSTRIAL AND MATERIALS SCIENCE
CHALMERS UNIVERISTY OF TECHNOLOGY, Gothenburg, Sweden, 2025

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2025

www.chalmers.se



Copyright ©2025 Asad Mehmood



Author Asad Mehmood

Title of thesis Thermal Runaway Propagation and Fire Safety Modeling of Large-
Scale Marine Battery Rooms

Programme Innovative and sustainable energy engineering (Nordic Master)

Major Heat and power engineering

Thesis supervisor Prof. Jani Romanoff

Thesis advisor(s) Prof. Annukka Santasalo-Aarnio, (Aalto) and Prof. Jinhua
Sun, (Chalmers)

Date 29.09.2025 Number of pages 114+18 Language English

Abstract

The transition to fully electric ships is an essential step toward reducing greenhouse
gas emissions in the maritime industry. This change requires significant modifica-
tions to the operations and construction of ships. This thesis makes a contribution
to the study of the thermal runaway (TR) behavior of lithium iron phosphate
(LiFePOz2 or LFP) battery systems. The objective is to gain an understanding of how
fire, heat, and gas spread throughout a marine battery room during a TR event.

To investigate the process by which a fire spreads from a single cell to an entire
battery room, a thermal runaway simulation model was developed in Spreadsheet.
The model is based on experimental heat release rate (HRR) and total heat release
(THR) data from recent fire tests. It employs a hierarchical structure that extends
from the cell to the module to the rack to the room. In addition, it incorporates
flame propagation that is based on the direction of the flame, variable state-of-
charge levels ranging from 0% to 100%, and battery room sizes. For each scenario,
the tool computes the peak HRR, the total energy release, combustion duration,
and the structural heat load on the steel in the room.

The analysis show that state of charge (SOC) is the strongest lever for safety: 100%
SOC gives the fastest roof failure, 50% SOC extends survival by about 30-50%, and
at 0% SOC many layouts do not reach roof melting at all. Rack spacing controls
room density and creates a practical trade-off more spacing lowers heat concentra-
tion and increases melt time, but also increases steel mass and ship space. A mod-
erate spacing band (=0.5-0.9 m) offers the best balance for design, especially for
15-25 MWh rooms. The seawater flooding analysis further showed that early flood-
ing can completely prevent roof failure, while late flooding has limited effect and
may even increase explosion risks. The tool therefore gives designers a simple, val-
idated way to compare layouts, operating modes and to set safe design limits for
marine battery rooms. In doing so, it directly supports compliance with DNV’s 5
MWh threshold rule for single spaces, while offering quantified methods to justify
larger 10-25 MWh installations where compensatory measures are required.

Keywords Thermal runaway (TR), Lithium iron phosphate (LFP), Marine battery
safety, Energy storage systems (ESS), Early-stage ship design, Battery room design
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1 Introduction

Maritime transport is quickly moving toward electrification, with increasing
number of ships adopting battery electric and hybrid propulsion to reduce
emissions.[13] Global environmental initiatives, like the IMO's plan to cut
greenhouse gas emissions, have led to more investment in battery-powered
ships as a way to reach zero operational emissions. Besides being good for
the environment, electrification can make operations more efficient by
lowering fuel costs, maintenance needs, and noise and vibration on
board.[14] The Alternative Fuels Insight database says that there are now
more than 800 ships with battery systems in use. This is more than three
times the number that were in use five years ago. These include roll-on/roll-
off ferries, passenger ships, harbor tugs, offshore service vessels, and more,
mostly on short routes where current battery technology can meet energy
needs.[15] Only about 13% of ships with batteries are fully electric; the rest
are hybrids or plug-in hybrids. This shows how battery range limits longer
trips. Nevertheless, battery systems have become a viable solution for an
increasing range of ship types and sizes as technology improves and the
industry seeks to decarbonize. [15]

In addition to this progress, safety issues related to big lithium-ion battery
installations have become more important. Lithium-ion batteries hold a lot
of energy and create new risks that aren't there with regular marine fuels.
The primary safety risks are well known to be fire and explosion resulting
from battery thermal runaway events and the release of flammable gases.[15]
Thermal runaway can happen when a cell fails inside, overheats, is
overcharged, or is damaged from the outside. This can cause the battery cells
to heat up on their own and possibly explode. Battery compartments, on the
other hand, store electrical energy and combustible electrolyte in a small
space, which makes people worry about putting out fires and letting gas
escape. [16] Fire detection, ventilation, and extinguishing systems should be
specifically designed for battery hazards, and crews require training to
effectively manage these incidents. The maritime sector has tackled these
challenges by creating new safety standards, yet recent incidents show that
the risk is very much real.

In summary, fully electric vessels represent a promising path to greener
shipping, but they demand close attention to safety due to the hazards of
lithium-ion batteries. The use of high-energy batteries on ferries, tugs, and
other ships has resulted in tangible benefits in terms of emissions reduction
and efficiency. At the same time, real-world incidents have shown that
lithium-ion battery failures can quickly escalate and even endanger a vessel
if proper safety measures are not taken. The maritime industry is thus
combining its push for electrification with a strong emphasis on risk
management and regulation, from selecting safer battery chemistries (such
as LFP over NMC) to improving design standards, emergency procedures,
and crew training. Ongoing research, experience, and regulatory initiatives
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(by organizations such as DNV, EMSA, and national authorities) are
constantly improving the safety framework for marine battery systems.[15]

1.1 Battery Systems: Ship Scale vs. Boat Scale

The design and size of marine battery systems are very different for big ships
and small boats. One important difference is how much energy storage is
needed. A small electric ferry or workboat might only need a few hundred
kilowatt-hours (kWh), while a large ship (like a cruise ferry or Ro-Pax ship)
might need many megawatt-hours (MWh) of batteries. For instance, New
Zealand's 19-meter electric ferry has enough batteries to run for about an
hour, which is about 550 kWh.[17] A common saying is that "a ship can carry
a boat, but a boat can't carry a ship." In practice, this means that ships are
built to carry a lot of cargo or hundreds of people, while boats are built to
carry much smaller loads. As an example, the ferry can accommodate more
than 2,000 people on long ocean routes whereas small boat, might only hold
a few people.[18]

The Ika Rere is a fully battery-electric ferry made of carbon fiber that is 19 m
long and can carry 132 people at speeds of up to 20 knots (Fig 1). It has two
battery banks with 72 liquid cooled XALT XMP76P battery packs that deliver
550 kWh of power. These battery packs power two 325 kW electric motors,
giving it speed and backup power in a small package. [17, 19]

Power Electronics / Battery Air Vents
Control Cabinets

Battery Packs / Battery Racks

Exhaust Ventilation

Figure 1 XALT Modular Battery Packs Distributed Across Two Rooms. [6]

A ship, on the other hand, is usually a bigger, ocean-going vessel made for
long trips and carrying more people. P&O Ferries' hybrid battery electric ship
for the Dover—Calais route is a good example. Each of these strong ships has
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about 1,200 XALT lithium-ion battery packs, which add up to 8,816 kWh.
They are installed in four separate battery rooms using modular XALT XRS
2 rack systems to meet strict maritime safety and performance standards.
[20]

Battery Rack System

Figure 2 Battery Racks in Dedicated Rooms on Larger Vessel [9]
1.2 Marine Battery Room Solutions

Marine battery room solutions are used by modern ships to safely store large
energy storage systems (ESS) on board. These battery rooms can be either
separate container modules or built-in compartments that are only for bat-
teries. They are engineered with careful consideration for layout, battery
type, safety features (thermal management, fire protection), and integration
with ship systems to meet maritime standards (SOLAS, class rules) for fire
safety (e.g. A60 fire-rated enclosures). Below is a summary of important so-
lutions from major providers, with examples from different types of vessels
(cruise ships, ferries, tugs, and workboats).

The corvus energy provided 248 kWh of battery storage for the Geir, a 61.7-
meter Norwegian longliner fishing in the Barents Sea north of Murmansk,
Russia, in 2020. The battery bank, which is installed below deck for safety
and cooled by forced air, helps the ship use power more efficiently. Sveinung
Odegard of Corvus Energy says that batteries on these kinds of ships have
three main jobs: they help engines run smoothly by absorbing load spikes,
they collect energy from deck equipment like winches and cranes, and they
balance loads in hybrid systems to make the best use of fuel. Batteries and
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hydrogen fuel cells are sometimes used together to protect system parts and
handle load changes.[21]

Figure 3 Below-Deck Corvus Battery Bank on Longliner Geir with Forced-Air Cooling. [10]

Hurtigruten AS has also led the way in hybrid-powered expedition cruising
with the MS Roald Amundsen, which was the first of its kind to operate in
polar regions. The ship has two big battery packs that allows the engines run
more efficiently and, for short periods of time, only on battery power. This
setup cuts emissions by about 20%, making it possible to travel to Antarctica,
and the Arctic. The battery system also helps keep backup engines from start-
ing, which saves fuel and cuts down on greenhouse gas emissions. [22]

Figure 4 MS Roald Amundsen, a hybrid powered expedition cruise ship. [22]

Havila Voyages, a Norwegian cruise line that debuted in 2022, operates hy-
brid ships equipped with the largest passenger-ship batteries at sea. These
vessels can operate emission-free for up to four hours, allowing for quiet nav-
igation in Norway's UNESC O-protected fjords. Batteries are recharged in
port using clean hydropower, and they can power the ship while docked.
While currently paired with LNG propulsion, the vessels are designed to be
converted to hydrogen fuel, supporting the company's goal of emissions-free
operation. [23, 24]
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Figure 5 Havila Hybrid Ship Capable of Four Hours Battery-Only Operation [12, 13]

Corvus Energy has installed more than 300 MWh of ESS capacity around the
world, including 24 MWh in North America. There are also more than 20
vessels flying U.S. and Canadian flags that are either already in service or be-
ing built. The company's range of products meets the needs of different types
of vessels:[25]

1. Orca ESS is based on Li-NMC and can be scaled from 80 to 10,000
kWh. It is very flexible and charges and discharges quickly.

2. Dolphin ESS has the highest energy density in the industry and is
made for applications where weight is important, like high-speed fer-
ries.

Figure 6 Corvus Dolphin ESS for High-Speed and Weight-Sensitive Vessels.
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3. Blue Whale ESS: LiFePOa4-based and made for very large ships, it has
the highest volumetric energy density for battery room installations.

Figure 7 Corvus Blue Whale, a compact ESS to optimize battery rooms in large-scale.
1.2.1 Performance of Different Battery Chemistries

There are a number of different chemistries that could be used in marine set-
tings. Lithium-ion batteries are the most common type used in current pro-
jects, mostly in LFP or NMC. However, lithium-titanate, sodium-ion, and
lithium-sulfur batteries are also important to think about for the future.
Table 1 shows how these battery chemistries compare in terms of important
performance metrics.
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1.3 Maritime Incidents Involving Lithium-ion Battery Fires

This section reviews documented incidents involving lithium-ion battery
fires in marine vessels. These incidents show the real-world problems and
safety gaps that come with thermal runaway, bad suppression systems, expo-
sure to seawater, bad ventilation, and not enough detection systems.

1.3.1 MF Yttergyningen Fire Incident (2019, Norway)

The Norwegian hybrid ferry MF Yttergyningen underwent a maritime battery
fire incident in October 2019, which is considered to be one of the earliest
and most serious incidents in the maritime industry. A Corvus Orca Energy
lithium-ion battery system with a capacity of 1.9 MWh had been recently in-
stalled on the vessel. This system was comprised of 16 packs and 352 liquid-
cooled modules, each of which utilized lithium iron phosphate (LiFePO2)
chemistry. The battery had a state of charge (SOC) of approximately 50% at
the time of the incident, and the system was disconnected from the ship's
AC/DC grid because it was undergoing continued maintenance. The official
root cause analysis discovered that a twisted gasket allowed coolant, which
was a mixture of 30/70 ethylene glycol and water, to leak onto high-voltage
electrical components within the Pack Disconnect Module (PDM). This re-
sulted in electrolysis, arcing, and ultimately the ignition of a fire at approxi-
mately 1000 VDC. Since the battery management system (BMS) was not
functioning, the monitoring system of the ship did not receive any alarms,
which allowed the fire to develop without being discovered. The external fire
generated sufficient heat to set off thermal runaway (TR) in a number of bat-
tery cells located above the voltage distribution module (PDM).

Subsequently, the utilization of seawater from the emergency sprinkler sys-
tem, in conjunction with the absence of ingress protection guards, made it
possible for water to enter the racks. This resulted in multiple ground faults,
additional short circuits, and the spread of the fire. The following day, the
sealed battery and switchboard rooms were filled with a flammable atmos-
phere due to the accumulation of gases from damaged cells. These gases in-
cluded hydrogen, ethylene, and carbon monoxide. An explosion occurred as
a result of a spark that ignited this gas mixture, which led to the exposure of
twelve firefighters to gas.[26]
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Figure 8 Battery Room Fire on Norwegian Ferry Contained by Firefighters

1.3.2 MS Brim Explorer Fire (2021, Norway)

The hybrid-electric vessel MS Brim Explorer was sailing through the outer
Oslofjord on March 11, 2021. The vessel was powered by a lithium-ion battery
system that had a capacity of 792 kWh and was constructed using Corvus
Dolphin Energy modules that were stacked in a total of twelve stacks. Every
stack was made up of six battery modules and a stack controller within it. The
fire started in Module 1 of Stack 6 after seawater entered through the venti-
lation outlet of the tunnel, traveled through a fan that was not sealed, and
then splashed directly onto live high-voltage components. Smoke detectors
indicated that there was a fire in both the engine room and the battery room;
however, the crew misidentified the source of the fire because smoke spread
through a bulkhead that was not smoke-tight. As a result of this, the Novec
1230 fire suppression system was initially delivered to the engine room, and
only after a delay of seven minutes was it delivered to the battery room. At
that point, the fire had already advanced, and the Novec fire agent was only
able to provide temporary benefits in terms of cooling. The National Safety
Institute (NSI) highlighted the importance of rapid and automatic fire sup-
pression for lithium-ion battery fires and identified a wider safety gap in both
the design of the system and the oversight of regulatory agencies.[27]

Figure 9 Battery Fire Incident on Electric Ferry and Exposed Battery Modules.[27]
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Figure 10 Damage to the battery room, seen from the left to right: battery stacks.[27]

These battery room incidents on ships have highlighted the importance of
strong safety measures. These incidents have raised awareness that, while
battery propulsion eliminates traditional engine-room fires, it introduces
new failure modes that can be catastrophic, if not managed properly. They
also show that emergency response procedures for battery incidents (from
gas detection to cell isolation and cooling) are constantly evolving. Since
then, the ferry and offshore industries have actively shared "lessons learned"
from these incidents, emphasizing transparency and collaboration to im-
prove safety.[28]

1.4 Project Details

This project aims to create a simple simulation tool that assists engineers and
ship designers in estimating the potential ignition and propagation of fires
within a ship's battery room. The tool also calculates how much heat is re-
leased, how long the fire lasts, and whether the heat could damage the room's
walls, floor, or ceiling. The study utilizes available experimental data, litera-
ture on fire testing, and relevant maritime battery specifications, including
standard modular rack-based systems constructed using prismatic cells. The
methodology is intended to be applicable across a variety of battery manu-
facturers, vessel types and battery room layouts.

In the early stages of ship design, designers need quick, defensible estimates
to make sure the project is possible before they spend time and money on
detailed tools. The design spiral is iterative by nature: you make an initial
layout and key assumptions, test them, refine them, and loop until the design
"closes." That is why tool is made for this loop. It's fast, easy to change, and
focuses on the most important decisions early on.[29]

22



Proportions and Requirements
Preliminary powering

Lines and
Body plan™~

Hydrostatics and

Bonjean curves

(Hull and Machineries)

\
F Ioodab]; I/en
and freeboard \\\\‘\\

/ |
General Arrangements |
I

Mission

Cost

I estimates
/

\
Powering
Structure

Concept Design
0.03%

~

Damaged

_~" stability

Capacities, trim

and intact stability

~. Lightship
weight estimate

Preliminary Design

Contract Design

0.5%

7.7%

Detailed Design
91.77%

Figure 11 Typical design Spiral of a large merchant ship.[29]

One major reason to perform this task is that there aren't any tools or data.
Big battery systems are still rather new in the maritime sector, and we don't
know exactly what happens when these big batteries fail and start fires. There
are simply generic safety requirements right now, and there isn't any real fire
testing data for massive marine batteries yet. This makes it hard for designers
to plan protection systems like ventilation, fire barriers, and cooling.

DNV's class rules DNV-CG-0660 put limitations on the level of energy that
can be accommodated in a single battery room. To reduce the risk of thermal
runaway event, capacity in a single space is limited to 5 MWh unless extra
safety features are installed. If a vessel would need between 5 MWh and 25
MWh in a single space, extra barriers must be installed. They consist of singe-
cell thermal runaway isolation design, special off-gas ventilation provision,
and at least one other protective measure such as thermal barriers between
modules, spacing increase, use of safer chemistries such as LFP, LTO or
internal fire-extinguishing and cooling systems. [30]

The model is built in spreadsheet and allows users to choose how many mod-
ules or racks are affected, what direction the fire spreads, and how long each
module burns. It also looks at cooling strategies, like using seawater, and es-
timates the thickness of steel needed to avoid failure during a battery fire.
Although this thesis does not simulate how thermal runaway starts, in our
analysis, we assume that thermal runaway has already occurred and evaluate
its impact on heat release, propagation across modules and racks, and the
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structural response of the battery room, especially in terms of steel wall ex-
posure and required safety measures. Designer can later do detailed analyses
(like CFD, FEA, or Multiphysics thermal-runaway models) in later spiral
turns.

1.5 Limitations

The modeling work that is included in this thesis is based on a combination
of engineering estimations, experimental fire data, and assumptions that are
derived from the literature. The absence of large-scale experimental thermal
runaway data for full-scale battery rooms that make use of LFP prismatic
cells is one of the most important limitations. Most of the available data
comes from small scale single cell, module, or rack-level fire tests, and this
introduces uncertainty when scaling to larger battery rooms. Even though
the model incorporates flame propagation logic from cell to room, it is diffi-
cult to validate the precise timing and intensity of fire spread between racks
without conducting full-scale trials.

The simplification of the fire dynamics and thermal behavior is another sig-
nificant limitation that must be considered. The simulation tool assumes uni-
form propagation within racks, simplified flame shapes, and TR durations
per module that are constant depending on combustion temperature. The
simulation excludes dynamic feedback between gas generation, pressure rise,
and suppression system performance. Furthermore, it does not account for
the effects of different ventilation configurations, gas leakage, or the use of
fire suppression systems like water mist or nitrogen flooding.

The steel structure is modeled based on a passive exposure assumption,
meaning that the estimated heat flux and structural load on the room as-
sumes no active cooling or insulation. In reality, cooling systems and materi-
als that are resistant to fire may be able to lower the peak temperature of
exposed area.

In addition, the modeling tool does not take into account localized effects
such as flame impingement on particular steel surfaces, structural defor-
mations that occur during heating, or buckling that occurs as a result of tem-
perature gradients. These effects are more complicated and would call for
more advanced finite element analysis. In addition, the resolution of the sim-
ulation is restricted, and it is not possible to fully capture the thermal expan-
sion or transient heat transfer in three dimensions.

Lastly, the accuracy of the results is dependent on the assumed HRR curves

and total heat release values. These values were obtained from published fire
tests and then adjusted for the Corvus module by using simplified scaling. It
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is possible that the results could be significantly impacted by variations in
real-world installations, such as the type of thermal insulation or the arrange-
ment of racks. Despite these limitations, the simulation approach provides a
method that is both practical and transparent for estimating the effects of
thermal runaway and heat in marine battery rooms.

1.6 Objective

This research aims to explore fire behavior, structural impact, and design
safety in fully electric marine battery rooms by:

Modeling Thermal Runaway Initiation, Propagation, and Fire Behavior
Simulate how thermal runaway (TR) starts and spreads within modular ma-

rine battery systems.

a) Analyze the effect of TR starting at the top, middle, or bottom module
within a rack on flame direction, heat release, and fire growth.

b) Model the progression of TR from cell - module — rack — battery
room, including how rack spacing affects fire spread.

c) Assess the influence of battery State of Charge (SOC) (0%, 25%, 50%,
75%, 100%) on: Heat release rate (HRR), Total heat released (THR),
Combustion duration and flame behaviour.

Evaluating Battery Room Size, Layout, and Structural Fire Risk
Estimate how fire affects the structure of the battery room based on different

room sizes and rack configurations.
a) Simulate heat flux to structural steel and determine when the fire’s
energy output exceeds the melting thresholds of the: Roof only, Roof
+ walls, Entire battery room enclosure.
b) Estimate the minimum required steel for battery room to avoid failure
under thermal stress during worst-case fire events.

Investigating the Role of Seawater Submersion in Delaying Structural Failure
Assess the effect of partial and full seawater flooding of the battery room on

fire suppression.
a) Model how flooding at different time steps after TR affects combus-
tion and steel melting timelines.
b) Evaluate whether seawater slows down or stops TR propagation, es-
pecially in rooms with higher capacities and compact layouts.
¢) Analyze how room shape and space distribution influence the effec-
tiveness of submersion in limiting structural damage.
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2 Literature review

2.1 Installation of Lithium-ion Battery Systems on Ships

A lithium-ion battery system installed on a ship consists of several layers. At
the smallest level, individual cells are grouped together into modules. Several
modules form a sub-pack, and multiple sub-packs make up a complete bat-
tery pack. As shown in Fig 12, each level includes sensors and is managed by
control systems such as the Battery Management System (BMS) and sub-
BMS. These systems monitor temperature, voltage, and current to ensure the
battery operates within safe limits. The battery room includes not only the
battery packs but also systems for ventilation, fire suppression, thermal man-
agement, and emergency disconnection.[31]

iBattery space Nt
_ | Ventilation - ondand | | shore
~ Fire protection i | distribution | | connection
Thermal P /e ; Charger
q | Air temp.requlation Engine » T m (incl AC/DC)
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---- control connections ‘ ! (electric propulsion

Figure 12 Battery System and related sub-systems.
2.2 Hierarchical Structure of Battery Units

At the cell level, failures may be caused by internal short circuits, often trig-
gered by mechanical deformation, particle contamination, or dendrite
growth. External heating, overcharging, or physical penetration can also
cause the cell temperature to rise, as shown in the figure 6. This can lead to
exothermic reactions inside the cell, resulting in venting of gases, fire, or even
explosion. At the module and sub-pack level, problems such as sensor failure,
control errors, loss of cooling, or insulation faults can occur.[32]
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Figure 13 Li-ion battery thermal runaway schematic.[33]

The TR process gives off heat and flame at the cell level, which can quickly
affect cells nearby in a battery module. The jet flame and hot gases from a
burning cell can heat up cells nearby, which could set off their TR in a cas-
cading way. This cell-to-cell spread can cover an entire module if it isn't
stopped. Also, a module that is on fire can set off other modules in the same
rack or pack, because the heat and fire can spread to nearby modules and
shut down the whole system. Each level in the hierarchy increases the risk
and gives you chances to do something about it. [33]

—

Cells Modules Racks BESS

Figure 14 General BESS arrangement

Thermal runaway Thermal runaway Module to module Entire rack affected Propagation to neighboring
on asingle cell propagation to cascading rack
adjacent cells

Figure 15 Thermal runaway propagation phenomenon in a BESS
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2.3 Regulatory Requirements (A0 and A60 Standards)

DNV classifies these risks into different categories and requires a systematic
approach to managing them. Ventilation systems must be able to perform at
least 6 air changes per hour (ACH) and be designed to prevent the build-up
of flammable gases. The most common gases released during thermal runa-
way include hydrogen, carbon monoxide, carbon dioxide, and various hydro-
carbon vapors. These gases are toxic, corrosive, and potentially explosive.
Therefore, gas sensors must be installed in the battery room, and certain au-
tomatic responses are mandatory. At 30% of the lower flammability limit
(LFL), the battery system must automatically disconnect. At 60% of LFL,
emergency ventilation must be activated. In the case of an explosion, pres-
sure relief panels must open to limit the pressure to 0.05 barg or less [barg =
pressure above atmospheric; 0.05 barg = ~5 kPa]. Without proper venting,
explosion pressure can exceed 6-8 barg in enclosed rooms, posing a severe
threat to the structural integrity of the battery space.[32]

DNV also mandates that the battery space must meet fire resistance stand-
ards of at least A-0, and A-60. To further protect adjacent spaces, battery
rooms are typically built with A-class fire divisions: A-0 prevents flame
spread but gives no insulation time, while A-60 can withstand fire for 60
minutes with limited heat transfer (<180 °C on the unexposed side). Battery
systems must be designed so that thermal runaway can be contained either
at the module level or at least within the battery room. If containment cannot
be guaranteed, additional physical barriers or passive cooling strategies must
be used. Furthermore, DNV recognizes the possibility of flooding and re-
quires an assessment of seawater submersion risks. Saltwater intrusion can
lead to short circuits and dangerous gas formation, particularly hydrogen,
and may trigger arc faults if not properly isolated.[32]

2.4 Thermal Runaway Phenomenon

Recent research has shown that a thermal runaway (TR) event that begins in
an intermediate layer can spread vertically to the layers that are adjacent to
it in stacked battery solutions. TR was triggered in the middle layer (Layer
2), it would then ignite both the upper layer (Layer 1) and the lower layer
(Layer 3). The upward propagation was more aggressive, characterized by
higher heat release and faster energy transfer, whereas the downward spread
was delayed and less intense. The study found that propagation delays might
be as long as 226 seconds within the same layer, and they could be as long as
596 seconds between adjacent layers.
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Figure 18 Transient temperature of EMBC TR.

As shown in Figure 19, the triangular plot of maximum temperature, total
heat output, and time of combustion provides a clear illustration of this phe-
nomenon. When TR began in Layer 2, the adjoining top layer, which was
Layer 1, had the highest peak temperature (1568 K) and the longest heat re-
lease duration (up to 860 s). This was mostly caused by the vertical convec-
tive heat increase and the preheating of the material. In contrast, the lower
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layer, which was Layer 3, had much lower peak temperatures (including tem-
peratures as low as 1160 K) and shorter durations of combustion, which re-
flected delayed and attenuated downward propagation. A variation in the
overall heat release was also seen, with the top layer gathering the greatest
amount of energy. Heat rises upward and amplifies the thermal impact in
upper levels, which is why bottom-initiated TR situations are the most dan-
gerous in vertical cabinet arrangements. Itis clear from these data that layer-
level thermal barriers, top-down venting, and the strategic positioning of
high-risk components in lower sections of marine battery systems are all nec-

essary. [3]

Maximun Temperature (K)
2

Layer 1
1604 \° —— Layer 2
—— Layer 3

_______

Duration of Heat Release (s) Total Heat Release (J)

Figure 19 Thermal runaway parameters across layers.[3]

FM Global [4] conducted comprehensive fire tests on lithium iron phosphate
(LFP) battery energy storage modules to characterize their fire behavior and
hazards. In these experiments, a single LFP battery module 5,1 kWh was
heated with external radiant heaters (flat 900 W heating elements mounted
under the module) at a controlled rate to induce thermal runaway. In order
to evaluate the amount of heat released and effluent gasses, the tests were
carried out inside of a full-scale calorimetry hood. When the interior cells of
the module reached a temperature of approximately 126 degrees Celsius, they
started to release combustible gases, which were visible as white smoke. Fol-
lowing the occurrence of ignition, the burning LFP module went through a
series of distinct stages of combustion. These stages included an initial jet of
flame as the first cells went into runaway, a period of steady flaming combus-
tion, and one or more secondary flare-ups as additional cells erupted. Finally,
the fire died down gradually and extinguished itself. For a single
120Ah (LFP) module, the peak heat release rate (HRR) reached roughly 0.4
megawatts (MW), with around 0.21 megawatts of the HRR being convected
into the environment. The total amount of heat that was released by a single
module was approximately 140-150 MJ, which is roughly equivalent to half
of the energy that was stored in the module.
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A representative heat release rate (HRR) profile Fig. 22 for a full-scale 16-
module LFP battery rack fire test, showing both the convective HRR and the
total chemical HRR as a function of time to illustrate the relationship be-
tween the two. The LFP rack displays a multi-peak fire development. Follow-
ing an initial delay, the HRR increases as thermal runaway spreads from the
lit module to the entire rack, reaching a peak of approximately 2.5 MW. Sub-
sequently, the HRR steadily decreases as modules burn out. The large-scale
fire test involved exposing a full LFP battery rack, which consisted of sixteen
modules stacked in a metal cabinet with an open front, to the same overheat-
ing ignition approach at the bottom module.
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Figure 22 Large-scale (16 module) heat release rate for LFP[4]

The subsequent fire served as evidence that a failure of a single module may,
in fact, result in the collapse of all of the modules contained within the rack.
After around 37 minutes of heating, flames began to form at the face of the
bottom LFP module. By approximately 1 hour 11 minutes into the test, the
fire had passed through the stack and ignited every module in the stack.
Flames were observed to reach roughly three meters above the rack at the
height of the fire, and flame jets were venting out from the front entrance and
even through holes in the top and rear of the rack, which indicated that the
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rack was subjected to severe thermal exposure on all sides. After about 1.6
hours, only the top half of the modules were still on fire. After about 2.3
hours, the LFP rack fire put out itself without any help, leaving the metal
structure of the rack badly damaged and warped from the heat. The heat re-
lease characteristics of the 16-module LFP rack followed a pattern that was
comparable to that of the single module, but on a much greater scale. The
LFP rack's highest HRR was about 2.54 MW (chemical), and its highest con-
vective HRR was about 1.68 MW. During its whole length, the LFP rack fire
produced about 3,810 MJ of energy, which is about 85% of the rack's theo-
retical chemical energy content. This means that the fire burned through al-
most all of the materials that could have caught fire. The heat flux sensors
that were mounted all over the test enclosure recorded moderate quantities
of thermal radiation that was caused by the LFP rack fire. For instance, at a
few meters distance, the peak incident heat flux was on the order of 4—
7kW/m2. This magnitude of heat flux is sufficient to cause heating and char-
ring of nearby surfaces, and it has the potential to ignite adjacent combusti-
bles if left exposed for a sufficient amount of time. However, it is lower than
that of more energetic lithium chemistries, and as a result, it presents a some-
what reduced radiative fire spread hazard at a distance.

(a) 0:37:15 (b) 0:38:35 (¢) 1:11:05

Figure 23 LFP fire development during large-scale (16 Modules) 83kWh free burn test: near
time of ignition (a), near time of predicted sprinkler[4]

2.5 Control of Thermal Runaway

Meelapchotipong et al. (2024) looked into how well submerging cylindrical
lithium-ion batteries in seawater stopped thermal runaway (TR) in 18650
NMC cells that were fully charged. The study used external heat abuse testing
to mimic overheating, followed by submersion in either deionized (DI) water
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or synthetic seawater (SSW) as soon as the voltage dropped from 4.2V to
about 2.5V. This was done to set the voltage drop temperature, which served
as a TR warning signal. Immersion in both liquids stopped TR development
by lowering the temperature of the cells below the point of ignition. However,
DI water kept the structure intact, while SSW led to rapid electrolytic dis-
charge and serious corrosion after about 1.5 hours. The writers found three
steps of TR, each with its own temperature and voltage pattern. They came
to the conclusion that SOC was a key factor in starting internal short circuits
around 100°C. Notably, nail penetration tests showed that even after sub-
mersion, leftover energy still posed risks of re-ignition.[34]
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Figure 24 Voltage changes of fully charged lithium-ion battery (LIB) submerged in DI water
and synthetic seawater (SSW).[34]

2.6 Hazard Level and Fire Test Observations

Zhou et al. studied how thermal runaway (TR) spreads in stacked lithium
iron phosphate (LFP) battery cells in both horizontal and vertical directions.
Two sets of four 3.2-V LFP prismatic cells (100% SOC) were put in a fire
chamber, and three cells were mounted about 10 cm above it on wire mesh
to make it look like a stacked battery cabinet. An external 500-W surface
heater set off the TR in the first lower cell. To make sure there was a flame
combustion (because LFP cells usually only vent white smoke and don't self-
ignite), an igniter was turned on at the time of safety venting to light the gases
that were released. The next step was watched by thermocouples and voltage
sensors on each cell (1 Hz sampling) that recorded temperature jumps and
voltage drops that marked the start of the safety vent (SV) and the transient
(TR). Nine thermocouples placed in the space between the modules meas-
ured the temperature spread across the vertical flame, and video cameras
recorded the burning process so that it could be studied.
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tests; (b) layout of the battery modules; (¢) thermocouple arrangements of batteries; (d) con-
figuration of the module without connection; (e) configuration of the module in parallel. [35]

According to Zhou et al.'s tests, horizontal (within-module) TR propagation
was mainly caused by heat transfer between cells that were very close to-
gether. This created a chain reaction that went from one battery to the next.
On the other hand, heat moved vertically to the upper module mostly through
convection and radiation. Flames and hot gases rising from the burning lower
cells heated the bottom of the upper module (a "ceiling jet" effect), and the
rising plume (like a chimney draft) quickly warmed the upper cells. So, when
the upper module cells were involved, several LFP cells went into TR almost
at the same time, with stronger flames and higher peak temperatures (about
548 °C in the upper cells vs. about 423 °C in the lower cells). Notably, each
lower-cell combustion only raised the temperatures of the upper-module
cells by about 30—40°C, which wasn't enough to cause TR on its own.
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However, the heat from the successive horizontal failures finally caused the
upper cells to run away. This caused the upward spread to happen much
faster and more severely. The upper module gave off about twice as much
heat energy as the lower module (490.7 kJ vs. 217.7 kJ) and burned in a "ex-
treme" way.[35]

#bat sl | #bat s2 | #bat s3 | #bat s4

Normal battery

Figure 26 TR propagation along horizontal and vertical directions for battery modules. [35]
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Figure 277 The developmental sequence of TR in energy storage systems.[35]

Another full-scale experiment to study how a 50 Ah lithium iron phosphate
(LFP) battery module behaved in a fire when exposed to radiant heat. They
focused on measuring the heat release rate (HRR) and total heat release
(THR) using oxygen consumption calorimetry. The HRR-time curve (Figure
28) shows that large-format prismatic cell modules have a complex combus-
tion process with multiple peaks. After a heating delay of about 700 to 800
seconds, the first major HRR peak (~56.1 kW) marks the start of venting and
the first flame ignition. Next, there are sharp peaks at 166 kW, 288 kW, and
314 kW at about 1350 seconds, which show that each cell or submodule is
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involved and the jet flame is ejected. After the radiant burner was turned off
after about 1500 seconds, the module continued to burn very hot, with two
more steps of combustion reaching their highest points at 170 kW and 190
kW, respectively, before slowly dying out. There was a peak in the red THR
curve, which shows that the combustion took about 3000 seconds and re-
leased 269.5 MJ of heat. [36]
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Figure 28 HRR and THR variations for LIB pack at different combustion states.[36]

Figure 29 Picture of the LIB pack after the combustion test.[36]
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2.7 DNV Guidelines on Battery Room Design and Failure
Modes

One important safety design limit that is now in place is a limit on how much
energy a single battery compartment can hold. In 2023, Det Norske Veritas
(DNV), a well-known classification society, changed its rules to limit the
amount of energy that can be stored in a single battery room to 5 MWh. This
5 MWh level is the minimum, and any higher level needs extra safety
measures to get approval. DNV's class rules say that installations of up to
about 25 MWh in a single battery space are only allowed if better fire protec-
tion and risk reduction systems are put in place.

After a 2019 battery fire on the ferry MF Yttergyningen and a subsequent fire
aboard MS Brim, investigators discovered that existing standards were inad-
equate and that "traditional extinguishing systems have limited effect" on Li-
ion battery fires. In response, the Norwegian government made safety rec-
ommendations that called for "compensatory measures" to protect passen-
gers and crew in case of a battery fire. These represent regulatory measures
at the governmental level, which influence national safety requirements.

Now, any installation that uses more than 5 MWh of energy in one place must
have special equipments for fire protection, cooling, and venting. For exam-
ple, rules say that a battery room above the threshold must have an automatic
fire-extinguishing system that can inert the air, as well as a water-based
sprinkler or spray to keep things cool all the time. Flooding with an inert gas
like nitrogen or CO2 will take away the oxygen from a lithium-ion fire. Water
mist will absorb heat to stop the fire from starting again and keep it from
getting out of control.[37]

At the same time as these new rules, battery makers and ship designers have
been making energy storage systems (ESS) bigger while also adding the
safety features that are needed. The Corvus Blue Whale ESS is a good exam-
ple of this. It's a next-generation marine battery system that can be used in
installations with a total capacity of more than 10 MWh. [38] The Blue Whale
was made just for big vessels, like cruise ships, Ro-Pax ferries, and offshore
support vessels, that need a lot of energy to run without polluting the air.
These kinds of systems can provide 20-25 MWh of power per ship. In fact,
the world's first fully electric offshore vessel, the eCSOV, will have a 25 MWh
Blue Whale battery, which is the biggest lithium-iron-phosphate (LFP) mar-
itime battery deployment to date.[39] This 25 MWh Blue Whale installation
has been approved by DNV after demonstrating compliance with the latest
class rules. [40]
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2.7.1 Thermal Runaway Prevention

The main goal of DNV's class rules is to stop and control thermal runaway in
lithium-ion batteries. The battery management system (BMS) is very im-
portant. It needs to monitor the cells conditions (temperature, voltage, and
current). This keeps batteries working in safe ranges and avoid triggering
thermal runaway. In the design, physical barriers and module design are ex-
pected to limit propagation if a cell does fail. Ideally, a single cell’s failure
should not spread to neighbouring cells (“module shall inhibit propagation
from cell to cell”). A failure in one cell should not affect cells nearby. The
rules say that the event must be contained, even if propagation isn't com-
pletely stopped. For example, during a thermal incident, the outside of a bat-
tery module should stay below about 130 °C, and no flames should escape.
The rules try to protect the rest of the battery system and give crews time to
respond before a small failure turns into a bigger fire by keeping any thermal
runaway to the smallest level possible (cell or module).

2.7.2 Ventilation and Explosion Relief

DNV class rules specify that there must be good ventilation so that any gas
that leaks out of a broken battery (like hydrogen or electrolyte vapor) can be
quickly removed from the area. The rules require a minimum ventilation rate
of 6 (ACH) in the battery room. This fast exchange of air lowers the levels of
flammable gases and gets rid of them, keeping them well below explosive lev-
els.

DNV's class rules also cover the worst-case scenarios by requiring explosion
relief measures. The battery space must safely vent the pressure if the flam-
mable gas does catch fire so that the structure isn't damaged. It is best to use
explosion venting panels that open at a low pressure (about 0.05 bar gauge).
These panels let off pressure at about 50 mbar (millibar), which keeps any
deflagration in the battery room from building to a dangerous level. The over-
pressure is vented to a safe area outside.[32]

2.7.3 Fire Detection and Suppression

DNV's safety rules also prioritize early fire detection and effective suppres-
sion to manage a battery fire if it occurs. The goal is to catch a thermal event
early and cool the batteries down so that the fire doesn't spread. In the bat-
tery space, you usually need conventional smoke detectors or other early fire
sensors for quick detection of any cells burning or overheating. When
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something is detected, the response systems (alarms, changes to ventilation,
and actions by the BMS) kick in to handle the situation.

To quickly cool the batteries and put out the flames, a fixed fire extinguishing
system (usually water-based, like a water mist or sprinkler system) is usually
needed. Water-based suppression is preferred because of its cooling capac-
ity. The class rules make sure there is enough water or suppressant available,
since a battery fire can last a long time and start up again if it isn't cooled
down enough. The class rules say that if a fire gets too big for the suppression
system to handle (for example, if it involves more than one battery module),
it may become uncontrollable. In that case, the priority changes to saving
lives (evacuating people).[32]

In summary, DNV's battery safety rules are based on three pillars: thermal
runaway prevention, ventilation, and fire suppression. Each one deals with
a different hazard such as cells getting too hot, gas leaking, and fire. But they
all have the same goal: to lower the chances of batteries failing. DNV's class
rules include design measures (like propagation-resistant modules and vent
panels) and system requirements (like gas ventilation rates, detectors, and
extinguishing systems). The main goal is to protect the ship and crew by stop-
ping any battery incident as soon as possible and keeping it as small as pos-
sible.
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3 First Principles (Physics Based) Modelling Ap-
proach

This chapter presents a method that is both structured and generalizable for
modeling the thermal behavior and fire propagation of lithium-ion battery
energy storage systems (BESS) being used in marine applications.

For analysis, a hierarchical framework is used instead of full models of spe-
cific systems to show how thermal runaway (TR) events happen in real ma-
rine battery systems. The investigation begins with the smallest component,
which is the battery cell or module, and then progresses to the rack level, and
finally reaches the entire battery room. At each stage, important thermal pa-
rameters are measured and tracked over time, these include the rate of heat
release (HRR), the total heat release (THR) and combustion duration.

The main goal is to figure out how thermal runaway starts and spreads from
one module in a rack to another and from one rack in a battery room to an-
other. By doing so, we are able to observe how the state of charge (SOC), the
distance between racks, and the Battery room size play a role in determining
the rate at which a fire spreads, the point at which secondary racks begin to
burn, and the amount of heat battery room steel walls experience. The end
result is an estimation of the time at which structural boundaries, such as
steel bulkheads, might become excessively hot and start melt.

This modeling system is set up in Excel by utilizing a combination of empiri-
cal scaling laws, data from fire tests that have been published in the litera-
ture. The primary assumptions, simplifications, and physical laws that gov-
ern the process are outlined in this chapter. In addition to that, it provides a
step-by-step guide that can be utilized with any battery configuration.

Module Fire Modeling — Rack Fire Propagation — Room-Level Simulation
3.1 Overall Modeling Strategy

The method begins at the level of the battery module and then progresses
upwards to the rack and room levels to illustrate the progression of fire
throughout the building. The model does not assume that the ignition point
with in rack is always the same; rather, it considers many different ignition
positions in a battery rack, such as fires that begin at the bottom, the middle,
or the top, and it records how heat release, combustion duration, and thermal
runaway (TR) spread throughout the system.

There are three primary steps throughout the modeling process:
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Module Level Fire Behavior As shown in (Fig. 30) First, we determine a
realistic heat release curve for one module. This is based on data from fire
tests that were published in the literature such as FM Global fire test [4] ,
which shows that only a portion of the battery's total energy is released when
it is exposed to fire. Using reduction factors from experiments, the module's
theoretical energy is turned into an estimated THR for both chemical and
convective transfer. Then, the normalized HRR curve is adjusted to match
the expected THR, combustion time, and peak HRR of the module. This
makes an HRR series that is time-resolved for one module.

Rack Level Fire Propogation As shown in (Fig. 30) Once we know the
HRR series for one module, we can model how the fire spreads amongst mod-
ules that are stacked on top of each other in a rack. The thermal runaway
could begin at the top, the middle, or the bottom of the rack, depending on
the situation. Based on where the ignition is, the model figures out how much
heat needs to be released off before the next module is ignited. Time delays
and energy threshold are utilized, and scaling variables are utilized to alter
the duration of time that the higher or lower modules burn, as well as the
peak HRR. The result is a stacked, time shifted HRR series for the whole rack
that shows how the fire spreads up and down.

Room Level Fire Simulation As shown in (Fig. 31) The next stage is to
determine how horizontal propagation happens between racks in a battery
room when the whole HRR and THR output of one rack has been estimated.
According to the FM Global [4] , when one rack burns, it causes the racks that
are nearby to receive heat. We use the idea that the flame source is in the
middle of the burning rack to figure out the radiative heat flux at different
heights and distances. If the heat flux that another rack receives exceeds a
certain level, then it is believed that rack will enter TR after a short period of
time. Depending on how the room is set up, this pattern goes on across the
room.

Parameters like state of charge (SOC) and inter-rack spacing are adjustable
inputs in the model. When SOC levels are higher, fires burn hotter and spread
faster. When racks are further apart, it may take longer for fires to spread, or
they may not start at all. Based on how long and how much energy is in the
space, the model also guesses when the steel structure would start to deteri-
orate or melt.
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Module-Level Modeling
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Room Level Modeling
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Figure 32 Methodology Overview for Fire Propagation Modeling Battery Room Submerssion

Assumptions and Physical Principles

Thermal runaway (TR) is a harmful chain reaction that can happen in a bat-
tery when it becomes too hot. The materials inside the battery start to break
down if the heat inside builds up faster than it can get out. This lets out gases
that can catch fire, and if the temperature is high enough, the gases can catch
fire, which can cause flames, jets of flame, and more heat release. When TR
starts in one portion of a battery, it can spread to other parts, making the fire
bigger.

This model says that thermal runaway goes through these essential steps:

The first module gets hotter and hotter

Gases that catch fire are let out

The gasses catch fire, making a flame and heat.

That heat moves to nearby racks or modules.

If they get hot enough, new modules might catch fire.

@
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This model is based on a few important fire science principles:

Heat Release Rate (HRR)
This is the rate at which energy is released during combustion. It’s measured
in kilowatts (kW). HRR is the main indicator of fire intensity.

Total Heat Release (THR)

This is the total amount of energy that the fire let off. It's the cumulative area
under the HRR curve over the burning duration (t), which is usually given in
megajoules (MJ). If the total THR is known, the HRR curve can be scaled to
fit the desired peak and duration.

tend
THR = HRR(t) dt (1)
0

This is used to scale experimental HRR shapes to larger modules.

Radiative Heat Transfer

Fire emits heat through radiation, which can heat up other racks without di-
rect contact. The model uses radiative heat flux to estimate when a neigh-
bouring rack might goes into thermal runaway. [4]

,,_Xr'Q (2)

41ir?

where q" is the chemical HRR, and y, is the radiative fraction. The 1/r?
dependence follows directly from the conservation of radiant power over a
spherical surface (inverse-square law), as presented in standard fire radia-
tion theory [41]. The radiative fraction y,. is taken from FM Global module-
and rack-scale fire tests, which reported values of 0.3—0.4 for prismatic LFP
modules.[4]

Heat Flux Threshold
This is the minimum amount of radiative heat (kW/m2) that must hit a sur-
face for a long enough time to cause thermal runaway in another rack.

It is assumed that the fire does not release all of the energy that is stored in a
set of batteries. According to the results of fire experiments in literature
Chapter 2, only a small fraction of the chemical energy that is theoretically
present is converted into heat.

Furthermore, the model assumes that the amount of heat released from the
module below (or above) is determined by vertical propagation within a rack,
and that the amount of radiative heat flux received determines horizontal
propagation between racks. To ignite, a neighbouring rack it must first
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receive an adequate amount of energy or flux, which is delayed by a period of
time that accounts for the resistance to ignition. [41]

3.2 Module Level TR Propagation and HRR Estimation

To simulate thermal runaway in battery rooms, an accurate estimate of the
heat release profile of a single battery module is required. This section de-
scribes a generalized method for estimating a module's heat release rate
(HRR) curve and total heat release (THR). The method makes use of data
derived from full-scale fire tests on lithium iron phosphate (LFP) battery sys-
tems comparable to the module under consideration.

The modelling approach assumes that the total energy released during a
module fire is made up of two components as discussed in Chapter 2: chem-
ical energy stored in the battery's combustible materials (such as plastics and
electrolyte), and electrical energy stored as usable charge. These two contri-
butions are added together to get an estimate of the module's theoretical total
energy generated through combustion. Nonetheless, experimental fire tests
have repeatedly shown that not all of this energy is released during combus-
tion. In the real world, the observed heat release is the result of only a small
fraction of the total energy available. To accurately represent the conditions
that exist in the real world, correlation factors derived from empirical re-
search are used.

3.2.1 Module Total Heat Release Scaling

The modelling process starts with estimating the module's composition. The
module is based on the standard lithium-ion battery design and contains a
variety of materials such as electrolyte and plastic separators. Each material
is assigned a known heat of combustion (AH,), typically expressed in MJ/kg.
To calculate each combustible component's energy contribution, multiply its
mass by its respective heat of combustion. [4]

Echem = Melectrolyte * AH c.electrolyte + Mplastic * AH ¢,plastic (3)
Furthermore, the electrical energy is included by converting the module's
rated energy from kilowatt-hours (kWh) to megajoules (MJ), using the fol-
lowing relation:
Eclectrical = Exwn X 3.6 4)

The total combustion energy is then calculated as:

Eiotal = Echem + Eelectrical (5)
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After calculating the theoretical total energy release, correction factors are
used to estimate the realistic partitioning of chemical and convective THR
seen in real fires. According to FM Global's large-scale ESS fire experiments
[4] chemical THR accounts for 51% of total energy release, while convection
accounts for 36%. In Eq. (6), they are given as empirical coefficients (k1 and
k2) rather than numerical constants since the exact fractions can vary de-
pending on battery chemistry, system design, and fire scenario. The values
given here are for LiFePO4 prismatic cell systems, and other chemistries
(e.g., NMC or LCO) can have different partitioning factors.

THRhem = ky - Eiotay  THRony = ky - Eiotal (6)

3.2.2 Module Combustion Duration Scaling

Combustion duration was scaled according to the square root of the ratio of
target to reference THR. This assumption avoids the overestimation that
would result from linear scaling, since larger fires burn more intensely due
to increased flame feedback and radiative transfer. Fire dynamics theory [42]
and large-scale FM Global ESS tests [4] both confirm that burn duration in-
creases sub linearly with energy.

This method compares the total heat release (THR) of a known reference test
module to that of the target module. The scaling factor is determined by cal-
culating the ratio of these two energy values and taking its square root. This
factor is then multiplied by the reference module's known burn duration to
determine the new system's combustion duration.

THR 4

. . get

Durationg, gy = Durationyeference X |[mmg———— (7)
THRreference

This square-root relationship is the physical principle that burning time in-
creases sublinearly with energy due to larger fires forming stronger flame
feedback and radiative heat transfer, speeding up combustion.

3.2.3 Module Peak HRR Scaling

To estimate the peak Heat Release Rate (HRR) for a battery module when
the total heat released (THR) is known, we use a simple scaling approach
based on an existing HRR curve from a literature. First, we take the shape of
the reference HRR curve, which depicts how heat is released over time, and
adjust its height by changing the peak HRR value. This adjustment is made
to ensure that the area under the scaled curve, which represents total energy
released, matches the battery's known THR. In practice, each point on the
original HRR curve is multiplied by a scaling factor proportional to the target
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and reference peak HRR values. We adjust the peak HRR until all heat re-
lease values over time (HRR x time step) equal the desired THR. This method
allows us to generate a realistic HRR curve for larger or different batteries
without having to conduct additional experiments.

Equation to scale HRR
Peak HRR ;rget
HRR = HRR i
scaled original X <Peak HRRreference (8)
Equation to calculate THR
n
THR = Z HRR; X At (9)

=1

3.2.4 Module HRR vs Combustion Duration Curve

After determining the THR and Combustion Duration, the next step is to gen-
erate the HRR curve over time. Given that experimental HRR data from
modules is available in the literature, the normalized HRR curve can be ex-
tracted. In most cases, this curve will show several flame events, including a
delay in ignition, a peak fire intensity, and a gradual decay. The model does
not create a new curve from scratch; rather, it keeps the shape of the experi-
mental HRR curve and scales it to match the target module's estimated THR
and combustion duration.

After that, the HRR curve is scaled vertically to determine the peak HRR that
is desired, and then it is scaled horizontally to correspond with the antici-
pated combustion time. All of this scaling is determined by the following re-
lation:

tend
THR = HRR(t) dt (10)
0

HHR Curve Time Scaling

The time scaling factor is used to adjust the total duration of the fire's com-
bustion process. If it is expected that the target module will burn for a longer
period than the reference module, the curve will be stretched along the time
direction. This represents the time scaling factor.

St — ttarget
Eref (11)

Where,
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trarget 1S the estimated combustion duration of the new module ¢,¢ is the total
duration of the reference fire test. Each time point in the reference HRR se-
ries is scaled by this factor to generate the corresponding time point for the
target module.

Each point on the reference time axis is stretched using:

tscaled = tref * St (12)

HRR Curve (Amplitude) Scaling

Once the time series is adjusted, the HRR amplitude must also be scaled to
reflect the desired peak HRR. This is done using the HRR scaling factor Sq ,
calculated as:

_ Qtarget,peak

S
Qref,peak

a (13)

Where:
Qtarget,peak P€aK is the peak heat release rate (HRR) of the module to be mod-

eled Qref peak 1S the peak HRR from the reference fire test. This scaling factor

is multiplied by each HRR data point in the reference curve to generate the
HRR profile for the new module.

The scaled HRR value at time t is:

t

HRR e (8) = HRReet(5) - S, (14)
t

This ensures that the area under the scaled HRR curve integrates to match

the expected THR:

ttarget
j HRRqeqieq (8) dt = THRyurge (15)
0

Finally, the HRR curve that was generated is used as the input for the mod-
eling steps that are performed at the rack-level and room-level. It serves as
the basis for the simulation of thermal runaway propagation and is used for
evaluating aspects such as the duration of the flame, the timing of the trigger
for neighboring modules, and the total energy load in the battery room. The
model is able to maintain its adaptability to a variety of module sizes, designs,
and Battery chemical compositions e.g NMC, NCA. The following table gives
an overview of how to get the scaled HRR curve:
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Input Values
Peak HRR = [to be calculated]
. . THRarget
Combustion Time trarget = Lref X }sz;g:
Ref Peak HRR = given
THR_target = given
THR_ref THR,f = Z(HRRref x At)
Known To Find
. Ref .
Time Time Energy Segment
(Sec) 3(5\% (Scaled) Scaled HRR (kW) J)
HRRtarget(t) Esegment,i
Cref HRRref Tscaled = Lref * St Peak HRRtarget = HRR; x At
= HRR,s(t) X | =———7— t
et (D) X | Dok HRR,.

Table 2 Input parameters for scaled HRR calculation. Reference values and equations used
for HRR and THR Curve scaling.

3.2.5 SOC-Dependent Scaling

The state of charge (SOC) of a battery module has a significant impact on
both thermal runaway behavior and fire intensity. As the state of charge
(SOC) of the battery decreases, so does the amount of chemical energy avail-
able within it, which has a direct impact on fire dynamics. Modules with a
high state of charge (SOC) tend to produce more violent and intense fires,
with higher peak heat release rates (HRR) and faster firing times. Modules
with a lower SOC, on the other hand, burn slower and with less intensity,
resulting in longer fire durations and a lower total heat rise (THR). SOC is
treated as an input parameter in the model, influencing the scaling of THR,
peak HRR, and combustion duration. The model alters the shape and mag-
nitude of the HRR curve in response to general trends observed in experi-
mental studies. Higher SOC values result in steeper and more intense HRR
curves, whereas lower SOC values result in broader, flatter curves with slower
fire growth.
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Figure 33 Heat release rate (HRR) during the combustion of a 7.7 Wh Li-ion cell at 0%, 50%,

and 100% SOC[43]

Table 3 Battery SOC Scaling Summary

SOCLevel THR  Peak HRR A Combustion Fire Behavior
Duration Description
SOC Rapid and intense
o High High Short combustion, with the
(100%)

SOC (75%) Moderate— Moderate—

High High Moderate
SOC (50%) | Moderate Moderate Longer
SOC (25%) Low Low Extended
o Minimal or Long or
SOC (0%) Very Low None negligible

greatest release of energy

Not as strong, but still
energetic and quick-
burning

Fire growth is slower, and
it releases less energy.

Weak combustion, slow
spread, and not much of a
fire risk.

It's not likely that the fire
will last long; it may not
start a thermal runaway.

3.3 Rack-Level Thermal Runaway Propagation and HRR Es-

timation

After modeling the heat release behavior of a single battery module, the next
step is to create the HRR profile for a battery rack containing all of the
modules. A rack is made up of several modules stacked vertically above one

another. Thermal runaway (TR) can spread to

neighboring modules

depending on the dynamics of the flame, gas venting, heat transfer, and the
module's structural configuration. This section describes how the rack-level
HRR curve is created by simulating the propagation of thermal runaway from

one module to the next within the rack.
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One of the most important ideas is that not all of the modules in a rack will
ignite simultaneously. Instead, once thermal runaway (TR) begins in a single
module (the base case), adjacent modules will enter thermal runaway if a
specific trigger condition is met. This condition is defined by the total heat
released by the module that came before it.

3.3.1 Triggering Rule for Next Module

The threshold condition is defined as a specific percentage of total heat re-
leased by the base module that is currently burning. During the simulation,
the cumulative THR curve is tracked over time, and the time when the trigger
threshold is crossed is recorded. This time value determines when the sub-
sequent module's combustion process begins.

M#2 —p TR starts t= x % of cumulative
THR of Base Module 1

Base Module —» TR starts t=0 s

3.3.2 Generating HRR for the Next Module

Starting from the base module’s combustion duration (as discussed in section
3.2.2), the duration for Module 2 is obtained by scaling it up or down depend-
ing on the thermal runaway propagation direction. With this new combus-
tion duration, we then adjust the module’s THR, since Module 2 will not have
exactly the same duration or energy release as the base module. Using the
updated THR and combustion duration, the two-step approach described in
Chapter 3.2 is applied to generate a new HRR data series for Module 2. Fi-
nally, this HRR curve is assigned a delayed start time, as determined using
the ignition delay procedure described in section 3.3.1.

1. Scaling of time based on the estimated amount of time required for
combustion for the new module
2. Scaling of the amplitude based on the newly determined peak HRR

3.4 Propagation Scenarios: Bottom-Up, Middle-Out, Top-
Down

There are different locations on the rack where thermal runaway can begin,
and the behavior of the propagation varies depending on the direction:

3.4.1 Bottom-Up Propagation Scenario
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In the bottom-up scenario, thermal runaway begins in the lowest module on
the battery rack as shown in Fig. 34 and progresses upward in a sequential
manner to higher modules. In this modeling approach, the first module, lo-
cated at the bottom, serves as the reference scenario, and the behavior of the
heat release from that module determines the fire's baseline shape, duration,
and intensity. After a delay, the modules above it experience thermal runa-
way. This delay is defined by a predetermined fraction of the total heat re-
lease (THR) from the module directly beneath it. When the fractional THR is
attained, the subsequent module's ignition is activated.

Each new module's HRR curve is created by scaling the reference curve (as
discussed in section 3.3.2) with a module specific peak HRR factor and tem-
poral scaling factor. After scaling, the curve is time-shifted to account for the
ignition delay, which is caused by the triggering THR condition. The stacking
of time-shifted HRR curves from bottom to top produces a realistic rack-level
fire profile with overlapping fires, increased intensity, and shorter burn peri-
ods.

Table 4 Bottom-Up Propagation — Scaling Strategy Summary

Parameter Scaling Approach[44]
. .. THR-based threshold (e.g., 5-10% of previous module’s
Trigger Condition THR)[44]
Start Delay Time when triggering threshold is reached
Peak HRR Scaled upward from one module to the next

Combustion Duration | Scaled downward (shorter) for upper modules - faster burning

THR Slightly decreasing across modules

53



W
M#8
»
M#7
=
S ) ]
] M#6
= o
8 a b
L=
g = M#5
a & z
22 ]
5 T g
g a2 2 M # 4
z 3 K
8 b M #13
= ¥
H )
WM # 2 "
AP R NS SlA |
o
—— %
E- =

Figure 34 Bottom-Up Propagation Scenario

3.4.2 Middle-Out Propagation Scenario

The middle-out scenario involves the onset of thermal runaway in a module
located in the centre of the battery rack as shown in Fig. 35. The fire spreads
in two ways from this ignition point: upward to the top module and down-
ward to the bottom module. Both directions are being propagated simultane-

ously.

First, the middle module is designated as the reference case in the modeling
logic. The baseline HRR curve is then created by combining the middle mod-
ule's total heat rate (THR), combustion duration, and peak HRR. The next
modules are activated whenever a present percentage of the cumulative THR
has been released from the module that came before them in their respective

TR starts t=% of cumulative
THR of Module 7

TR starts t= % of cumulative
THR of Module 6

TR starts t= % of cumulative
THR of Module 5
TR starts t= % of cumulative
THR of Module 4

TR starts t= % of cumulative
THR of Module 3

TR starts t= % of cumulative
THR of Module 2

TR starts t= % of cumulative
THR of Module 1

TR starts t=0

directions. This applies to both upward and downward branches.[44]
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Table 5 Middle-Out Propagation — Scaling Strategy Summary

Parameter Scaling Approach
Tenition Logic TR initiates in a middle and propagates both
& & upward/downward
Trigger Condition THR-based threshold from the adjacent module
Start Delay Calculated for each direction based on local trigger thresholds

Peak HRR Scaled for upward and downward paths (higher upward)
Combustion Duration Decreases for upward modules, can be longer downward
THR Decreases slightly along both directions or kept constant

TR starts t= % of cumulative
THR of Module 7

TR starts t= % of cumulative
THR of Module 6

TR starts t= % of cumulative
THR of Module 5

TR starts t= % of cumulative
THR of Module 4

TR starts t=0

TR starts t= % of cumulative
THR of Module 4

TR starts t= % of cumulative
THR of Module 3

Combustion Duration
Peak HRR

Thermal Runaway Direction

TR starts t= % of cumulative
THR of Module 2

Figure 35 Middle-Out Propagation Scenario

55



3.4.3 Top-Down Propagation Scenario

In the top-down scenario, thermal runaway begins in the battery rack's top-
most module and spreads downward toward the base. Unlike bottom-up
propagation, downward spread runs opposed to natural convection, making
heat transmission to lower modules slower and less efficient. As a result, the
fire growth pattern differs in both timing and scale dynamics.

In this modeling method, the top module serves as the reference scenario. It
describes the baseline heat release rate (HRR) curve in terms of shape, dura-
tion, and peak intensity. Once a certain fraction of the upper module's accu-
mulated THR has been released, the module below ignites. This threshold is
used consistently across layers to calculate ignition delays, and the start time
for each succeeding module is established by measuring when the THR % is
achieved in the module immediately above.

Because the downward spread encounters opposing buoyant forces and re-
duces direct flame contact, each lower module ignites later and burns less
brightly than the one above. As a result, the model employs a scaling-down
technique in which the maximum HRR steadily drops for each lower module.
At the same time, the combustion duration is somewhat increased, indicating
a slower ignition and longer combustion process at the bottom of the

rack.[44]

Table 6 Top-Down Propagation — Scaling Strategy Summary

Parameter Scaling Approach
Ignition Logic Fire initiates at the top module and spreads downward
Trigger Condition THR threshold from the module directly above
Start Delay Tracking when each module receives required heat
Peak HRR Scaled downward progressively from top to bottom

Combustion Duration | Scaled upward for lower modules, simulating slower burning
THR Slight decrease toward bottom modules

HRR Curve Based on top module’s curve; each one scaled and time-shifted

56



Madule X

—» TRstarts t=0s

TR starts t= % of cumulative

 M#;
| A/ THR of Module 8

TR starts t= % of cumulative
THR of Module 7

M#6

|
bR o
v

M#5 TR starts t= % of cumulative
THR of Module 6

> TR starts t= % of cumulative

M #
& THR of Module 5

TR starts t= % of cumulative
THR of Module 4

Combustion Duration
Peak HRR

M#3

Thermal Runaway Direction

TR starts t= % of cumulative

M#2 THR of Module 3

TR starts t= % of cumulative
THR of Module 2

=2
| SIS AR A R
v

Figure 36 Top-Down Propagation Scenario

3.5 Room Level Thermal Runaway Propagation
Estimating the Ignition Time of Adjacent Racks Using Heat Flux

After modeling the heat release behavior of a single battery rack experiencing
thermal runaway (TR), our next step is to evaluate the possibility of horizon-
tal fire propagation to surrounding racks. In this method, the whole heat out-
put from a burning rack is considered and a point heat source is estimated to
be located in the center 1/2 H of the height of rack. Because of this simplifi-
cation, we can model the radiative heat flux that reach adjacent racks at var-
ying heights while also considering for the gap between racks.

This flux based on conventional radiation and convection equations that ac-
count for variables such as flame temperature, distance between racks, and
radiative proportion of total heat output. The analysis identifies whether the
incident heat flux exceeds a crucial level required to begin TR for each mod-
ule located in the rack adjacent to it.

Once a module has accumulated enough cumulative heat to reach this thresh-

old it begins TR. Except for this we also have additional delay accounts for
thermal inertia, the effects of local suppression, and the time necessary for
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gas creation and venting. Following this delay, the module is considered to
have thermal runaway, and a new HRR curve is generated for that rack based
on the new start time we have identifies from the heat flux.
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Figure 37 Estimating the Ignition Time of Adjacent Racks Using Heat Flux

Assumptions and Inputs

As described in the previous section, we first use heat flux (the amount of
heat that reaches another surface) to determine how long it takes to activate
the second rack once the first one catches fire. This delay provides a starting
point. Once we know the time, we can determine when the other racks in the
room will catch fire.

When a battery fire (thermal runaway) occurs in one rack, it might cause heat
to spread to the others. However, this does not happen all at once; it takes
some time for the heat to spread to the other racks, causing them to catch
fire. To determine when each nearby rack will go into thermal runaway, we
must first determine its distance from the rack where the fire began. We ac-
complish this by examining the position of each rack in the room (as if it were
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on a map). Once we have the distance, we can apply a simple rule: the farther
the rack is, the longer it takes the fire to reach it. For example, if the rule
states that it takes 30 seconds for fire to travel one meter and a rack is two
meters away, we expect it to catch fire after sixty seconds. The entire battery
room is divided into two rows, and we repeat this process for each rack by
measuring the distance it is from the first rack that caught fire. The delay is
then used to create the fire curve (HRR curve) for each rack, which depicts
how the fire spreads around the room over time. This delay is determined by
how near or far apart the racks are, therefore changing the spacing affects
how quickly or slowly the fire spreads.

Room Configuration The battery room has many racks spaced at regular
intervals (e.g., 1.2 m apart). The X and Y coordinates of each rack are defined,
and one rack is chosen as the ignition rack from where the TR initiated. The
thermal runaway is supposed to start at t=0

Distance Based Delay Estimation The distance between racks is calcu-
lated using the Pythagorean theorem (Eq. 16), which gives the Euclidean dis-
tance between two rack centers in a 2D floor layout. This is a first-principles
geometric relation, appropriate because racks are arranged on a rectangular
floor plan, and the center-to-center distance defines the effective heat trans-
fer path.

d=+Ct2—x)% + (¥ — y1)? (16)
The delay time to trigger TR in an adjacent rack is then:

tdelay = d X 8per meter (17)

where 8cr meter 18 the delay time per meter (Distance of desired rack from the
base rack) (e.g., 8125 s/m).

The delay time is then assumed proportional to this distance (Eq. 17). This
linear relation is an empirical simplification: it comes from the ignition delay
calculated earlier in this chapter based on radiative heat flux thresholds.
Once this delay factor is established, it is applied to other racks in the battery
room by multiplying with the distance found from (Eq. 16).

The ignition time of the new rack is:

tignition = tstart, base rack T tdelay (18)

Directionality of Flame and Ignition Module Selection
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Depending on the location in the base rack where TR began, the model as-
sumes that the ignition in the subsequent rack will take place at a particular
module:

The ignition location within a rack determines how flames impinge on adja-
cent racks. Three cases are considered in the model: ignition starting from
the bottom, the top, or the middle of a rack. This assumption is based on vis-
ual observations from experimental videos of full-scale rack fire tests (e.g.,
FM Global). When ignition occurred at the bottom of a rack, flames rose up-
ward and impinged on the neighboring rack from the top. When ignition be-
gan at the top, flames spread downward, so the neighboring rack was exposed
from the top as well. Finally, when ignition occurred in the middle, flames
and hot gases struck the neighboring rack at the same mid-level. These ob-
served flame propagation patterns are reflected in the model, which assigns
the ignition height of adjacent racks based on the location of ignition in the
base rack.[45]

Room Level Heat Release Output

The room-level HRR is obtained by summing the HRR curves of all racks,
each shifted by its ignition time (Eq. 19). This superposition approach is con-
sistent with the fact that HRR is an extensive property: the total is simply the
sum of contributions from each burning rack.

n
HRRroom(t) = 2 HRRi(t - tignition,i) (19)
i=1
Similarly, the total cumulative heat release is:

n
t

THRroom(t) = EJ HRRi(t - tignition,i) d (20)
i=1"0

In Egs. (19)-(20), n denotes the number of racks in the battery room. Each
rack contributes its own HRR curve, HRR; which is shifted in time by its ig-
nition delay tigitioni- The room-level HRR, HRR,,om (t), is obtained by sum-
ming these contributions (Eq. 19). The corresponding cumulative total heat
release, THR, . (t), is obtained by integrating each rack’s HRR over time and
summing the results (Eq. 20).
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3.6 Consequences of Thermal Runaway: Structural Steel
Melting

When assessing the battery room's safety, one of the most important ques-
tions to ask is whether the cumulative heat release from battery thermal run-
away (TR) events can cause structural steel elements, such as the walls, ceil-
ing, and frames, to melt. This section describes the methodology used to com-
pare the total energy input from combustion (Total Heat Release, or THR) to
the energy required to melt structural steel. The goal of this investigation is
to determine whether the thermal energy in the room exceeds the critical
melting threshold, and when this occurs.

The approach relies on computing the energy required to heat and melt the
structural steel components in the room. This total melting energy comprises
two parts:

1. Sensible heat to raise the temperature of the steel from ambient
(20 °C) to its melting point (approximately 1500 °C), and

2. Latent heat required to perform the phase transition from solid to lig-
uid at constant temperature.

The cumulative thermal energy from battery fires (THR) is then compared
against this threshold to assess structural risk.

Step 1: Calculating Steel Mass

The steel structure in the battery room includes vertical wall plating, ceil-
ing/deck plating, horizontal stringers, and vertical frames. The total steel vol-
ume

Viteel 1 the sum of individual component volumes:

Vsteel = Viwall + Veeiling + Vaeck + Virames + Vstringers (21)
The total steel mass mg, is then calculated by:
Msteel = Psteel * Vsteel (22)
Where pg.e; = 7850 kg/m3 is the density of shipbuilding steel.[46]
Figure 38 shows a typical ship hull structure with internal bulkheads and
deck plating. These structural steel components serve as the load-bearing

boundaries of compartments like battery rooms, as well as the areas exposed
to heat during a thermal runaway event.[47]
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Figure 38 Ship structural steel layout (hull, deck, and bulkheads)

Step 2: Sensible Heat Calculation
Sensible heat is the energy required to raise the steel’s temperature from am-
bient (To = 20°C )to its melting point (Tm = 1500°C) [48]

Qsensible = Miteel * € * AT (23)

Where ¢ = 0.46 kJ/kg-K (specific heat capacity of steel, assumed constant).
[49]

Step 3: Latent Heat Calculation
Once the steel reaches its melting point, an additional energy input is re-
quired to melt it:

Qlatent = Msteel * L (24)
Where L=272 kJ/kg is the latent heat of fusion for steel.[50]
Step 4: Total Melting Energy
The total energy required to raise the steel to its melting point and melt it is

the sum of the sensible and latent heat:

Qtotal, melt = @sensible T Qlatent = Msteel * (C - AT + L) (25)

This value represents the energy threshold against which we will compare the
battery room’s total heat release.

62

Steel Structure



Step 5: Comparing to Battery Room THR

The cumulative THR of the battery room is calculated by adding the THR of
all racks experiencing thermal runaway while accounting for staggered igni-
tion and propagation. When THR Qroom(t) exceeds the steel melting thresh-
old Qtotal, structural failure is likely to occur.

The condition is:

If Qroom(t) = Qiotamel»  then melting onset occurs at time ¢ (26)

Step 6: Final Calculation
To complete the analysis, we track the cumulative THR over time and com-
pare it to the threshold.

tmelt

Q(t) dt = Qtotal, melt (27)
0

Where:
Q d(t) is the total heat release rate (HRR) from the room at time t, tmelt is
the predicted onset of steel melting.
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3.7 Design and Workflow of the Spread sheet Simulation
Tool

In the last part of the methodology, the spreadsheet simulation tool for mod-
eling thermal runaway situations in large marine battery systems is shown.
The tool integrates data from experimental fire tests, battery specifications,
and propagation dynamics to estimate the heat release rate (HRR), total heat
release (THR), combustion duration, and impact on battery room integrity.
It is made to be modular, scalable, and flexible so that it can be used with
different case studies and room layouts. This makes it useful for conceptual
design and early-stage fire safety evaluation.

STEP 1: Input & Configuration Block

This is the entry point where the user provides all the key simulation param-
eters. These values drive all subsequent calculations in the Excel tool.
User Inputs:
1. Battery module type (e.g., Corvus Blue Whale)
Battery Chemistry (LFP/NMC)
Module Nominal voltage and Capacity
Battery room capacity (e.g., 5-25 MWh)
Ignition location (bottom, middle, top module)
Ignition type - Rack Number (corner or center of the room)
State of charge (SOC) in %
Distance between racks
. Area of Inetrest (Battery room Roof, Walls, Floor)
10. Submersion scenario (none, partial, full)

20 0N U R0
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STEP 2: Cell » Module Scaling

This part of the model takes known thermal runaway behavior of a single
prismatic LFP cell (e.g., HRR curve, combustion energy, duration) and scales
it up to the full module level based on the number of cells per module and
their configuration (series/parallel).

For example, the Corvus Blue Whale module contains:

75 prismatic LFP cells (25S3P)

Each cell: ~672 Wh, 210 Ah

Total module energy: ~50.24 kWh

The tool scales:

Peak HRR

Total Heat Release (THR)

Combustion duration by either direct energy ratio scaling or cali-
brated empirical multipliers (based on FM Global test data).

N o p @b

The next step converts single-cell thermal runaway data into module-level
heat release profiles. Using cell-level heat release rate (HRR) and total heat
release (THR) values extracted from literature (e.g., Wang et al., 2017) and
calibrated against FM Global’s large-scale fire test data, the tool multiplies
these by the number of active cells within the module. For the Corvus Blue
Whale module, this includes 75 prismatic LiFePO4 cells arranged in a 25S3P
configuration. The scaling accounts for both energy content and SOC-de-
pendent combustion behavior. The combustion duration and flame dynamics
are also adjusted based on the total chemical energy and experimental
trends. The result is a module-level HRR curve used in downstream rack-
level aggregation.
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Figure 40 FM Global rack test data scaled to the Corvus module for THR and combustion
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STEP 3: Module — Rack Scaling

This step sums up the HRR and THR contributions from individual modules
to generate a rack-level fire profile.
You can customize:
1. Number of modules per rack (default: 9 for Corvus Blue Whale)
2. Which modules ignite and when (based on propagation logic)
3. Ignition direction (bottom-up, top-down, middle-out)
It outputs:
1. Combined HRR curve for the entire rack
2. Rack-level THR
3. Total combustion duration of the rack fire

The tool then aggregates the module-level thermal behavior to form rack-
level heat release profiles. For each rack, the number of modules and their
respective ignition times are specified. The user can define ignition order
based on physical location (e.g., bottom-up, top-down, or middle-out). This
allows simulation of realistic fire propagation paths through the rack. The
model computes the cumulative rack HRR and THR curves by summing ac-
tive module profiles while accounting for overlap in combustion and delay in
ignition. This step captures the influence of module arrangement and igni-
tion pattern on total rack combustion energy, flame behavior, and duration.
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Figure 41 Time-resolved heat-release-rate (HRR) datasets used in the model, including ref-
erence, scaled, and cumulative curves with ignition delay.
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STEP 4: Rack — Room Aggregation and Spatial Propagation

This stage calculates total battery room-level fire behavior by:
1. Summing HRR and THR from all racks undergoing thermal runaway
2. Applying propagation delays between racks based on distance and ig-
nition type
3. Incorporating spatial layout (e.g., racks in rows, corner vs. center ig-
nition)
4. Allowing full or partial ignition scenarios (e.g., only 4 of 12 racks burn)
The propagation timing can be:
1. Manual (user-defined)
2. Automatic (based on radiative heat flux models like FM Global’s MPS
radiation model)
This step yields:
1. Total room HRR curve
2. Total THR
3. Overall fire duration
4. Time-resolved rack ignition sequence

In this stage, the model scales thermal behavior from rack to room level. The
user defines how many racks are involved in the thermal runaway event, and
the spatial configuration (e.g., total racks in room, inter-rack distance, and
ignition point). The tool calculates the ignition delay between racks based on
either user-defined values or automatic estimates using heat flux correlations
(e.g., the FM Global MPS model). The resulting total room-level HRR and
THR curves represent the full energy release scenario under the defined lay-
out and propagation logic. This enables realistic modeling of partial room in-
volvement, directional fire spread, and worst-case cascading effects across
multiple racks.
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Figure 42 Time-resolved heat release rate (HRR) curves for sequential rack ignition in the
battery room, including ignition delays, rack contributions, and cumulative room HRR.
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STEP 5: Structural Impact Analysis (Steel Melting & Cooling Effects)

This stage evaluates the impact of the fire on the battery room’s steel struc-
ture, specifically:
1. Calculates incident heat flux on walls, roof, and floor over time (based
on flame height and HRR)
Checks when local temperature exceeds steel melting thresholds
1. Wall, roof, floor thresholds are treated separately
Allows toggling of seawater or freshwater submersion:
1. None
2. Partial (e.g., lower 1 m)
3. Full (entire rack submerged)
It outputs:
1. Melting status and time for each surface
2. Temperature vs. time profiles
3. Cooling impact curves (if submersion selected)

The final physical modeling step assesses how the fire affects the structural
integrity of the battery room. The tool estimates heat flux on the steel walls,
roof, and floor based on calculated flame height, combustion power, and rack
position. Using known steel melting thresholds, the model checks when
structural elements are likely to fail. Users can simulate cooling scenarios by
toggling partial or full seawater submersion, which affects flame quenching
and temperature decay. The tool outputs time-to-melt estimates and plots for
structural response, helping evaluate passive safety and mitigation strategies
under different fire conditions.
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Figure 43 Calculating steel melting onset, heat flux exposure, and cooling effects (none,
partial, or full submersion).
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STEP 6: Outputs and Visualization Module

This module automatically generates graphs and visual summaries of simu-
lation results. It pulls computed data from earlier steps and visualizes:
1. HRR curves (per module, rack, and room)
2. THR totals
3. Fire duration
4. Steel melting timelines
5. Propagation charts
Sensitivity visuals:
1. Radar/spider charts (effect of SOC, rack distance, etc.)
It also includes:
1. Conditional formatting for warnings (e.g., “Steel melts at T = xxx s”)
2. Toggle buttons or dropdowns for scenario switching.
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Figure 44 the visualization module compiles results into HRR/THR curves, structural re-
sponse charts, and sensitivity plots for design evaluation
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The simulation tool concludes with an integrated output dashboard that vis-
ualizes the results of each scenario. HRR and THR curves are plotted for in-
dividual modules, racks, and the entire battery room, enabling easy compar-
ison across scenarios. Structural failure predictions are displayed in time-se-
ries charts showing the onset of melting in various surfaces. Sensitivity anal-
ysis results are visualized through tornado charts (ranking parameter influ-
ence) and radar/spider charts (multi-variable effects on key outputs). Condi-
tional formatting highlights critical thresholds such as excessive flame
height, unacceptable heat flux, or late rack ignition. These visual tools sup-
port intuitive interpretation of the fire dynamics and facilitate fast design de-
cisions during conceptual ship safety planning.

76



4 Validation Case: Corvus Blue Whale ESS

Corvus Energy is a leading supplier of marine battery systems for hybrid and
all-electric vessels.[51] Its product lines include the Orca, Dolphin, Marlin,
Moray, and Blue Whale ESS, which are all optimized for specific maritime
applications.[52] The Corvus Blue Whale was created specifically for high-
energy, low-power applications in large vessels like ferries, cruise ships, and
offshore support vessels. It uses lithium iron phosphate (LiFePO4, LFP) pris-
matic cells and features passive single-cell thermal runaway isolation, as well
as fail-safe protection circuits for over-temperature and over-voltage
events.[53]

This validation study focuses on the Corvus Blue Whale ESS, which produces
48.23 kWh of energy per module with a nominal voltage of 80 V and a total
capacity of 628 Ah. The system has a continuous discharge rate of 0.7C, mak-
ing it ideal for long-duration, emission-free operations like port stays or
transit at low loads. [38]DNV and RINA have class-approved the Blue Whale
system, indicating that it is suitable for maritime use. [54]

While the Corvus specification sheet does not specify the exact cell model or
configuration, modeling assumptions were required to proceed. Based on the
energy, voltage, and chemistry, this thesis assumes that each module has 75
prismatic LFP cells arranged in a 25S3P configuration. Each cell is expected
to deliver approximately 672 Wh (3.2 V, 210 Ah), which is comparable to
commercially available high-capacity prismatic LFP cells.[55]

Figure 45 Battery Cell to Rack Structure in Corvus Marine ESS
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Specification Value

Battery Cell Chemistry Lithium Iron Phosphate (LiFePOa4)
Single Module Capacity 628 Ah
Single Module Energy 48.23 kWh
Module Voltage 80 VDC
C-Rate (Peak) 1C / 1C for 20 minutes

C-Rate (Continuous) 0.7C/ 0.7C

Module Dimensions (L x W x H) 1165 X 905 X 238 mm
Module Weight 395 kg

Volumetric Energy Density 192 Wh/L

Specific Energy 122 Wh/kg
Cooling Method Forced air

12 Energy Storage Systems Corvus Energy
Corvus Energy Energy Storage Systems 13
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Figure 46 Technical Specifications of Corvus Blue We Battery Moduie and Rack
4.1 Cell Configuration Assumption

To estimate the internal configuration of the Blue Whale module, we selected
the EVE MB31 prismatic LFP cell as a representative cell model. [56] This
cell is a Grade A 3.2V, 314 Ah lithium iron phosphate cell with a single stud
terminal, selected for its close match with Corvus’s known voltage specifica-
tion and its suitability for high-energy marine battery modules.
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To achieve the module's specified output of 80 V and 628 Ah, a configuration
of 25 cells in series is required to meet the voltage requirement.

25cells x 3.2V = 80V (28)

To reach a total module capacity of 628 Ah, and since each EVE cell is 314
Ah, we need two parallel strings:

314 Ah X 2 = 628 Ah (29)
Therefore, the total number of cells in the module is:
25 (series) X 2 (parallel) = 50 cells per module (30)
According to manufacturer data, each cell has a volume of 2.58 liters and
weighs 3.8 kg. This gives a total cell volume of 129 liters and a total mass of
190 kilograms. However, refined volume and weight estimates from the Ex-

cel model show:

Therefore, the total number of cells in the module is:

Table 7 Cell Configuration and Calculation of Total Cells per Module

Parameter Value Description
Cell Capacity - Ah 314 Standard LFP cell capacity
Cell Voltage 3,2 Standard LFP cell voltage
Cell Energy - Wh 896 Typical energy per cell
Cell (TxWx H) 71x 173.7 X 207.2 mm Standing orientation
Single Cell Volume 2,58 Each cell volume in liters
Single Cell Weight 3,8 Each cell weight
Cells in Series 25 Number of cells in series for 80 V
Parallel Strings 2 2 parallel strings to reach 628 Ah
Total Cells 56 Total number of cells (25SP)
Total Energy - kWh 50,24 Energy stored in the module
Total Volume (L) 194 Cell volume inside the module
Total Cell Weight (kg) 213 Sum of all cell weights in module
Module Outer Volume (L) 251 Volume of the module enclosure
Cell Volume Fill Ratio 77 % total module volume
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4.2 Use of FM Global Experimental Data

To validate the thermal runaway model developed in this thesis, published
experimental data from FM Global’s full-scale fire tests [4] were used as the
reference. These tests involved lithium iron phosphate (LFP) batteries con-
structed with prismatic cells.

The FM Global study calculated the total heat release of prismatic-cell LFP
modules by considering both chemical combustion energy (electrolyte and
plastic casing) and electrical energy (kWh converted to MJ). For a 5.2 kWh
module, the estimated theoretical energy was: Using Eq. (3). (4) & (5)

Electrolyte (2.6 kg x 28 MJ/kg) = 73 MJ

Plastics (4.9 kg x 38 MJ/kg) = 188 MJ

Electrical energy (5.2 kWh x 3.6 MJ/kWh) = 18.7 MJ
Total theoretical energy = ~279 MJ per module

BN

However, in real-world fire tests, the actual released energy was much lower:

1. Chemical THR = ~143 MJ (51% of theoretical)
2. Convective THR = ~101 MJ (36% of theoretical)

Supporting graphs illustrate this behavior. In the single-module HRR profile,
the first flame event begins at ~3600 seconds, reaching ~400-500 kW. Heat
Release Rate Profile of a Single LFP Module During Thermal Runaway
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Figure 47 HRR Profile of a Single LFP Module [4]
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Based on the FM Global study findings, the table summarizes the total energy
content and fire behavior at the cell, module, and rack levels for lithium iron
phosphate (LFP) battery systems.

The Appendix A contains additional results, detailed fire test data, and the
FM Global-based model parameters used in the simulations.

4.3 Corvus Blue Whale Module: Combustion Energy and
THR Estimation

To estimate the Corvus Blue Whale module's total heat release and combus-
tion energy, an internal cell configuration based on standard LFP cells with
a nominal voltage of 3.3 V and a capacity of 20 Ah is assumed. Notably, this
is the same cell type as used in the FM Global fire test. To ensure consistency
and accuracy in thermal runaway modeling, the Corvus Blue Whale module
is assumed to be made up of the same 20 Ah LFP cells

4.3.1 Cell Configuration
To match the module's rated output of 628 Ah at 80 V, the following config-
uration is derived:

Number of series cells:80V /3.3V = 24
Number of parallel strings: 628 Ah / 20 Ah = 31
Total cells per module: 24 X 31 = 744 (configuration: 24s31p)

Combustible Mass Breakdown
Based on FM Global's data,15.31% of the module's mass is combustible.
Combustible mass: 395 kg X 0.1531 = 60.46 kg
Electrolyte (34.67%): 60.46 kg x 0.3467 = 20.96 kg
Plastic (65.33%): 60.46 kg x 0.6533 = 39.50 kg

Chemical and Electrical Energy
Electrolyte energy: 2096 kg x 28 M]J/kg = 586.86 M]
Plastic energy:39.50 kg x 38 MJ/kg = 1501 MJ
Total chemical energy: 586.86 + 1501 = 2087.86 MJ
Electrical energy: 50.24 kWh x 3.6 MJ]/kWh = 180.86 M]
Total combustion energy: 2087.86 + 180.86 = 2268.72 MJ

Estimated Heat Release
Using Eq. (6)
Chemical THR (51%): 0.51 x 2268.72 = 1168.97 M]
Convective THR (70.6% of chemical): 0.706 X 1168.97 = 825.64 M]

81



4.3.2 Corvus Blue Whale Rack: THR Estimation for a 9-Module Sys-
tem

To simulate full rack behavior, a standard Corvus battery rack made up of 9
Blue Whale modules.

Rack Parameters
Rack energy:9 x 50.24 kWh = 452.16 kWh
Electrical energy: 452.16 X 3.6 = 1627.78 MJ
Rack mass:9 X 395kg = 3555 kg

Combustible Mass and Breakdown
Combustible mass: 3555 kg X 0.15 = 533.25 kg (rounded to 544.13 kg)
Electrolyte (35%): 544.13 kg X 0.35 = 188.63 kg
Plastic (65%): 544.13 kg x 0.65 = 355.50 kg

Rack Combustion Energy
Electrolyte energy: 188.63 kg x 28 MJ/kg = 5281.71 MJ
Plastic energy: 355.5kg X 38 MJ/kg = 13,509 MJ
Total chemical energy: 5281.71 + 13,509 = 18,790.71 MJ
Total energy (incl.electrical): 18,790.71 + 1627.78 = 20,418.49 M]

Rack THR Estimation
Chemical THR (86%): 0.86 x 20,418.49 = 17,519.2 M]
Convective THR (73% of chemical): 0.73 x 17,519.2 = 12,737.06 M]

The Appendix A includes additional results and detailed model parameters
for the Corvus Energy Blue Whale module and rack, which were used as in-
puts in the thermal runaway simulations.

4.3.3 Estimation of Combustion Duration and Peak (HRR)
FM Global's experiments included scenarios with:

1. A single module.
2. A 6-module cabinet.
3. A complete 16-module rack.

The duration of combustion was determined using the period of significant
heat release. For example, in the single-module test, thermal runaway began
around 3000 seconds and combustion ended around 5360 seconds, resulting
in a total burn duration of: 2360s

Using Eq. (7)

THR ratio = Corvus Energy Module THR / FM Global Module THR
= 1168.97/143 ~ 8.18
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Scaling factor = V/8.18 ~ 2.86
Corvus module Combustion Duration = 2360s X 2.86 =~ 6748 s

The Appendix A contains scaling logic for estimating peak combustion
duration for the Corvus Blue Whale module using experimental results from
FM Global's 20 Ah LFP module tests.

4.3.4 Peak HRR Estimation via Curve Fitting

Square root scaling produced realistic combustion durations, linear scaling
of peak HRR based on energy ratios resulted in unrealistically high values.
This is due to the nonlinearity of flame dynamics and the localized combus-
tion behavior found in large battery modules. As a result, a different method
was used to calculate peak HRR while maintaining the experimental (FM
Global) HRR curve shape.

The method relies on the relationship between Total Heat Release (THR) and
the area under the HRR curve. Given what we already know:

1. THR for the Corvus module (826 MJ convective).
2. Total combustion duration (e.g., 6748 seconds).
3. Normalized HRR shape from FM Global data.

We applied curve scaling to fit the HRR curve. The methodology is as follows:
The experimental HRR curve (for example, FMG single module) was normal-
ized in shape. As explained in the Chapter 3, Section 3.2.3

1. Excel Solver was used to adjust the peak HRR (scaling factor) Eq. (8)
while keeping the shape constant.

2. The solver reduced the difference between the area under the scaled
curve (total heat released) and the target THR (from the previous sec-

tion). Eq. (9)

This method preserves realistic flame dynamics while producing a physically
consistent peak HRR that can be used directly in thermal modeling and
structural fire analysis.

The HRR curve for the Corvus Blue Whale module was created using a vali-
dated curve-scaling method based on FM Global experimental fire test data.
The normalized HRR curve shape from the FMG module test was replicated
and scaled in two dimensions: time and amplitude. As explained in the Chap-
ter 3, Section 3.2.2 to estimate the target combustion duration, time scaling
Eqg. (7) was applied by taking the square root of the THR ratio between the
Corvus and reference modules. As explained in the Chapter 3, Section 3.2.4
Amplitude scaling Eq. (11), (12) & (13) was accomplished by fitting the HRR
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peak value so that the integrated area under the curve corresponded to the
THR calculated for the Corvus system.

HRR Curve Scaling - Module Fire Test

e Corvus Energy Module Research Paper - FM Global

200 /

0 >
0 1000 2000 3000 4000 5000 6000 7000 8000
Time - sec

Figure 48 HRR vs. Combustion Duration: FM Global Module vs. Scaled Corvus Blue Whale
Module

4.3.5 SOC Scaling strategy

To evaluate the impact of State of Charge (SOC) on thermal runaway behav-
ior, scaling factors were applied to the baseline model (100% SOC) under
lower SOC conditions. Because batteries with lower SOC contain less stored
electrical energy and potentially less reactive material, the total heat release
(THR) and peak heat release rate (HRR) are proportionately lower. Based
on experimental trends and fire literature, a nonlinear scaling factor was as-
signed to each SOC level (e.g., 0.76 for 75% SOC, 0.515 for 50% SOC, and so
on), as shown in Table 9. These factors were applied uniformly to THR, HRR,
and combustion duration. As SOC decreases, combustion becomes less in-
tense, but it may take longer to complete because the reduced heat generation
causes slower thermal feedback. For example, 100% SOC has a peak HRR of
944 kW and a duration of ~6750 s, whereas 25% SOC has a lower peak (236
kW) but a longer burn time (~10,324 s).
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Table 8 Corvus Energy Scaled parameters SOC levels
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ods X °
THR - MJ 1168,9 | 9351 701,3 584,4 467,5
Peak HRR - kW 944,38 717 486 236 170

Combustion Duration - s 6750 7804,6 | 8974,2 | 10323,7 | 10661,1
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Figure 49 Heat release rate (HRR) as a function of battery state of charge (SOC).
4.4 Rack Level HRR and THR Estimation

441 Bottom-UP Thermal Runaway

In bottom-up scaling approach start delay for each module determines when
thermal runaway occurs with respect to Module 1. The rack THR is calculated
by adding the THR contributions of all nine modules. Similarly, the rack-level
HRR curve is created by time-aligning each scaled module HRR curve based
on its delay and duration, and then adding the instantaneous HRR values
from all active modules at each time step.
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Figure 50 Corvus Energy Rack with 9 Modules TR Initiated (Module 1)

To estimate the heat release rate (HRR) curves for modules after the first
(e.g., Modules 2 and up in the rack), we start with known data from Module
1, for which the HRR profile has already been defined. Module 1 has a com-
bustion duration of 6748 seconds and a total heat release (THR) of 1169 MJ.

We assume that Module 2 (the module directly above Module 1 in a bottom-
up propagation scenario) ignites when a certain percentage of heat (THR)
from Module 1 is released. In our model, we set the ignition threshold to 9%
of Module 1's THR. By analyzing Module 1's HRR series, we can determine
that the 9% energy release occurs at around 1700 seconds, which is then used
to calculate the ignition start time for Module 2.

To calculate the end time of Module 2 combustion, we use a time-scaling fac-
tor of 0.95, implying that Module 2 burns slightly faster than Module 1 due
to preheating and elevated temperatures. Thus, its combustion time is set to
95% of Module 1's.

Similarly, Module 2's peak HRR is scaled up by an amplitude factor of 1.2,
assuming increased combustion behavior due to heat feedback. After deter-
mining the peak HRR, THR and new combustion duration for Module 2, we
use time and amplitude scaling techniques to generate the complete HRR
curve for Module 2. This is accomplished by stretching or compressing the
Module 1 HRR series to fit the new duration and adjusting the intensity to
match the new peak HRR.
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Table 9 Scaled Combustion Parameters for Each Module Based on Module 1 Reference

. Peak HRR Start Dela
Module THR (MJ) Duration (s) kW) () y

1 1169 6748 944,3 0

2 1158,4 6410,1 1133,2 1700
3 1143,2 6342,6 1416,5 2150
4 1128,0 6275,2 1605,4 2250
5 1112,8 6207,7 2077,6 2400
6 1098,8 6140,2 2549,8 2550
7 1083,6 6072,7 2266,5 2700
8 1069,6 6005,3 1888,7 2850
9 1052,0 5937,8 1605,4 3000

BU - HRR Series

— e —

Time - sec
e Modules 1 e Modules 2 Modules 3 Modules 4 e Modules 5
e Modules 6 e Modules 7 e Modules 8 e Modules 9

Figure 51 Delayed HRR profiles for 9 modules

The scaled HRR curve for Module 2 is then used as an input to generate the
overall rack-level HRR. The same procedure is followed for each module in
the rack, with adjustments made to ignition timing, combustion duration,
and HRR scaling factors based on their relative position and assumed fire
exposure.
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Table 10 BU scaling factors, peak HRR, THR contribution, and combustion duration for a
Corvus Blue Whale rack.

~ > [
g &5 i - e o.p  Er B2 i
| c =10 T2 =1 £ T = 28 | = | g%
: = A N ET 0 £§  #% %F
= = £ 5§~ 5 g @ E® S& ®

2 A & & e R A &
1 | 1169 6748 944 o 6748 1 1 1 -
2 1158 6410,2 1133 1700 8110 0,991 0,95 1,2 8,0%
3 1143 6342,7 1417 2150 8493 0,978 0,94 1,5 0,4 %
4 1128 6275,2 1605 2250 8525 0,965 0,93 1,7 0,1%
5 1112 6207,7 2078 2400 8608 0,952 0,92 2,2 0,1%
6 1098 6140,3 2550 2550 8690 0,94 0,91 2,7 0,1%
7 1083 6072,8 2267 2700 8773 0,927 0,9 2,4 0,1%
8 1069 6005,3 1889 2850 8855 0,915 0,89 2 0,1%
9 1052 5937,8 1605 3000 8938 0,9 0,88 1,7 0,1%

The figure below shows the HRR profile for a Corvus Blue Whale battery rack
made up of nine modules that are under thermal runaway in a sequential
ignition scenario. The rack has a THR of approximately 17 GJ. The rack
shows a gradual increase in HRR as flames spread from one module to the
next. The peak HRR is around 8500 kW. The total combustion duration is
13,500 seconds (~3 hours and 45 minutes).

Module and Rack HRR Curve
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Figure 52 HRR Profiles Over Combustion Duration for Individual Modules and Full Rack
4.4.2 Rack-to-Rack Propagation Based on Radiative Heat Flux

To simulate the propagation of thermal runaway from Rack A to Rack B, a
radiative heat flux model (using Eq. (2)) was developed using Rack A's HRR
profile. FM Global's used the following approach to calculate heat flux at
different distances from the flame source (derived from HRR via Heskestad's
correlation). The threshold for thermal runaway initiation was set at 60
kW/mz2.

Point Source | 3. 7 Heat Flux
of heat > ¢ e o Lines
T i —

Rack A - Thermal Runaway Rack B - Adjacent Rack
Started seperated by distance 0,1m

Figure 53 Radiative heat flux from Rack A flame to Rack B module faces.

The model calculates the incident heat flux over time for each module in Rack
B as flames grow and decay in Rack A. The minimum ignition delay is
recorded when any of the module's in rack B reaches the 60 kW/m?2
threshold. However, thermal runaway does not occur immediately at this
threshold. An additional ignition delay of 3000 seconds is imposed to
account for the time required for heat absorption, internal heating, and gas
venting prior to ignition. This leads to a two-stage delay logic.

TR Trigger Time = Heat flux > 60 kW/m?2. [57]
TR Start Time = TR Trigger Time + 3000 seconds. Eq. (18)

This logic is applied separately to each module in Rack B. The resulting TR
start times are shown in the table below, with each module having a different
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ignition time based on its vertical position and exposure to radiation from
Rack A.

Radiative fraction (y_r) 0,25
Distance between racks (d) 0,1

Heat source height (z_A) 1,071
TR Threshold (kW/m2) 60

heat flux remains - s (Delay) 3000

TR - Start Time of Rack B - s 3050

Mi)edu TR - Start Time - s TR - Start Time + Delay

1 4650 7650

2 3450 6450

3 2850 5850

4 2400 5400

50 3050

6 2400 5400

7 2850 5850

8 3450 6450

9 4650 7650

After finding the time-resolved heat flux distribution from Rack A, we as-
sumed module with the highest heat flux is at top module of Rack B. For this
scenario, a top-down thermal runaway propagation mode is assumed in Rack
B. This approach differs from the previously modeled bottom-up case. In the
top-down model, once the top module in Rack B reaches the radiative igni-
tion threshold and experiences thermal runaway (with the applied delay), it
becomes the new source of ignition for the lower modules. New scaling fac-
tors are applied to each module in Rack B to account for differences in flame
spread direction (top-down vs. bottom-up).
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Figure 54 Thermal Runaway Propagation from Rack A (Bottom-Up) to Rack B (Top-
Down Initiation)

Figure 55 Thermal Runaway Propagation from Rack A (Bottom-Up) to Rack B (Top-
Down Initiation) to Rack C (Top-Down Initiation)

The figure below shows the resulting HRR series for Racks A and B, which
show Rack A's initial ignition and peak fire intensity, followed by Rack B's
delayed onset and extended burning profile.
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Module and Rack HRR Curve

mRack A mRack B

Figure 45: Rack-level HRR comparison for thermal runaway propagation from Rack A to
Rack B under top-down ignition assumption.

4.4.3 Thermal Runaway Timing in a 5 MWh Battery Room

To simulate thermal runaway propagation in a full 5 MWh battery room, the
model assumes 12 racks, each with 9 Corvus Blue Whale modules. With a
module energy of 50.24 kWh, 12 racks are needed to achieve a total capacity
of approximately 5 MWh. The racks are arranged in a 6-by-2 grid with de-
fined X and Y spatial coordinates, which represent the physical layout and
distance between racks.

Rack2 |« Rack3 |[«—»| Rack4 [« Rack 5 Rack s

Rack10o |« Rack 11 Rack 12

A
A 4

A4

Rack7 [« Rack 8 Rackg |«

v
Y

Thermal runaway occur in Rack 1, with fire spreading throughout the room.
The delay before ignition for each subsequent rack is calculated using the dis-
tance from Rack 1 multiplied by a delay-per-meter factor of Rack B de-
lay/Space between using Eq. (16), (17) & (18) Racks = 3050/0,1= 30,500
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seconds/meter. The table displays the compiled and sorted start times for
each rack, ranging from o seconds (Rack 1) to ~15,552 seconds (Rack 12).

This delay model allows for time-resolved superposition of HRR curves in
each rack. The final HRR profile for the entire battery room is calculated by
adding the delayed HRR series for all 12 racks, which were built from the
previously scaled 9-module fire model. This produces a comprehensive HRR
curve for the entire battery room, capturing the staggered onset of combus-
tion throughout the spatial layout.

Table 11 Spatial coordinates, delay distances, and thermal runaway start times for all 12 racks
in the 5 MWh battery room layout.

Total Racks (even): 12
Racks per row: 6
Spacing between racks (m): 0,1
Delay per meter (s): 30500
Ignition Rack #: 1
Ignition Start Time (s): 0
B o 5 = g 3
& on @ o° &
Rack 1 1 o) 0,0 0,0 0,0 0,0 Rack 1 0]
Rack 2 2 | 01| 0,0 3050,0 3050,0 3050,0 Rack 2 3050
Rack 3 3 |02 0,0 6100,0 6100,0 3050,0 Rack 7 3050
Rackg4 | 4 0,3 0,0 9150,0 9150,0 4313,4 | Rack8 4313
Rack 5 5 | 0,4 0,0 12200,0 12200,0 | 6100,0 Rack 3 6100
Rack 6 6 | 0,5 0,0 15250,0 15250,0 | 6820,0 Rack 9 6820
Rack 7 7 o) 0,1 3050,0 3050,0 9150,0 Rack 4 9150
Rack8 8 0,1 | 0,1 4313,4 4313,4 9644,9 | Rack1o 9645
Rack g 9 | 0,2 0, 6820,0 6820,0 | 12200,0 | Rackjs 12200

Rack10 | 10 | 0,3 0,1 9644,9 9644,9 12575,5 | Rack11 12575
Rack11 | 11 | 04 | o0, 12575,5 12575,5 | 15250,0 | Rack 6 15250
Racki12 |12 | 0,5 0,1 15552,0 15552,0 | 15552,0 | Rack12 | 15552
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Individual Heat Release Rate (kW) - Battery Room
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Figure 56 HRR profiles of individual racks in a 5 MWh battery room with staggered ignition.
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Figure 57 Total HRR from the full battery room
4.4.4 Structural Steel Melting Analysis — 5 MWh Battery Room
To evaluate the risk of structural failure during a thermal runaway event in a

5 MWh marine battery room, a heat balance analysis was performed on the
ship steel structure of battery room. The room's modeled layout includes 12
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Corvus racks measuring 4.03 m x 7.53 m x 3.74 m, as well as structural com-
ponents like wall plating, ceiling plates, vertical frames, and horizontal
stringers. The steel volume was calculated to be 1.166 m3, with a total mass
of approximately 9.15 tonnes (Walls + Roof). Eq. (21) & (22)

To estimate the energy required to melt this steel, two ther mal processes
were considered.
1. Sensible heat: increasing steel temperature from ambient (20°C) to
melting (~1500°C).
2. Latent heat of fusion: the energy needed to melt steel at a constant
temperature.

Using a specific heat of 0.49 kJ/kg-K and latent heat of 272 kJ/kg, the total
energy required to melt all structural steel was calculated as approximately
9.13 GJ (6.63 GJ sensible + 2.49 GJ latent). Eq. (23). (24) & (25)

By comparing the cumulative heat release curve (THR) from the room-level
HRR data with this threshold, the point in time when melting begins can be
identified. Eq. (27) In the bottom-up thermal runaway scenario (ignition
from Rack 1 upward), the steel melts at around 5250 seconds and maintains
full melting conditions for about 400 seconds. This is based on the intersec-
tion of cumulative THR and the energy required to reach 1500°C.

Additional thermal runaway supression scenarios were tested with seawater
submersion. Despite a high peak HRR (13.7 MW) and total THR (~162 GJ),
the heat flux to the steel structure was reduced enough to avoid melting.

Table 12 5 MWh Battery Room Specification and Steel requirement

Component Value Unit Description
Length = racks per row x (rack
Room Length 403 m length + spacing) + margins
. 2 rows of racks + spacing + mar-
Room Width 7,53 m gins
Room Height 3,742 m Rack height + top/bottom margin
Room Volume 113,6 m3
High-strength arctic-grade ship
Steel Grade E steel
Steel Density 7850 kg/m3 Density of shipbuilding mild steel
Wall Plating Thickness 0,008 m Typical wall steel thickness (8
’ mm)
Deck/Ceiling Plating Thick- 0.012 m Typical deck/ceiling plating thick-
ness ’ ness (12 mm)
Estimated vertical frames inside
Frame Member Count 5 count the room
Frame Cross-Section Area 0,002 m2 Cross-sectional area of each

frame (flat bars, T-sections, or
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channels). Frame (T-bar) 150x10
web + 75x10 flange

Stringer Count 6 count Estimated horizontal stringers
Cross-sectional area of each
Stringer Cross-Section Area 0,003 m2 stringer Stringer (L-bar)
15015010
Select Area to Melt Wall + Roof
Total Melting Section Vol-
1,056 m3
ume
Wall Area 86,51 m2 Total area of all 4 vertical walls
Ceiling Area 30,3 m2 area of floor
Deck Area 30,3 m2 area of floor
Frame Volume 0,03 m3 Volume of vertical frame steel
Stringer Volume 0,072 m3 Volume of horizontal stringer
steel
Total Steel Volume 1,166 m3 Total structural steel volume
Total Steel Mass 9,154 T Total steel mass of the structure

Table 13 Thermal properties, melting energy, and duration for steel in 5 MWh battery room
Structural Steel Heat Load Summary

Parameter Value Unit Description
Steel Mass 9154,914292 kg Total structural steel mass
Specific Heat (c) 0,49 kJ/kg-K Specific heat capacity of steel
Temperature Rise (AT) 1480 K From 20°C to 1500°C
Latent Heat of Fusion 272 kJ/kg Energy to melt 1 kg of steel at 1500°C
Sensible Heat per kg 725,2 kJ/kg ¢ x AT
Total Sensible Heat 6639144 kJ Steel mass x sensible heat/kg
Total Latent Heat 2490136,687 kJ Steel mass x latent heat/kg
Total Energy to Melt Steel 9129281 kJ Sensible + latent heat

4.4.5 Summary of 5 MWh Battery Room Thermal Scenarios (100%
SOC)

The result of the 5 MWh battery room simulations at 100% SOC Shown in
table 15 is that, although all three ignition scenarios Bottom-Up, Middle-Out,
and Top-Down give a comparable total heat release of about 160—172 GJ, the
initiation time, severity, and burning distribution vary significantly. The Bot-
tom-Up scenario sees thermal runaway propagate the quickest, with Rack B
getting ignited at 3050 seconds and the onset of steel melting as soon as 5250
seconds. This case also produces the highest peak HRR at 13,737 kW but with
shorter duration burning at around 24,500 seconds. In contrast, the Middle-
Out case produces a more complex flame overlap pattern due to dual ignition
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branches, resulting in intermediate peak intensity at 12,769 kW and longer
burning duration at around 36,500 seconds. The Top-Down case propagates
more slowly, with secondary ignition delayed to 8200 seconds, producing the
lowest peak HRR at 10,046 kW but extending combustion to greater than
52,000 seconds. Steel melting is also delayed in this case to 7200 seconds
due to the slower energy release. In each of the three cases, steel melting is
not achieved when water submersion is applied, demonstrating its effective-
ness as a mitigation measure. As discussed in Chapter 2 Section 2,6 our find-
ings highlight the same, the sequence of ignition has a significant impact on
peak fire intensity, structural vulnerability, and the time available for sup-
pression and containment measures, with Bottom-Up posing the most im-
mediate structural risk.

See Appendix A for detailed module scaling factors and HRR curves used in
each scenario.

Table 14 Results Summary of 5 MWh Battery Room Thermal Scenarios (100% SOC)

Scenario Bottom Middle Top
TR - Start Time of Rack B - s 3050 5150 8200
Melting Start Time (s) 5250 5600 7200
Post-Melt Start Time (s) 5650 6200 7850
Melting Duration (s) 400 600 650
THR Battery Room (GJ) 162,42 171,74 158,53
Melting After water Melting not Melting not Melting not
Submerssion triggered triggered triggered
Peak HRR - kW 13737 12769 10046
Combustion Duration (s) 24490 36553 52835
TR - Start Time of Rack B - s 3050 5150 8200

4.5 Estimation of Flame Geometry Based on HRR and
Ejected Gas Composition

The estimation of flame geometry during battery thermal runaway is im-
portant because flame height and width determine the way heat dissipates in
a battery room, how likely it is to ignite surrounding racks, and how much
thermal load is imposed on nearby structures. While this method was not
directly used in the present analysis, it is introduced here to show where it
might be useful in future research or design. Flame geometry prediction is
particularly relevant for fire spread assessment between racks, predicting
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local heat flux on steel bulkheads and decks, and supporting the design of
marine battery room fire barriers or ventilation systems.

The flame height and base diameter of a lithium iron phosphate (LFP) battery
module were estimated during thermal runaway. The method is based on jet
flame approach, which uses Heskestad's flame correlations to look at battery

fire conditions. [58]
A

Flame Height

A
v

Flame Width
Figure 58 Module, Rack Level Estimation of Flame height and diameter Based on HRR

The gas composition released during thermal runaway is a significant
variable in the calculation, as it influences jet density and combust ion heat.
A mixture suitable for LFP fires was used. It had 26% COz2, 43% Hz2, 12%
C2H4, 10% CO, 6% CHa, and 3% other things. Although COz2 is inert, it
affects the density and thermal properties of the flame jet. Xinwei Yang,
Hewu and Li [59]

Using this mixture, we find out the effective heat of combustion and the
specific heat ratio. The jet flame temperature was assumed about 1023 K,
which is higher than the temperature of the air around it.The spread sheet
tool for this can be used in two ways: if the HRR is known, flame geometry
can be estimated, and if the flame size is measured, HRR can be calculated
backward.

These results should be used to find out how fire spreads between racks and
how heat affects steel structures in small marine battery spaces.

Appendix A has detailed calculations that show each step.
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4.6 Sensitivity Analysis

The sensitivity analysis was conducted to assess the impact of variations in
battery room capacity (5—25 MWh) and rack spacing (0.1—1.7 m) on the ther-
mal response, structural requirements, and fire safety of a marine battery
room in a bottom-up thermal runaway (TR) propagation scenario. This case
was chosen because it shows the most severe propagation path, where flames
and heat go straight up to the roof structure, which causes the roof to melt
faster than in cases where the heat and flames come from the top or middle.
Appendix C has the results for other initiation cases and changes in state of
charge (SOC) (100%, 50%, 0%).

4.6.1 Effect of Rack Spacing and Room Density

As the spacing between racks increases, the total room volume rises signifi-
cantly (Fig. 59). For instance, at 25 MWh capacity, increasing rack spacing
from 0.1 m to 1.7 m results in a room volume growth from ~447 m3 to ~1535
m3. This larger volume lowers the room energy density (kWh/m3), as the
same stored energy is distributed over a larger space. Lower density improves
heat dissipation and delays roof melting but requires substantially more con-
struction material and space.

Room Volume vs Space b/w Racks Battery Room Energy Density vs Space
b/w Racks
2000
- ‘ 5:&‘ 60
E 1500 § 50 -
o -
: | 2P eF
£ 1000 g 30 —
E g 20 v\v~'<”\ 3
g 500 > 7A - N " o 8 10 0
& o Le—e —— 7 7 B o
o
. 1. 2
) 0.5 1 15 o & o 0.5 . 1 - 5
Space between Racks (m) Space between Racks (m)
—4—5 MWh 15 MWh 25 MWh —4—5 MWh 15 MWh 25 MWh

Figure 59 Effect of Rack Spacing on Battery Room Volume and Weight Density for Different
System Capacities

Steel Mass Requirement

There is a direct trade-off between the space between racks and the amount
of steel needed for structural integrity (Fig. 60). To hold up the roof and
walls, bigger rooms need stronger steel structures. For instance, at 25 MWh,
the steel needed goes from about 39 t at 0.3 m spacing to more than 115t at
1.7 m spacing. This increase directly leads to higher installation costs and
penalties for heavier vessels, which shows that making things safer by in-
creasing spacing also comes with big costs and design challenges.
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Steel Mass (T) vs Capacity (MWh)

25 MWh 15 MWh

==4==0,1 0,5 0,9 1,3 1,7

Figure 60 Steel Mass Requirement of Battery Room Capacity and Rack Spacing
4.6.2 Sensitivity Analysis at 100% SOC

Roof Melting Time

Roof melting onset time is highly correlated with rack spacing and battery
room capacity (Fig. 61). For high-capacity rooms (20-25 MWh), the roof may
fail within 80-90 minutes with such a small spacing (0.1m). Melt times im-
prove significantly as spacing increases, exceeding 3-4 hours in some config-
urations. Room density (m3/MWh) is a critical safety parameter. Higher
densities (compact layouts) reduce roof survival, while lower densities
(spaced layouts) increase survival but require more steel and space.

Roof Melting Start Time vs Capacity (minutes)

25 MWh 15 MWh

0,1 0,5 0,9 1,3 1,7
Figure 61 Effect of Rack Spacing on Roof Melting Onset Time (5MWh, 100% SOC)
Trade-Off Between Density, Melting Time, and Steel
The results show a three-way trade-off:

1. Less density (more space) means a longer roof survival time, but it also
means more steel is needed and costs more.
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2. More compact design and lower construction cost, but less fire re-
sistance in the structure. A bigger room (from 5 MWh to 25 MWh)
makes these effects even stronger because both the amount of steel
needed and the amount of heat that can be released increase in a non-
linear way.

3. For very large capacities (>20 MWh), compact high-density layouts
cause the roof to melt too quickly (<2 hours), and layouts that are too
big put too much stress on the steel and cost too much.

4. If we go to a room with a lot of space (like 25 MWh+), spacing in-
creases go from compact and efficient (high kWh/m3, low steel, short
melt margin) to safe but heavy and expensive (low kWh/m3, high
steel, long melt margin).

5. The best region is usually mid-spacing (about 0.9 to 1.1 m), where you
get the steep part of the melt-time improvement curve while keeping
the space requirement and steel within a manageable range. Pushing
spacing past that point usually results in smaller safety gains for each
extra tonne of steel and each extra m3/MWh.

Tradeoff: Density (m3/MWh ) vs Roof Melt Time (min)
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Figure 62 Trade-Off Between Battery Room Density and Roof Melting (100% SOC)
1. Select a target melt-time (regulatory + response time buffer) and de-
termine the smallest spacing that meets it at the design MWh.

2. Look for layout "steps" (additional rack rows/aisles). Stay just before
a step that will balloon LxW and steel.
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3. As a first pass at 15-25 MWh, use the 0.9-1.1 m band; ensure that it
meets melt-time targets based on your detection/suppression as-
sumptions.

4. If melt-time is limited at compact spacing, consider non-spacing mit-
igation measures first (ceiling insulation/intumescent, overhead wa-
ter mist/deluge, zoned ventilation/exhaust, early detection) before in-
creasing spacing.

5. If the vessel layout allows, use compartmentalization (two 12.5 MWh
rooms instead of one 25 MWh room); it reduces step-jumps in volume
and steel while improving survivability.

4.6.3 Sensitivity Analysis at 50% SOC

To assess the impact of state of charge (SOC) on fire response in marine bat-
tery rooms, the sensitivity analysis was conducted again with the batteries
charged to 50%. The geometric relationships between spacing, room density,
and steel mass stay the same, but the thermal response and roof melting
times get a lot better than they do in the 100% SOC case. The next few para-
graphs talk about each parameter and how it affects ship design.

Roof Melting Time

The most significant effect of lowering SOC is increased roof survival times.
Roof melting begins more slowly at 50% SOC than at 100% SOC across all
capacities and spacings. For example, at 25 MWh and 0.3 m spacing, survival
increases from ~3 h 45 min (at 100% SOC) to nearly 5 hours. At 5 MWh and
0.1 m spacing, survival time increases from ~1 h 30 min to nearly 2 hours.
This demonstrates that SOC management is an effective operational safety
strategy, allowing designers to extend survival times without physically ex-
panding the battery room or adding too much steel. Maintaining a low SOC
during harbor stays or idle periods may serve as a preventive measure against
rapid fire escalation.
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Roof Melting Start Time vs Capacity (minutes)

25 MWh 15 MWh

0,1 0,5 0,9 1,3 1,7

Figure 63 Effect of Rack Spacing on Roof Melting Onset Time (50% SOC)

Trade-Off Between Density, Melting Time, and Steel

Compact layouts reduce steel and footprint but result in shorter survival
times, whereas spacious layouts improve safety but require more weight and
cost. However, at 50% SOC, the safety curve shifts upwards. This means that
configurations that were borderline unsafe at 100% SOC (e.g., 25 MWh at 0.5
m spacing) become viable at 50% SOC, with survival times far exceeding the
3-hour threshold generally considered acceptable for firefighting interven-
tion. Designers benefit from this flexibility: rather than oversizing the battery
room, moderate spacing (0.5-0.9 m) combined with SOC management can
provide both safety and cost efficiency.
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Tradeoff: Density (m3/MWh ) vs Roof Melt Time (min)
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Figure 64 Trade-Off Between Battery Room Density and Roof Melting Time (50% SOC)

1. Operational flexibility: Reducing SOC during port or standby periods
can provide similar fire resilience to structural modifications while re-
quiring no additional space or weight.

2. Layout decisions: Designers should avoid extremes neither too com-
pact nor too spacious and instead use balanced layouts with moderate
spacing.

4.6.4 Sensitivity analysis at 0% SOC

Roof melting start time

The roof has the least amount of thermal load at 0% SOC compared to all
other SOC levels. For all capacities and spacings, the times it takes for melt-
ing to start are much longer than for 100% and 50% SOC. For many combi-
nations of capacity and spacing at 0% SOC, the roof never melts. This means
that the roof stays below the melting point for the entire event. In practice,
once the spacing is wide enough (especially at small to mid-capacities), the
combination of lower room density and the gentler fire behaviour at 0% SOC
keeps roof temperatures below the critical level.
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Roof Melting Start Time vs Capacity (minutes)

25 MWh 15 MWh
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Figure 65 Effect Rack Spacing on Roof Melting Onset Time (0% SOC)

Trade-Off Between Density, Melting Time, and Steel

1. The volume vs capacity lines show how much you "spend" on ship
space as you open aisles. Each spacing step improves the melt time
curves while moving you up the steel curves and down the density axis.

2. At 0% SOC, the trade-off (density vs melt time) plot is at its highest:
for the same density, you get more minutes (or no melting at all). At
50% SOC, the curve decreases but remains favorable, and at 100%
SOC, it is lowest.

Tradeoff: Density (m3/MWh ) vs Roof Melt Time (min)
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Figure 66 Trade-Off Between Battery Room Density and Roof Melting Time (0% SOC)

1. When the ship is in port, on lay-up, or when demand is low, keep the
battery room at <50% SOC. When possible, go very low (toward 0%).
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This one operational choice often turns "early melt" cases into "late
melt" or even no-melting cases, without changing the structure.

2. If you have more than 20-25 MWh, don't use a single hyper-compact,
high-density room. You can either: make the spacing wider so that it
falls into the moderate band, or divide the space into smaller rooms or
racks so that one fire can't heat the whole roof at once. This keeps the
times for melting and the steel/space in balance.

3. In the bottom-up scenario, you can further lower the heat flux on the
roof by using the geometry/SOC strategy along with detection, water-
based cooling/suppression, and exhaust management.

4. If alayout doesn't show any melting at your planned operational SOC
(for example, <50%) and the spacing is in the moderate range, you are
in a strong region. If 100% SOC still melts the roof too quickly, change
the geometry (add spacing or divide it into compartments) before add-
ing additional systems.

4.6.5 Seawater Flooding Analysis

In this section we will discuss what happens when the room filled with bat-
tery is flooded with seawater when it experiences thermal runaway. In the
earlier chapters, we have already shown that in dry conditions the roof of the
room begins to melt in about one to a half-hour time frame, based on where
the fire starts at the bottom, middle, or at the top racks. In this case, we want
to know what happens when flooding the room changes that outcome. From
the literature review given in Chapter 2 we also understand that if batteries
are submerged in seawater, the water will begin to flood the electrode sur-
faces and can extinguish subsequent reactions, but that this could take up to
90 minutes before the cells would be completely quenched. This implies that
both when the flooding begins and the rate at which water enters the room
are important considerations.

At a flow rate of 8 m3/min, when seawater is forced into the room, it takes
approximately 15 minutes for a 5 MWh room to fill. If the flooding is started
early on, i.e., around 58 minutes after the fire begins, the room is fully flooded
by about 1 hour 13 minutes, just in time to prevent the roof from otherwise
melting in the Bottom-Up case. In this scenario, the cooling prevents the fail-
ure of the steel. But if it is postponed until about 1 hour 32 minutes, then the
room would not be occupied to capacity until 1 hour 47 minutes after initia-
tion, after the roof has already started to melt in the Top-Down scenario. This
means that procrastinated action reduces the effectiveness of seawater as a
mitigation measure.

The effect of flow rate is important too. At 2 m3/min reduced rate, the same

5 MWh room would take around 58 minutes to fill fully. In such a case, earlier
pump starting becomes vital. If the crew starts flooding at around 58 minutes
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(3500 s), the room will still be safe even under reduced flow, as it will be still
submerged prior to steel melting process initiation. The same trend has been
shown for the intermediate flow rates of 4, 6, and 12 m3/min: the lower the
flow, the earlier action needs to be initiated in order to achieve the same pro-
tection. This means that pre-initiation is more important than employing
very high flow rate, yet increased flow rates add safety margin.

Table 15 Effect of Seawater Submersion on Roof Melting for a 5 MWh Battery Room at 100%
SOC (Fill 100%) (8 m3/min)

Melt
D After
Water | Rack Mt | MeltAfterSub- | Sub-
Fill Start | Spacing | Scenario St . ) Safe?
art mersion (s) mer
(s) (m) (min) sion
(min)
3500 0.1 Bottom 67.5 Not triggered - Yes
3500 0.1 Middle 70 Not triggered - Yes
3500 0.1 Top 86.7 Not triggered - Yes
3500 0.5 Bottom 71.7 Not triggered - Yes
3500 0.5 Middle 75 Not triggered - Yes
3500 0.5 Top 94.2 Not triggered - Yes
3500 1.0 Bottom 75.8 Not triggered - Yes
3500 1.0 Middle 80.8 Not triggered - Yes
3500 1.0 Top 102.5 Not triggered - Yes
4500 0.1 Bottom 67.5 4250 70.8
4500 0.1 Middle 70 4400 73.3
4500 0.1 Top 86.7 Not triggered - Yes
4500 0.5 Bottom 71.7 4500 75
4500 0.5 Middle 75 4700 78.3
4500 0.5 Top 94.2 Not triggered - Yes
4500 1.0 Bottom 75.8 Not triggered - Yes
4500 1.0 Middle 80.8 Not triggered - Yes
4500 1.0 Top 102.5 Not triggered - Yes
5500 0.1 Bottom 67.5 4250 70.8 No
5500 0.1 Middle 70 4400 73.3 No
5500 0.1 Top 86.7 5400 90 No
5500 0.5 Bottom 71.7 4500 75 No
5500 0.5 Middle 75 4700 78.3 No
5500 0.5 Top 94.2 Not triggered -
5500 1.0 Bottom 75.8 4750 79.2 No
5500 1.0 Middle 80.8 5050 84.2 No
5500 1.0 Top 102.5 Not triggered -
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Table 16 Safety outcome matrix for seawater flooding in a 5 MWh battery room at 100% SOC
(Fill 100%)

“Sril:g (P; 1)11 Rack(i%acmg Bottom-Up | Middle-Out Ove;alﬁ Re-
3500 0.1
3500 0.5
3500 1.0
4500 0.1 Borderline Borderline Borderline
4500 0.5 Borderline Borderline Borderline
4500 1.0
5500 0.1
5500 0.5 Borderline Unsafe
5500 1.0 Borderline Unsafe

This table 17 shows the net result of flooding seawater at different initiation
times. If flooding initiates early (at 3,500 s), the structure is fully protected
and is Safe in all cases. If flooding is begun later, at 4,500 s, the outcome
becomes Borderline melting will just start in some ignition scenarios before
cooling stops. At very late late flooding (5,500 s), the building is largely Un-
safe, because the roof starts melting before water can quench the fire. Rack
spacing has minimal effect compared to how soon the flooding begins. Simi-
lar trends were observed in larger battery rooms of 15 MWh and 25 MWh
capacity, indicating that the timing of seawater activation is more critical
than room size.

4.6.6 Analysis Summary

5MWh Battery Room:

This Fig. 67 shows the effect of state of charge (SOC) and rack spacing on fire
behaviour in a 5 MWh battery room. The left y-axis gives onset time of roof
steel melting, and the right y-axis gives the total released heat (THR) during
bottom-up thermal runaway. Higher SOC and lower rack spacing relate to
earlier melting and greater heat release.
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Roof bU: Melting Time vs SOC & Rack Spacing
bU: THR(GJ) vs SOC & Rack Spacing
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Figure 67 5MWh Battery Room Effect of state of charge (SOC) and rack spacing on (a) roof
melting start time and (b) total heat release (THR) during bottom-up (BU) thermal runaway
propagation.

15MWh Battery Room:

This Fig. 68 shows how SOC and rack spacing affect fire behavior in a 15
MWh battery room. The left plot is the onset time of roof melting, and the
right plot is the total heat release (THR) in bottom-up thermal runaway.
Higher SOC and closer rack spacings result in faster steel melting and greater
total energy release.
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Figure 68 15MWh Battery Room Effect of state of charge (SOC) and rack spacing on (a) roof
melting start time and (b) total heat release (THR) during bottom-up (BU) thermal runaway
propagation.

25MWh Battery Room:

This Fig. 69 shows how SOC and rack space influence fire behavior in a 25
MWh battery room. The left graph shows the beginning time of roof melting,
and the right graph shows total heat release (THR) via bottom-up thermal
runaway. Steel melting is earlier and the room releases more total heat with
higher SOC and denser rack space.
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Roof BU: Melting Time vs SOC & Rack BU: THR(GJ) vs SOC & Rack Spacing
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Figure 69 25MWh Battery Room Effect of state of charge (SOC) and rack spacing on (a) roof
melting start time and (b) total heat release (THR) during bottom-up (BU) thermal runaway
propagation.

Note: This section only shows the main sensitivity results to make it easier
to read and understand. The Appendix C has more detailed outputs, such as
how the state of charge (SOC) affects things, how thermal runaway propa-
gates from the top down and from the bottom up case, and the HRR curves
and THR values for each battery room configuration.
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5 Conclusion

This thesis investigated at the thermal runaway behavior of large-scale lith-
ium-iron-phosphate (LFP) battery rooms in fully electric ships. The goal was
to understand how various parameters, such as state of charge (SOC), rack
spacing, battery room capacity, and exposed surfaces, influence fire growth
and structural survival. To accomplish this, a spreadsheet-based tool was cre-
ated using experimental heat release rate (HRR) and total heat release (THR)
data from large-scale fire tests and scaled from cell to module to rack to full
battery rooms. As discussed in (Chapter 1), this responds to recent maritime
battery incidents (MF Yttergyningen, MS Brim Explorer) and the regulatory
gap created by DNV’s 5 MWh limit for single battery rooms [30] which high-
lighted the need for practical design tools for larger installations.

The first key objective was to model TR initiation and propagation, was
achieved by scaling cell and rack fire test data to full-room layouts, showing
how SOC and ignition location affect HRR and survival. (see Research Ob-
jectives Chapter 1,6). The findings clearly show that SOC is the most powerful
driver of thermal runaway severity. Fires were extremely severe at 100%
SOC: roof structures melted in 80-120 minutes for 5 MWh rooms with com-
pact layouts, and survival time in large 25 MWh rooms rarely exceeded four
hours. Reducing SOC to 50% increased survival time by 30-50%, whereas at
0% SOC, many room layouts did not melt at all. This confirms previous re-
search findings by Wang et al. 2017; FM Global 2020 at the cell and module
levels as we reviewed in Chapter 2 Section 2,6. Cells with high SOC released
violent flames and had a higher peak HRR, whereas partially discharged cells
produced smaller fires. [43]. This thesis provides a quantification of the SOC
effect at the full-room scale, demonstrating that lowering SOC from 100% to
50% can buy over an hour of additional survival time, and that at 0% SOC,
structural melting may not occur at all, even under worst-case bottom-up
flame propagation. (see Chapter Objectives 1,6).

The second key objective was that how rack spacing affects both roof melting
behavior and room energy density (m3/MWh). (see Research Objectives
Chapter 1,6). The finding are compact layouts with spacings of 0.1-0.3 m pro-
duced high densities and rapid roof melting. In contrast, increasing the spac-
ing decreased energy density, spread the flames, and significantly delayed
melting. For example, at 25 MWh and 0.3 m spacing, roof failure occurred at
approximately 3 hours and 45 minutes at 100% SOC, but with wider spacing,
survival extended beyond five hours at 50% SOC. However, the benefits of
spacing peaked at about 1.3-1.5 m, while the costs in terms of steel mass and
lost ship space continued to rise. FM Global tests reported similar behavior:
racks placed closer together facilitated propagation, and wider aisles reduced
flame spread and delayed structural collapse (see Chapter 2). These
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quantified spacing effects also reflect DNV’s current rules, which restrict sin-
gle rooms above 5 MWh unless compensatory safety measures such as
greater separation or compartmentalization are provided. For ship design, a
recommendation is to have a "moderate" spacing range of 0.5-0.9 m as the
best balance.

Larger rooms 15 or 25 MWh carry more energy, so the risk potential is
greater. However, the additional steel mass in their structure acts as a buffer,
causing roof melting to take longer than in smaller 5 MWh rooms. In this
thesis, the roof in a 25 MWh room lasted nearly twice as long as in a 5 MWh
room with the same SOC and spacing. This dual effect greater hazard and
greater resilience has not been highlighted in previous module or rack scale
studies. It is important for marine design because it means that large rooms
are not necessarily less safe; they can give crews more time to respond.

Modelling only the roof as the exposed area to heat resulted in shorter sur-
vival times but including both the roof and the walls of the battery room as
heat-absorbing surfaces delayed melting by 30-60 minutes in small and me-
dium-sized rooms. However, at high SOC and large capacities, even
roof+wall scenarios failed after two to three hours, demonstrating that pas-
sive protection alone cannot prevent structural collapse.

Another aspect is the study of seawater flooding for thermal runaway preven-
tion (see Research Objectives Chapter 1,6) as an emergency suppression
method. The model predicted that flooding with 8 m3/min flow rate will en-
tirely protect a 5 MWh room where roof melting starts at (4,050 s = 67 min)
if flooding started in advance (at 3,500 s = 58 min) roof melting was fully
eliminated for all cases of ignition. However, the delayed flooding (4,500 s =
75 min) produced borderline results, and very late flooding (5,500 s = 92
min) failed to prevent collapse, making the room unsafe. Rack spacing had
only a minor effect on the outcome with respect to initiation time. The same
trends were observed for larger 15 MWh and 25 MWh rooms, confirming that
timing is critical rather than scale. According to Bertei et al [60], shallow
flooding causes only a portion of the battery to come into contact with sea-
water, resulting in slower gas release and longer time for explosive concen-
trations to reach the atmosphere. As the water level rises, more cells are sub-
merged, resulting in faster hydrogen and chlorine generation and an earlier
reach of critical limits. At very high fill levels, nearly all cells react with sea-
water, rapidly producing gas and quickly reaching explosive atmospheres, es-
pecially if no venting is provided. (see Chapter 2,5)

Future enhancements to this work should include validation using advanced

fire simulations like COMSOL or FDS, the incorporation of experimental
HRR data for other chemistries like NCA and LTO, and detailed modeling of
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gas production and explosion risk. More full scale fire tests on marine battery
installations are also required to validate the results and suppression effec-
tiveness.

In conclusion, As discussed in (Chapters 1,4 & 2,7) the absence of complete
marine battery room large-scale thermal runaway data has been a critical gap
for ship designers, particularly with current maritime incidents and the lim-
itations of conventional suppression systems. DNV's rules now set a 5 MWh
limit to a single battery space, but allow larger rooms up to 25 MWh only if
compensatory measures such as separation, barriers, enhanced ventilation,
and active cooling are demonstrated.[30] This thesis shows why such
measures are needed: the analysis given a quantification of how SOC, rack
spacing, and room size regulate roof melting and survival times, and demon-
strated how flooding time of seawater in the room is essential to the outcome.
Through mapping from cell and rack-scale experiments [4, 61] to full-room
design rules, the work provides designers with open ways of testing compli-
ance against DNV regulations and safety margins in large installations. The
findings therefore strengthen the interplay between state-of-the-art fire re-
search, regulatory requirements, and ship design practice, while also offering
a basis for refining class rules as ESS scale beyond 10-25 MWh.
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7 Appendix A

Parameter Value Units Description[4]
Chemistry LFP - Lithium Iron Phosphate
Capacity 20 Ah From Table 1
3 Voltage 3,3 A% From Table 1
1S Energy 0,066 kWh Capacity x Voltage / 1000
Format Prismatic - From Table 1
Nominal Dimensions 227 x 161 X 72.5 mm Table 1
Cell Count 78 cells From Table 1
Capacity 120 Ah From Table 1
Voltage 42,9 A% From Table 1
Energy 5,148 kWh Capacity x Voltage / 1000
Mass 49 kg From Table 1
Nominal Dimensions 700 x 270 x 180 mm Table 1
° Electrolyte Mass 2,6 kg Table 2
E Plastic Mass 4,9 kg Table 2
S Electrolyte Energy 72,8 MJ AHc = 28 MJ/kg
= Plastic Energy 186,2 MJ AHc = 38 MJ/kg
Electrical Energy 18,5328 MJ kWh x 3.6
Total Combustible Energy 277,5328 MJ Sum of energies
Peak Chemical HRR 413 kw Figure 5
Convective HRR 214 kw
Total HRR (THR) Chemical 143 MJ HRR integration
Total HRR (THR) Covective 101 MJ HRR integration
Module Count 16 modules 16 per rack
Voltage 686 A% From Table 1
Energy 82,32 kWh Cap x Volt x Module Count
Mass 784 kg Module count x module mass
'§ Nominal Dimensions 6601;67070 x mm Table 1
& Total Combustible Energy 4440,5248 MJ 16 x module total energy
Peak Chemical HRR 2540 kw Figure 16
Convective HRR 1680 kw
Total HRR (THR) Chemical 3810 MJ Figure 16
Total HRR (THR) Covective 2770 MJ xrad ~0.27

Appendix A. 1 Summary of Experimental Thermal Runaway Data at Module and Rack Levels
(FM Global)

Parameter Value | Units Description
Cell Voltage 3,3 v Nominal voltage per LFP cell
%’ g Cell Capacity 20 Ah Rated capacity of each prismatic cell
§ Cell Energy 0,066 kWh Cell voltage x capacity / 1000
o @ Cells in Parallel 31,4 - To achieve 120 Ah from 20 Ah cells
=1 =
I~ '% Cells in Series 24"‘2242 - To achieve 42.9 V from 3.3 V cells
& S
&=
E =3 Total Cells 7611212 cells Total number of cells in module
o A
a § e Nominal Voltage 80 A% From Corvus datasheet
E Capacity 628 Ah From Corvus datasheet
8 Energy 50,24 kwh Energy = Voltage x Capacity / 1000
Mass 395 kg From datasheet
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Cells in Parallel (for ) v ) . s x v
current/Ah) 31,4 3 series cells x 3.3
Cells in Series (for 24,242 Ah 6 parallel cells x 20 Ah
voltage) 42
761,212 X . . . .
Total Cells : 24S31P configuration (24 in series, 31 in parallel)
Combustible Fraction | 15,31 % - Assumed fraction of module weight
Combustible Mass 60;‘;59 kg Weight x 15%
Electrolyte Fraction 31}67 - From FMG module
0
® Plastic Fraction 650}33 - From FMG module
2 0
2 20,959 - .
Z Electrolyte Mass 8 kg Combustible mass x electrolyte fraction
e}
g Plastic Mass 39,5 kg Combustible mass x plastic fraction
© 586,85
Electrolyte Energy 7 MJ Mass x AH = 28 MJ/kg
Electrical Energy 183’86 MJ kWh x 3.6
Plastic Energy 1501 MJ Mass x AH = 38 MJ/kg
Total Combustion 2268,7 MJ Sum of chemical energies
Energy 21
Chemical THR Ratio 52% - From FMG module
w)
T% Chemical THR 1122’9 MJ 51% of combustion energy
Q
2: Convective THR Ratio 71 % - From FMG module
= . :
Convective THR 8255563 MJ = 70.6% of chemical THR
Modules 9 No. of modules in one rack
Combustible Fraction 15 % - Assumed combustible fraction of module weight
Combustible Mass 544,13 ke Total combustible mass = tot'al rack mass x
27 combustible fraction
Electrolyte Fraction 35 % ) Electrolyte share of combustible mass (from FM
Global)
Plastic Fraction 65 % ) Plastic share of combustible mass (from FM
Global)
188,63 Electrolyte mass = Combustible mass x
Electrolyte Mass 27 kg Electrolyte fraction
Plastic Mass X Plastic mass = Combustible mass x Plastic
355:5 & fraction
3 5281,71
g Electrolyte Energy 4 MJ Electrolyte energy = mass x AH (28 MJ/kg)
Electrical Energy 16267 77 MJ kWh x 3.6
Plastic Energy 13509 MJ Plastic energy = mass x AH (38 MJ/kg)
Total Combustion 20418, MJ Sum of plastic and electrolyte energies
Energy 49
: S -
Chemical THR Ratio 86 % ) Chemical THR as % of combustion energy (from
FM Global)
Chemical THR 17519,2 MJ THR = Ratio x Total Combustion Energy
. S :
Convective THR Ratio 73 % ) Convective THR as % of chemical THR (from FM
Global)
Convective THR 12527’ MJ THR = Ratio x Chemical THR

Appendix A. 2 THR Estimates for Corvus Blue Whale Module Based on FM Global Experi-
mental Data - 100 SOC%

Parameter Value Units Description
9 . Chemical THR from FMG modul
= S+ FMG Module THR (Chemical) 143 MJ mica t:s)tm module
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Convective THR from FMG module

FMG Module THR (Convective) 101 MJ test
FMG Module Duration 2360 S Duration from FMG module test
. Start time of combustion from
FMG Module Start Time 3000 S FMG graph
FMG Module End Time 5360 S End time of combustion from FMG
graph
FMG ModuleiPeak HRR 413 kw Peak chemical HRR from FMG
(Chemical)
FMG Module Reak HRR 214 kw Peak convective HRR from FMG
(Convective)
FMG Interme.dlate THR 1152 MJ THR from 6-module cabinet test
(Chemical)
FMG Intermediate THR Convective THR from 6-module
. 758 MJ
§ (Convective) test
& FMG Intermediate Duration 8100 s Combustion dul:;tslto n for 6-module
o)
a FMG Intermediate Start Time 2940 s Start time of 1nter.med1ate test
= combustion
g FMG Intermediate End Time 12600 S End time of lnterI.nedlate test
= combustion
o .
FMG Intermedlz}te Peak HRR 500 kw Peak HRR in 6-module test
(Chemical)
FMG Intermediate Peak HRR Convective peak HRR in 6-module
. 312 kw
(Convective) test
£ FMG Rack THR (Chemical) 3810 MJ Chemical THIief;to m 16-module
?g FMG Rack THR (Convective) 2770 MJ Convective THR from rack test
ql"j FMG Rack Duration 6000 S Combustion dutreasttlon for full rack
=
g FMG Rack Start Time 2220 s Start time from rack test
E FMG Rack End Time 8100 s End time from rack test
; FMG Rack Peak HRR (Chemical) 2540 kw Peak chemical HRR (rack)
Q
;;2 FMG Rack Pe.ak HRR 1680 kw Peak convective HRR (rack)
(Convective)
§ Corvus Module THR (Chemical) 1169 MJ Input chemical THR for Corvus
Z module
? Corvus Module THR (Convective) 826 MJ Input convective THR for Corvus
I module
—§ Est. Corvusbf;esil:l)l-l RR (mod- 779 kw Scaled from FMG single module
)
E = Est. Corvus Combustion Duration 6748 S Scaled from FMG Module
8 § Corvus Rack THR (Chemical) 17519 MJ Input chemlc?{la'iil R for Corvus
= .
2| Corvus Rack THR (Convective) 12737 MJ Input convective THR for Corvus
<+ Rack
'§ Est. Corvusbf;esil:l)l-l RR (mod- 11679 kw Scaled from FMG Rack
=4
Est. Corvus Combustion Duration 12866 s Scaled from FMG Rack

Appendix A. 3 Scaled Combustion Duration Estimates for Corvus Blue Whale Module Based
on FM Global Fire Test Results

Estimation of Flame Geometry Based on HRR and Ejected Gas
Composition

Equation 1: Flame Height Ratio
L, 1.2if Rm < 0.1

D~ 0.405Rm™? if Rm = 0.1
Equation 2: Buoyancy-Controlled Flame Height
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L
3” = —1.02 4+ 15.6 - N1/5

Equation 3: Gas Release Momentum Ratio (RM)

T ¢, - AT\*® Do /Ps\
RM =136 -2 p_f) (2) . N2/5
<T]>< H./r r?

Equation 4: Non-Dimensional Parameter (N)
¢y T Q 2

— p L
N g.D.pf-(%) D5

Equation 5: Jet Gas Density
1

(5 )
Pi= 2 R-T,

j
-1
Z *t +1
K =
- vi—1

Step 1: Buoyancy-Controlled Flame Height
_ Ly 18029

x (Kappa) of a Gas Mixture

b=, T 12 =1.5024m
Ly
Step 2: Flame Height Ratio
L, 15024
D =09 = 1.6694

Step 3: Dimensionless Parameter N
_ <1.6694 + 1.02
B 15.6

5
) = 0.0001523
Step 4: RM Calculation

. 4/5 2
RM = 1.36 - (%) (M) <M) . N2/5
Jj

H./r r?

T Lo 293 = 0.286
ratio = 'r" 71023
¢, -AT; 1000 - 500

H. . = =
ratio = Ty Jr ~ 43049221.88/10.8
2

<p°°)2 —( L2 ) = 0.0757
p/ \4361)

4 2
RM = 1.36-0.286 - (0.1254)5 - (0.0757 - 0.0001523)5 = 0.006582
Step 5: Apply Equation for Q

= 0.1254
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N-D5-g-D-p§-G%)

¢ cp - Ty
~ 0.0001523 - 0.96-9.81- 0.9 - (4.361)2 - (%)
Q 1000 - 1023
Q =524.0 kW
Parameter Value Units Description
Lf 1,80296193 m Observed flame height
D 0,9 m Flame base diameter
cp 1000 J/kg-K Specific heat
Delta_Tf 500 K Temperature rise in flame
Hc 43049221,88 J/kg Heat of combustion
r 10,8 - Stoichiometric air/fuel ratio
rho_s 4,361 kg/m3 Ejected gas density
g 9,81 m/s2 Gravity
T_ratio 0,286412512 - T inf/T_s
H_ratio 0,125438 - cp * ATf/ (He /1)
H_ratio”0.8 0,189995 - (H_ratio)*0.8
density_term 0,002359 - rho_inf / (tho_s * r"*2)
density_term”o0.4 0,002359 - (density_term)
RM 0,000175 - Full RM from simplified Eq. 3
Lf/Lb 1,2 - From Eq. 1
Lb 1,502468275 m Buoyancy-controlled flame height
Lb/D 1,669409194 - Lb/D
N 0,000152287 - From Eq. 2
H_ratio”3 6,33E+19 (He/r)"3
kappa 1,515530023 - Specific heat ratio
rho_inf 1,2 kg/m3 Ambient air density
P_inf 101000 Pa Atmospheric pressure
T_inf 293 K Ambient temp
T_s 1023 K Flame gas temp
M 1,2 - Mach number (assumed)
P_s 2364000 Pa Internal gas pressure
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Thermal runaway results for 5 MWh Battery room

SMWh Battery Room (Bottom-UP)

Module and Rack HRR Curve
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Module and Rack HRR Curve
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8 Appendix B

Unit

Rack 4 Rack 5

Rack 10 Rack 11

Parameter Value Description
Battery Chemistry NMC . y room. Cl LFP (Lithium Iron
Room Capacity 5000 KWh Editable: Total energy capacity for battery room
Module Mass 395 ke From datasheet
Module Nominal Voltage 80 v From Corvus datasheet
Module Capacity 628 Ah From C
Module Energy 50,24 KWh Energy = Voltage x Capacity / 1000
1
9 ixed for Corvus rack (vertical stack)
Distance Between Racks 1 m table: adjacent racks
Vacant Margin (each w: 08 m Editable: space around room (walls, ceiling, floor)
TR Threshold (kW/m?) 60 Thisis the heat flux threshold limit, set to indicate when a
heat flux remains - s (Delay) 1500
Module Length 1,165 m Corvus module length (rack depth)
Module Width 0,905 m Corvus module width (rack width)
Module Height 0,238 m Corvus module height (stacked vertically)
Modules Required 99,52229299 Total modules to meet required capacity
Racks Required 12 Total racks required (rounded up)
Rack Length 08 m Sam leng
Rack Width 1,165 m s:
Rack Height 2,142 m 9 ically
Select SOC 100 % Select the State of Charge (SOC] the room.
Bottom tion in the rack where thermal runaway begins (e.g., bottom/middle/{
Select Area to Melt Only Roof uctural region considered for &, only roof, walls, ef
TR-Start Timeof Rack B-5 5000 1h23m Time when thermal y [
i Time. 3900 1h5m Time when thermal runaway B
Post-Melt Start Time (<) 4300 1hiim Time when melting has fully progressed
Melting Duration (s) 400 0h6m Total time during which structural steel is melting
THR Battery Room (GJ) 241,052655 3] Total thermal energy released in the room (in G1)
Melting After water i 4100 melting still occurred after water suppression

Battery Room Flooding Confi

Water Type Sea Water Type of water used for e.g., SeaWater or DI Water
‘Water Flow Rate (m?/min) 8 (m*/min) Rate at which water fills the battery room, in cubic meters per minute
Fill Start Time 4500 (s) Time (in seconds) after ignition when water starts filling the room
Select Fill % 100 % [arget water level (as % of total room volume) to simulate partial/f
Decay Factor After Fill 0,03 % pential decay constant applied to reduce THR after water submer
Corrosion Start Time (s) 9900 ) hential decay constant applied to reduce THR after water submersion H

Parameter Value Unit Description
Steel Mass 6577,16018 ke Total structural steel mass
Specific Heat (c) 0,46 ki/kg K Specific heat capacity of steel
ise (AT) 1480 3 From 20°Cto 1500°C
Latent Heat of Fusion 272 kijkg Energy to melt 1 kg of steel at 1500°C
perke 680,8 Kijkg cxaT
Total 6396758 7] Steel mass x sensible heat/kg
Total Latent Heat 2555696,527 7] Steel mass xlatent heat/kg
Total Energy to Melt Steel 8952455 7] Sensible + latent heat
Heat Absorption Efficiency 70% n Fraction of thetotal fire heat (HRR) that is absorbed by

ery Room Steel Specification Table

Component Value Unit Description Source Link
Room Length 493 m gth = racks per row  (rack length + spacing) + mar
Room Width 12,03 m 2 rows of racks + spacing + margins
Room Height 3,742 m Rack height margin
Room Volume 221,9 [
Steel Grade 3 - High-strength arctic-grade ship steel Source
Steel Density 7850 kg/m? Density of steel Source
‘Wall Plating Thickness 0,008 m Typical wall steel thickness (8 mm) Source
Deck/Ceiling Plating Thickness 0,012 m Typical i 12 mm) Source
Count 5 count Estimated vertical frames inside the room
Frame Cross Section Area 0,002 m Cross sectional area of each frame (flat bars, T-
Stringer Count 3 count Estimated horizontal stringers
Stringer Cross Section Area 0,003 m bctional area of each stringer Stringer (L-bar)150x
[
Total Volume 0,7116948 [
Wall Area 126,92864 Total area of all 4 vertical walls
Ceiling Area 59,3079 areaof floor
DeckArea 59,3079 area of floor
Frame Volume 0,03742 Volume of vertical frame steel
Stringer Volume 0,08874 Volume of horizontal stringer steel
Total Steel Volume 0,8378548 Total structural steel volume
Total Steel Mass 6,57716018 T Total steel mass of the structure

Scenario Middle
TR-Start Time of Rack B-s 5000 5450 8600 1h23m 1h30m 2h23m
Melting Start Time (s) 3900 4300 5450 1hsm thiim 1h30m
Post-Melt Start Time (s) 4300 4950 6000 1h11m 1h22m 1h40m
Melting Duration 400 650 550 Oh6m 0h 10m 0h9m
THR Battery Room (GJ) 241,05 254,91 235,26 -
Welting After water Submerssion 4100 4500 Melting not triggered -
Peak HRR-KW. 17273 15760 14823 - - -
Combustion Duration (5) 34811 38780 54959 oh40m 10h46m 15h15m
TR-Start Time of Rack B-s 5000 5450 8600 1h23m 1h30m 2h23m

Scenario,

101

5 User Input Interface for Battery Room Capacity, SOC, Propagat

Structural Exposure, and Mitigation Parameters
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9 Appendix C

o 0% B D&B D B D B D&B D B D&B D
R Duratio P
01 11250 14300 41816 51400 68175 2471 2237 1888
03 14050 21800 57368 67207 100299 1951 2063 2427
05 12850 18700 69096 82504 115341 1884 1958 2744
2 07 #NA /A #NA 5 14282 16471 17695 1360 955 834
09 ANIA ANIA 5 14282 16471 17695 1360 955 834
& 1.1 #NA #N/A #NA 5 14282 16471 17695 1360 955 834
13 ANIA ANIA ANIA 5 14282 16471 17695 1360 955 834
15 ANIA WNIA ANIA 5 14282 16471 17695 1360 955 834
17 ANIA WNIA ANIA 5 14282 16471 17695 1360 955 834
Q 0% B D&B D B D D B D&B D B D&B D
R Duratio p
01 7850 10150 36988 46399 63023 5402 4944 4092
03 8150 10450 47951 57362 78320 47% 4722 3913
05 7850 8500 10800 56110 68579 93362 4141 4543 4425
2 07 8050 8850 11200 62228 72659 103050 4026 4439 5544
09 8250 9300 11650 64268 14530 15602 3953 2197 1845
& 1.1 8500 9950 10 12513 14530 15602 3059 2197 1845
13 8850 10950 ANIA 10 12513 14530 15602 3059 2197 1845
15 9300 P77 TN | 10 12513 14530 15602 3059 2197 1845
17 10450 P77 | 10 12513 14530 15602 3059 2197 1845
Q 00 % B D D B D D B D&B D B D&B D
R Duratio p
01 6150 162 159 27804 36553 52835 12379 12552 10046
03 5000 6350 162 159 36727 45221 62268 11013 11488 10126
05 5000 5200 6650 162 159 38767 47516 66857 1079 1271 9776
2 07 5100 5350 6850 162 159 41827 50575 77055 10430 10961 9476
09 5200 5450 7050 162 159 46926 56694 80624 9974 10926 9493
& 1.1 5300 5600 7250 162 159 48455 57969 83939 9960 10937 9517
1.3 5400 5750 | 7a00 | 162 49475 61283 11023 10004 10941 4699
15 5550 5950 162 51515 10293 11023 10033 5420 4699
17 5650 6100 8938 10293 11023 7798 5420 4699

5MWh Battery Room (Area of Interest - Battery Room Roof)

TD&BU BU TD&BU ™ BU TD&BU TD&BU
MeltingStart - s THR-GJ Duration-s Peak HRR - KW

51400 68175 241 2237 1888
- 67207 100299 1951 2063 2427
s 82504 115341 1884 1958 2744
-4 16471 17695 1360 955 834
< 16471 17695 1360 955 834
& 16471 17695 1360 955 834
16471 17695 1360 955 834
16471 17695 1360 956 834
16471 17695 1360 956 834

TD&BU
MeltingStart - s Duration- Peak HRR - KW

Q 00 % D D B D D B D&B D B D&B D
R Duratio P AR
0.1 449 27804 36553 52835 12379 12652 10046
03 6200 449 36727 45221 62268 11013 11488 10126
05 6650 449 38767 47516 66857 10796 11271 9776
2 0.7 6200 7400 449 41827 50575 77055 10430 10961 9476
0.9 6650 11750 449 46926 56694 80624 9974 10926 9493
& 11 8300 13050 443 48455 57969 83939 9960 10937 9517
13 12050 14400 43475 61283 11023 10004 10941 4699
15 13800 #N/A 51515 10293 11023 10033 5420 4699
17 #N/A #N/A | #N/A 8938 10293 11023 7798 5420 4699
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25MWh Battery Room (Area of Interest - Battery Room Roof)

o 0% 8U TD&BU ™ TD&BU 8U D &BU ™ 8U D&BU ™
2 MeltingStart - s - Duration-s Peak HRR - kW

]

51400 68175 2471 2237 1888
- 67207 100299 1951 2063 2427
5 82504 115341 1884 1958 2744
4 16471 17695 1360 955 834
< 16471 17695 1360 955 834
e 16471 17695 1360 955 834

16471 17695 1360 955 834
16471 17695 1360 955 834
16471 17695 1360 955 834

01 18000 36988 46399 63023 5402 4944 4092
03 15800 15950 22250 47951 57362 78320 47% 4722 3913
05 18600 18950 25650 56110 68579 93362 4141 4543 4425
2 07 20700 20650 62228 72659 103050 4026 2439 5544
09 22150 ANIA AN/A 8 64268 14530 15602 3953 2197 1845
1.1 HN/A #N/A #N/A 10 8 12513 14530 15602 3059 2197 1845
13 HN/A #N/A #N/A 10 8 12513 14530 15602 3059 2197 1845
15 AN/A ANIA AN/A 10 8 12513 14530 15602 3059 2197 1845
17 WN/A ANIA ANIA 10 8 12513 14530 15602 3059 2197 1845
Q % D D D D D& D D D
Duratio
01 8600 744 740 27804 36553 52835 12379 12552 10046
03 9000 13500 744 740 36727 45221 62268 11013 11488 10126
05 8400 11150 I 16300 744 740 38767 47516 66857 10796 1271 9776
2 07 11400 12600 19100 744 740 41827 50575 77055 10430 10961 9476
09 13400 14250 | 20450 | 744 740 46926 56694 80624 9974 10926 9493
1.1 14400 14850 744 740 48455 57969 83939 9960 10937 9517
13 15100 15900 #N/A 744 49475 61283 11023 10004 10941 4699
15 15950 ANA__ | #NA 744 51515 10293 11023 10033 5420 4699
17 #N/A #N/A [ #N/A 10293 11023 7798

Appendix C 1 Comparative sensitivity analysis for 5 MWh, 15 MWh, and 25 MWh battery
rooms, showing the influence of SOC (0%, 50%, 100%) and rack spacing (0.1—1.7 m) on roof
melting start time, total heat release.
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