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Abstract 

Classification of Self-Heating Materials: The UN N.4 Test 

and Alternative Methods  

This report establishes that the test (the UN N.4 test) used for classifying dangerous 

goods prior to transport does not produce reliable results. The test can yield both false 

negatives (materials classified as non-self-heating, although they are) and false 

positives (materials classified as self-heating, although they are not). While false 

positives do lead to increased transport costs, they do not constitute a safety issue. 

False negatives, however, represent a direct threat to fire safety, as there is a risk of 

self-heating followed by spontaneous ignition. 

The report focuses on the maritime transport of solid materials and begins by outlining 

classification of dangerous goods and solid bulk cargoes from a maritime perspective, 

with particular emphasis on the International Maritime Dangerous Goods (IMDG) 

Code and the International Maritime Solid Bulk Cargoes (IMSBC) Code. A cornerstone 

in determining the self-heating propensity of a material under the IMDG Code is the 

UN N.4 test. This test is also referenced in the IMSBC Code, although with different 

temperature requirements compared to its original formulation. Although the focus on 

maritime transport in this report, the UN N.4 test is also applied in the classification of 

dangerous goods in land transport (ADR/RID), and the findings of this report may 

therefore be relevant to a broader audience. 

The risk of the UN N.4 test producing misleading results stems from the fact that 

different substances exhibit different behaviours/reactions during self-heating and that 

the UN N.4 test originates from one type of material’s behaviour. The rate of the 

reactions depends, among other factors, on temperature. Since different substances 

exhibit different temperature dependencies in their reaction rates, no single test 

temperature that can adequately cover all cases. Experiments must therefore be 

conducted at multiple temperatures. The report presents a number of methods for 

determining the self-heating rate (i.e., the propensity for self-heating) of a substance. 

Once critical constants (e.g., apparent activation energy, pre-exponential factor, and 

material dependent constants) have been established, these can be used to estimate 

critical parameters such as temperature and the size/volume of the material to be 

transported. 

Finally, the report proposed an improvement to the UN N.4 test. The proposed method 

is based on the crossing-point method and determination of heat capacity, heat 

conductivity and density. From this, material specific properties can be determined and 

used to calculate the critical volume at 50 °C. 
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Sammanfattning 
I denna rapport fastslås det att det test (UN N.4-testet) som används för att klassificera 

farligt gods inför transport ej resulterar i tillförlitliga resultat. Testet kan resultera i så 

väl falskt negativa (material klassificeras som ej självuppvärmande, men är det) som 

falskt positiva (material klassificeras som självuppvärmande, men är det inte). Medan 

falskt positiva resultat visserligen medför extra transportkostnader är de ur ett 

säkerhetsperspektiv inget problem. Falskt negativa resultat utgör däremot ett direkt 

hot mot brandsäkerheten då risk för självuppvärmning med efterföljande 

självantändning föreligger. 

Fokus för rapporten ligger på sjötransport av fasta material och inledningsvis beskrivs 

klassificering av farligt gods och fast gods i bulk ur ett maritimt perspektiv med fokus 

på IMDG-koden (TSFS 2025:56) och IMSBC-koden (TSFS 2025:23). En grundsten för 

att avgöra ett materials självuppvärmningsbenägenhet enligt IMDG-koden är det 

nämnda N.4-testet. Det återfinns även refererat i IMSBC-koden, men då med andra 

temperaturkrav än i sitt ursprung. Även om fokus ligger på sjötransport används N.4-

testet även vid klassificering av farligt gods på land (ADR/RID) och innehållet i denna 

rapport kan därför vara av intresse för en bredare publik. 

Att N.4-testet riskerar ge falska resultat har sin grund i att olika ämnen uppvisar olika 

reaktioner vid självuppvärmning. Dessa reaktioners hastighet beror bland annat på den 

aktuella temperaturen (i bulkmaterialet). Olika ämnens reaktionshastighet har olika 

temperaturberoende och det finns således inte en testtemperatur (försökstemperatur) 

som kan täcka in alla dessa. Försök måste därför genomföras vid flera olika 

temperaturer. I rapporten presenteras ett antal metoder för att bestämma ett ämnes 

självuppvärmningshastighet (benägenhet att självuppvärma). Efter att kritiska 

konstanter, såsom skenbar aktiveringsenergi, preexponentiell faktor och 

materialberoende konstanter, bestämts kan dessa användas för att uppskatta kritiska 

parametrar såsom kritisk temperatur vid en given storlek eller volym på bulkmaterialet 

(eller kritisk storlek eller volym vid en given temperatur) för det material som ska 

transporteras. 

Slutligen föreslås en uppdatering av N.4-testet. Den föreslagna metoden baseras på 

crossing-point-metoden samt bestämning av värmekapacitet, värmeledningsförmåga 

och densitet. Utifrån dessa mätningar kan materialspecifika egenskaper bestämmas 

och användas för att beräkna den kritiska volymen vid 50 °C. 
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1 Introduction 

1.1 Background 

Self-heating materials pose a particular challenge in maritime transport, as they may, 

under certain conditions, undergo exothermic reactions leading to temperature 

increase and, in the worst case, self-ignition. The consequences of such incidents may 

be significant. As an example, between 2015 and 2022, 68 container fires involving the 

transport of biochar were reported [1], clearly illustrating the scale of the problem1. 

Furthermore, self-heating was also addressed as a topic of concern in the CARGOSAFE 

project report [2]. 

The regulatory framework for classification of self-heating substances governing the 

transport of dangerous goods at sea is primarily defined by two key codes: the 

International Maritime Dangerous Goods (IMDG) Code and the International Maritime 

Solid Bulk Cargoes Code (IMSBC) Code. The IMDG Code regulates the transport of 

packaged dangerous goods, while the IMSBC Code addresses the transport of solid bulk 

cargoes. Both codes include criteria and guidance for the classification of self-heating 

materials; however, their application differs depending on the form of the cargo and the 

associated transport conditions. 

A central method in classification according to the IMDG Code is the UN N.4 test [3]. 

This test is designed to assess a material’s propensity for self-heating by exposing a 

sample to a predefined temperature under controlled conditions. The outcome is used 

as the basis for determining whether the material should be classified as self-heating 

(Class 4.2) or not. The test is also referenced in the IMSBC Code, although with certain 

modifications, including differences in specified test temperatures. However, the 

reliability of the UN N.4 test has been questioned [4-6]. Experience from real incidents, 

not least the numerous container fires involving biochar, has shown that the test does 

not always adequately represent actual transport conditions/material properties. 

Additionally, the report from the CARGOSAFE project highlights this issue in 

particular, pointing to limitations in current methodologies and the need for more 

representative and reliable approaches to assessing self-heating risks [2]. In response, 

the International Maritime Organization (IMO) has amended the IMDG Code and 

removed previous test-based exemptions, requiring that such materials be treated as 

Class 4.2 (self-heating) dangerous goods for maritime transport, regardless of test 

results2. Against this background, the need to review existing test methods and 

classification principles has become increasingly evident. 

This report aims to outline the current regulatory framework, discuss existing test 

methods and their limitations, and consider potential ways forward toward a more 

robust and reliable classification of self-heating materials in maritime transport. 

 
1 The root cause of the fires has not been identified in this work. It is suspected that several of 
the fires were caused by self-heating, as reflected in the update of the IMDG code. 
2 Tests still need to be conducted to determine packing group (PG II/PG III). 
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1.2 Self-heating 

If an exothermic reaction produces heat faster than it can be dissipated, the material 

begins to self‑heat (the temperature in the bulk material increases). If this temperature 

rise continues until the material reaches its ignition temperature, self‑ignition occurs. 

At that point, a fire will develop. If the material is subsequently disturbed (shaken, 

moved, aerated) or if additional oxygen becomes available, for example by opening 

hatch covers or container doors, the initial smouldering fire could transition into a 

flaming fire, significantly increasing the hazard. 

Self‑heating results from exothermic reactions, physical processes, or a combination of 

both. Exothermic reactions include microbial activity and chemical reactions such as 

oxidation and degradation. Microbial activity is generally limited to moist materials 

and temperatures below approximately 75 °C [7], whereas chemical reactions typically 

proceed slowly at ambient temperatures but continue until all reactive material is 

consumed. The rate of heat generation is temperature‑dependent and roughly doubles 

for every 10 °C increase. Starting from ambient temperatures, this means that the time 

to self‑ignition can be long, potentially extending up to months. Physical processes, 

such as moisture migration, may also contribute through heat released during 

condensation and sorption. 

While heat production depends on the material, its properties, storage conditions, sun 

and heat radiation, and surrounding temperature, heat dissipation is governed by 

material characteristics such as specific heat capacity and thermal conductivity, as well 

as stored volume and weather conditions. Larger volumes act as better insulators, 

meaning that larger storage or transport quantities carry a higher risk of self‑ignition. 

Generally, self‑heating can be described by Equation 1. The IN term represents heat 

supplied from the surroundings, for example when ambient temperature exceeds the 

material temperature. PROD represents heat generated internally by reactions or 

physical changes. OUT corresponds to heat loss through dissipation. ACC is the heat 

accumulation term. When heat accumulates, the material temperature rises, increasing 

the accumulation term. Equation 2 represents a mathematical form of Equation 1. In 

this equation ρ is the density, Cp the heat capacity, T the temperature, t the time, λ is 

the heat conductivity, and q the heat production term. 

𝐼𝑁 + 𝑃𝑅𝑂𝐷 = 𝑂𝑈𝑇 + 𝐴𝐶𝐶  (1) 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
= 𝜆 (

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2) + 𝑞̇(𝑇) (2) 
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1.3 Transport regulations and dangerous 

goods classification 

1.3.1 The UN N.4 test 

To classify goods under the IMDG Code (as well as for other types of transportation 

under the Globally Harmonised Systems (GHS)), the UN N.4 test is used. In this test, 

material sample is exposed to air in cubic wire‑mesh baskets of defined sizes (side 

lengths of 25 mm and 100 mm), and at elevated temperatures (100 °C, 120 °C, and/or 

140 °C). The tests last for up 24 h, unless ignition occurs earlier. The result of the UN 

N.4 test determines whether a material should be classified as self-heating (Class 4.2) 

and whether it should be assigned to Packing Group (PG) II or III. A block diagram 

illustrating the sequence of tests in the UN N.4 test is presented in Figure 1. This UN 

N.4 test is mandatory for packaged goods, but it is not intended to assess the large‑scale 

thermal behaviour of cargoes carried in bulk. The test procedure and background to the 

test is further described in section 3.3.1 of this report. 

 

Figure 1. Tests and criteria in the UN N.4 test [3]. 
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1.3.2 The IMDG Code 

Under maritime regulations, the IMDG Code applies to dangerous goods transported in 

packaged form, including goods packed in bags, drums, IBCs, containers, and portable 

tanks, as well as all containerized cargoes handled in ports and onboard vessels. This 

distinguishes it from the IMSBC Code, which applies to solid bulk cargoes carried 

unpackaged in bulk holds. The IMDG Code is an extension of SOLAS Chapter VII and 

MARPOL Annex III and governs classification, packaging, marking, labelling, 

documentation, stowage, and segregation of hazardous materials carried at sea.  

Self‑heating materials transported in packages are subject to the IMDG Code and must 

therefore comply with all applicable requirements for Class 4.2 substances. 

Self‑heating substances are classified under IMDG Class 4.2 (“Substances liable to 

spontaneous combustion”), which covers materials that self‑heat and may ignite after 

hours, days, or even months, if stored or transported in large quantities.  The IMDG 

Code assigns Packing Groups (PG) based on the degree of danger with PG II 

representing medium danger and PG III lower danger, each associated with different 

packaging requirements.  Carbonaceous materials such as biocarbon (UN 1361, 

“CARBON, animal or vegetable origin”), are listed in Class 4.2 and may be assigned to 

PG II or PG III depending on its self-heating propensity and the outcome of the 

prescribed tests. The determination of self‑heating behaviour and packing group 

assignment under the IMDG Code is based on the self‑heating test (Test N.4) described 

in the United Nations Manual of Tests and Criteria [3] (cf. Figure 1). 

IMDG Code amendments 42-24 introduce Special Provision 978, which applies to 

UN 1361, replacing earlier exemption‑based provisions (SP 223 and SP 925). Under 

SP 978, these materials must be transported as Class 4.2 dangerous goods and are no 

longer eligible for the former test-based exemption. The provision requires 

pre‑transport weathering, sets a maximum cargo temperature of 40 °C when packing, 

requires specific stowage conditions (such as maintaining container headspace), and 

imposes additional documentation requirements including date of production, packing 

date, and material (cargo) temperature at packing.  These changes were adopted in 

response to numerous fires involving charcoal/biochar, indicating that previous test-

based exemption criteria did not always adequately represent the risks encountered 

under actual transport conditions. 

1.3.3 The IMSBC Code 

Under maritime regulations, the IMSBC Code applies to solid bulk cargoes carried 

unpackaged in bulk, typically loaded directly into cargo holds without intermediate 

packaging. The Code governs the safe carriage of such cargoes by establishing 

requirements for cargo classification, hazard assessment, trimming, ventilation, 

moisture limits, monitoring, and emergency procedures. The IMSBC Code is 

mandatory under SOLAS Chapter VI and is specifically intended for bulk shipments, 

distinguishing it from the IMDG Code, which applies to dangerous goods transported 

in packaged form. 

Within the IMSBC framework, materials prone to self-heat are primarily addressed as 

cargoes possessing chemical hazards in bulk. Group B cargoes are defined as solid bulk 

cargoes that possess chemical hazards capable of giving rise to dangerous situations on 
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board a ship. Such hazards may include self-heating and self-ignition, emission of 

flammable or toxic gases, oxygen depletion, or corrosive effects. Cargoes that are 

hazardous only when carried in bulk may additionally be designated as Materials 

Hazardous only in Bulk (MHB). Where self-heating is the relevant hazard, the 

designation MHB (SH) may be assigned. 

The IMSBC Code refers to the test described in the UN Manual of Tests and Criteria [3]  

for the assignment of self-heating behaviour. A material shall be classified as MHB if, 

during testing, the centre temperature of a 100 mm side cube sample rises by more 

than 10 °C above the furnace temperature when tested at both 140 °C and 100 °C (cf. 

Figure 2). A material may also be considered as self-heating if, during a 48 h test 

(according to the UN Manual of Tests and Criteria, 33.5.4.3.5), the sample temperature 

exceeds the ambient test temperature by more than 10 °C. These criteria are intended 

to identify substances capable of exothermic oxidation and heat accumulation under 

bulk carriage conditions. 

 

Figure 2. Tests and criteria according to the IMSBC Code (TSFS 2025:23). 

Self-heating and self-ignition hazards are explicitly recognised for e.g., carbonaceous 

cargoes such as charcoal, where oxidation processes may lead to gradual temperature 

increase and, in confined cargo holds with limited heat dissipation, potentially to 

ignition. The IMSBC Code therefore requires such cargoes to be accompanied by a 

Cargo Declaration and Detailed Cargo Information describing the hazard 

characteristics, operational precautions, and emergency response measures applicable 

to the cargo. For charcoal and related carbon materials carried in bulk, the Code 

specifies operational risk mitigation measures rather than packing groups. These 

measures include restrictions on loading temperature, limitations on moisture content, 

requirements for weathering or ageing before shipment, monitoring of cargo 
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temperatures and gas concentrations, and controls on ventilation during carriage. 

Unlike the IMDG Code, the IMSBC Code does not rely primarily on UN numbers or 

packing groups for bulk cargoes but instead uses cargo schedules and bulk hazard 

classifications to define handling, stowage, and safety requirements. 

Charcoal is treated separately within the IMSBC Code because of its recognised 

tendency to self-heat. The cargo schedule for charcoal identifies self-heating and 

oxygen depletion as relevant hazards and refers to a specific standardised self-heating 

test contained in Appendix 2, section 6 of the IMSBC Code. In this method, a 1 dm3 

sample is placed in a wire mesh cube (side length 100 mm) and placed in a ventilated 

oven maintained at 140 °C for a period of 12 h. The temperature of both the sample and 

the oven atmosphere is monitored continuously using thermocouples positioned at the 

centre of the sample and within the oven. The elevated test temperature is intended to 

accelerate oxidation reactions under controlled laboratory conditions in order to 

evaluate whether the material exhibits a tendency toward self-heating. The purpose of 

the test is not to reproduce actual shipboard conditions, but rather to provide a 

reproducible comparative assessment of the propensity of the material to generate and 

retain heat when carried in bulk. For non-activated charcoal, the material is regarded 

as failing the test if the sample’s centre temperature exceeds 200 °C at any time during 

the 12 h period. For activated charcoal, a higher threshold of 400 °C applies. These 

criteria differ from the general 10 °C temperature-rise criterion used for many other 

self-heating substances under the IMSBC framework and is expected to reflect the 

behaviour of charcoal, which may exhibit measurable exothermic oxidation without 

necessarily presenting an unacceptable ignition risk during properly controlled bulk 

transport. The charcoal-specific test is therefore used to determine whether the cargo 

may be transported under the charcoal cargo schedule and whether it may be regarded 

as sufficiently stable for carriage in bulk. The IMSBC Code further requires that 

charcoal intended for bulk carriage must not meet the criteria for classification as a 

Class 4.2 substance liable to spontaneous combustion. Additional operational 

requirements include that the material shall normally have been weathered or aged for 

a minimum specified period before loading, that the moisture content and loading 

temperature remain below prescribed limits, and that the shipper provide certification 

confirming compliance with the applicable IMSBC provisions. These requirements 

recognise that even relatively low rates of heat generation may become significant in 

large cargo volumes where heat dissipation is restricted. Accordingly, laboratory 

evidence of exothermic oxidation or temperature rise is interpreted within the IMSBC 

framework as an indicator of potential self-heating behaviour under bulk carriage 

conditions, requiring the implementation of bulk-specific operational controls and 

monitoring measures. 
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2 Characterisation of self-heating 
Self‑heating refers to the temperature rise in a material or system caused by internal 

heat generation exceeding heat losses to the surroundings. It is relevant in many 

contexts, such as reactive solids, biomass storage, batteries, and energetic materials. 

Because self‑heating spans multiple length and time scales, it is studied using several 

complementary approaches, ranging from analytical theory to experiments and 

numerical modelling. 

2.1 Characterisation approaches 

Self‑heating can be investigated using three main classes of approaches: analytical 

models, experiments, and numerical simulations. 

A first class consists of idealised analytical theories that aim to identify the 

fundamental conditions for thermal runaway. The simplest of these is the Semenov 

model, which assumes that the temperature within the system is spatially uniform 

(same at all positions). Under this lumped assumption, the system is described by a 

global heat balance between heat generation and heat loss to the surroundings. The 

model predicts a critical ambient temperature or heat‑loss coefficient above which no 

steady state exists and self‑ignition occurs. Its main strength lies in its simplicity and 

physical transparency; however, it is limited to small systems or highly conductive 

materials where internal temperature gradients can be neglected. In practice, the model 

requires experimental input such as reaction kinetics and heat‑generation data. 

When the spatial temperature (temperature varies depending on the exact location in 

the material) becomes significant, more advanced analytical descriptions are needed. 

The classical framework for this situation is the Frank‑Kamenetskii (F‑K) theory, which 

accounts for heat conduction within the material and its transport to the boundaries. 

This approach is described in detail in section 2.2. 

Beyond steady‑state ignition criteria, transient (time dependent) analytical and 

semi‑analytical models are used to describe the time evolution of temperature. 

Although based on simplified physics, these models allow the prediction of quantities 

such as induction time, heating rates, and time to ignition. They are particularly useful 

for understanding how rapidly self‑heating develops as critical conditions are 

approached and for identifying dominant timescales. As with steady‑state theories, 

their predictive capability depends on kinetic and thermal parameters obtained from 

experiments. 

Experimental methods form another important class of approaches. Techniques such 

as differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), 

isothermal calorimetry, and oven/basket tests provide direct measurements of 

temperature evolution under controlled conditions. In addition, indirect methods, such 

as the crossing‑point technique, infer self‑heating behaviour from temperature 

measurements without explicitly solving the governing equations. Experimental results 

serve both to assess self‑heating tendencies and to provide the input parameters 

required for analytical theories and numerical models, thereby linking theory with real 

material behaviour. 
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Finally, numerical modelling provides the most general framework for analysing 

self‑heating. In these approaches, the governing equations for heat transfer and 

reaction kinetics are solved numerically. This allows the inclusion of complex 

geometries, heterogeneous materials, time‑dependent boundary conditions, and 

additional processes such as convection, mass transport, or electrochemical reactions. 

Numerical modelling can therefore be viewed as a generalisation of analytical theories 

such as the Frank‑Kamenetskii model, preserving the same physical principles while 

decreasing simplifying assumptions. This flexibility comes at the cost of compelling 

reliable input data and careful validation. 

2.2 The Frank-Kamenetskii theory 

The F-K theory (thermal explosion) is commonly used to describe self‑heating and self-

ignition in solids. Unlike the Semenov approach, which assumes a uniform 

temperature, the Frank–Kamenetskii theory accounts for heat conduction inside the 

material. Under steady‑state conditions, the theory balances heat generated by an 

exothermic reaction with heat conducted to the surroundings. By introducing 

dimensionless variables and a high activation energy approximation, the governing 

heat equation can be written in a simplified dimensionless form. In this formulation, all 

kinetic, thermal, and geometric effects are combined into a single dimensionless 

parameter, the Frank–Kamenetskii parameter (δ).  

For a given geometry, there is a critical value (δc), if δ < δc, a steady temperature 

distribution is possible, while δ > δc implies self-ignition. The F-K parameter is defined 

as per Equation 3, where Q is the heat of reaction, ρ is the bulk density, A is the 

pre-exponential factor, Ea the apparent activation energy, λ the thermal conductivity, 

T∞ the ambient temperature, and L a characteristic length of the system (2L 

corresponds to the length of a cube side). R is the universal gas constant. 

𝛿𝑐 =
𝜌𝑄𝐴𝐸𝑎𝐿2

𝜆𝑅𝑇∞
2 𝑒

𝐸𝑎
𝑅𝑇∞ (3) 

The value of the critical parameter δc depends on the geometry and can be determined 

analytically. The standard EN 15188:2020 [8] gives some examples: 

- Sphere: δc = 3.32 

- Cylinder (diameter = height): δc = 2.76 

- Cube: δc = 2.52 

- Infinite cylinder (infinite height): δc = 2.00 

- Infinite plane slab (infinite diameter): δc = 0.88 

2.2.1 Assumptions 

A prerequisite for self-ignition is that the material is sufficiently reactive so that the 

heat production exceeds the heat dissipation. Furthermore, diffusion of oxygen should 

not significantly affect the reaction rate (mass transfer is neglected). Under these 

conditions, the stationary F-K theory is based on the following assumptions [9]: 

1. Single-step reaction kinetics 

Heat generation is assumed to result from a single, overall exothermic reaction. 

The reaction rate at a given temperature is independent of time and depends 
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only on temperature according to the Arrhenius equation (Equation 4). Effects 

of reactant depletion and multi-step kinetics are neglected. 

 

𝑞̇ = 𝑄𝜌𝐴𝑒−
𝐸𝑎
𝑅𝑇 (4) 

 

Where Q is the heat of reaction, ρ is the bulk density, A the pre-exponential 

factor, Ea the apparent activation energy, and R the universal gas constant. 

 

2. High activation energy 

The activation energy is assumed to be high, such that 𝑅𝑇∞ 𝐸𝑎
−1 ≪ 1. T∞ is a 

reference temperature, usually the ambient temperature. This assumption 

ensures a strong temperature dependency of the reaction rate and allows 

asymptotic simplification of the governing equations. According to an 

estimation by Boddington et al., this occurs at an apparent activation energy of 

approximately 40 kJ mol-1 [10]. 

 

3. Stationary formulation 

Only steady-state temperature fields are considered. Self-ignition is defined as 

the condition for which no stationary solution to the heat balance exists. 

Transient behaviour (time dependent), such as heating rates and ignition delay 

times, is not described. 

 

4. Conduction-controlled internal heat transfer 

Heat transfer within the body occurs only by thermal conduction. Internal 

convection and radiative heat transfer inside the material are neglected. 

 

5. Prescribed surface temperature 

Heat losses at the boundaries occur through convection and radiation. The heat 

transfer coefficient is assumed sufficiently large so that the Biot number,  

𝐵𝑖 = ℎ𝐿 𝜆−1 is high (h is the effective heat transfer coefficient, L is a 

characteristic length, and λ is the heat conductivity of the material). 

Consequently, the surface temperature equals the ambient temperature, and the 

dominant thermal resistance is within the solid. 

 

6. Homogeneous and isotropic material 

The material is assumed to be homogeneous and isotropic, with constant 

physical and thermochemical properties. Temperature dependent properties, 

moisture transport, and phase changes are neglected. 

Under these assumptions, the problem reduces to a balance between internal heat 

generation and conductive heat removal. The resulting ignition condition is governed 

by the F-K parameter δ, for which a critical value δc exists depending on geometry and 

boundary conditions. The use of δc restricts the applicability of the F-K theory to simple 

geometries such as spheres and cubes. In addition, the classical formulation neglects 

moisture transport and related processes such as hydrolysis, evaporation, and 

condensation. When moisture migration is significant, heat and mass transfer become 

coupled, and the fundamental assumption of a centrally located, effectively adiabatic 
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ignition zone may no longer hold, since the location of maximum temperature rise need 

not coincide with the geometric centre of the system. 

2.2.2 Corrections to δc and reactant & oxygen 

consumption 

To compensate for deviations of the underlying assumptions in the F-K theory, 

adjustments to the critical parameter can be made [9] e.g., Boddington et al. proposes 

corrections to account for a (relatively) low activation energy [10], and Thomas [11, 12], 

and Barzykin et al. (cited in [9]) proposes a correction if the Biot number is not infinite. 

To account for reactant consumption and oxygen consumption, numerical solutions are 

preferred, although Takeno and Sato have presented an analytical method to deal with 

oxygen consumption [13]. Further reading on reactant consumption is available in [14-

16]. 
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3 Methods for self-heating 

characterisation 
This chapter starts with a reflection on the ignition criteria used in several of the tests. 

The reason of this reflection is that several of the tests involve testing with the aim to 

find a critical temperature i.e., to find the lowest temperature where ignition occurs. To 

determine if ignition occurs, a criterion is needed. 

The reflection is followed by descriptions of different test methods, these are sorted 

from large to small scale. Examples of different test scales are shown in Figure 3. 

 

Figure 3. Examples of different test scales to evaluate different material’s propensity to self-heat. 

3.1 Ignition criteria 

In several of the described tests below, finding a critical temperature leading to ignition 

is a key. Some examples of ignition criteria involve the UN N.4 test defines ignition as 

the point when the centre temperature in the tested material exceeds 200 °C, and the 

German VDI 2263 test standard for dust uses 400 °C as a criterion. Degenkolbe and 

Witt [17] reviewed different criteria, these are summarised in Table 1 together with the 

criteria noted in EN 15188. Which of these criteria to be selected remains as an open 

question. 

Table 1. Different ignition criteria. 

Type Criterion Reference 

Fixed temperature 
200 °C [3] 

400 °C [18] 

Temperature increase 50 °C 
[19, 20] 

60 °C [8] 

Inflection point Inflection point at a temperature exceeding the 
oven temperature (cf. Figure 4) 

[8] 
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Other approaches to define an ignition criterion could be to determine the ignition 

temperature and use this temperature as the criterion. This temperature will vary 

among materials therefore needs to be determined for each material. One way to 

determine this temperature is from TGA, according to Mohalik et al. this temperature 

could be estimated from the point when the mass loss rate equals or exceeds  

0.1 % min-1 [21]. 

3.1.1 Temperature profiles 

Depending on the reactivity of the material and the oven temperature, three 

characteristic temperature profiles may be observed. At low oven temperatures, the 

centre temperature approaches the oven temperature asymptotically (subcritical 

behaviour). At intermediate temperatures, the centre temperature initially exceeds the 

oven temperature but subsequently decreases (critical behaviour). At sufficiently high 

temperatures, the centre temperature increases continuously, indicating thermal 

runaway (supercritical behaviour). These idealised profiles are illustrated schematically 

in Figure 4; however, it should be noted that real experimental data may deviate from 

these idealised cases. 

 

Figure 4. Schematical illustration of subcritical, critical, and supercritical temperature profiles as 
well as Tmax and the inflection point. 

3.2 Large-scale tests 

While larger-scale tests provide conditions that more are similar to real storage or 

handling scenarios, they are resource-intensive and costly to perform. In addition, as 

the mass of the material increases, the potential hazard also increases in the event of 

spontaneous ignition. Due to their complexity, such tests are only briefly addressed in 

this report. For materials stored in piles or silos, in situ monitoring of temperature, 

together with gas analysis, can be used to assess self-heating behaviour. However, the 

measured parameters may be influenced by bulk properties and wall effects, which 

complicates data interpretation and scaling. Consequently, data obtained at this scale 

are primarily used for validating predictions from mathematical models rather than for 

direct parameter estimation. 

It should also be noted that pilot-scale experiments may be subject to similar 

limitations, including bulk effects and wall effects, which can make evaluation of the 

results challenging. An example of pilot-scale testing using a 1 m3 steel cylinder filled 

with wood pellets is reported in [22]. 

             

           

        
  

           

    

          

     

    



18 

This work is licensed under CC BY 4.0  https://creativecommons.org/licenses/by/4.0/ 

3.3 Intermediate-scale laboratory tests 

3.3.1 The UN N.4 test 

To test and classify if a material should be considered as a self-heating substance, a test 

method referred to as the “UN N.4 test” is used (cf. section 1.3.1). This method is 

described in the UN Manual on Tests and Criteria [3] and is based on basket heating 

tests (cf. Figure 1). In the first test, the material to be tested is filled in a 1 dm3 wire 

mesh basket. A thermocouple is placed in the centre of the material, and the basket is 

then placed in a temperature-controlled oven at a set temperature of 140 °C. If the 

centre-temperature does not exceed 200 °C during 24 h, the material is not classified as 

self-heating (Class 4.2). A principal drawing of the test set-up is shown in Figure 5, full 

details are given in the UN Manual on Tests and Criteria [3]. 

 

Figure 5. Illustration of the test set-up in the UN N.4 test. Refer to the UN Manual on Tests and 
Criteria [3] for full details. 

3.3.1.1 Background and underlying assumptions 

Following can be read in the UN Manual on Tests and Criteria [3]: 

Tests are performed to determine if substances in a 25 mm or 100 mm 

sample cube, at test temperatures of 100 °C, 120 °C or 140 °C, undergo 

spontaneous ignition or dangerous self-heating, which is indicated by a 60 °C 

rise in temperature over the oven temperature within 24 hours. …These 

criteria are based on the self-ignition temperature of charcoal, which is 50 °C 

for a sample cube of 27 m3. Substances with a temperature of spontaneous 

combustion higher than 50 °C for a volume of 27 m3 should not be classified 

as a self-heating substance. Substances with a spontaneous ignition 

temperature higher than 50 °C for a volume of 450 litres should not be 

assigned to packing group II/Category 1. 

From this information, an F-K plot (cf. sections 2.2 and 3.3.2) can be constructed, the 

resulting plot is shown in Figure 6. Furthermore, from this, the constants assumed in 

the UN N.4 test can be extracted. The activation energy and the parameter τ (Equation 

5), corresponding to the intercept in the plot (Figure 6) are presented in Table 2. An 

underlying assumption in the UN N.4 test is that these parameters are constant (Ea = 

86–90 kJ/mol and τ =45–47) for all materials, in reality they are material dependent. 

τ = ln (
𝜌𝑄𝐴𝐸𝑎

𝜆𝑅
) (5) 
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Figure 6. F-K plot based on the test and large-scale conditions presented in the UN Manual on 
Tests and Criteria [3]. From the slope, the activation energy can be calculated. 

 

Table 2. Numerical representation of Figure 6. 

Cube side 

[mm] 

Test 

temperature 

[°C] 

Critical 

volume 

[m3] 

Critical 

temperature 

[°C] 

Activation 

energy, Ea 

[kJ/mol] 

𝐥𝐧 (
𝝆𝑸𝑨𝑬𝒂

𝝀𝑹
) 

100 140 27 50 90 45 

100 120 3 50 86 45 

100 100 0.45 50 87 47 

 

3.3.1.2 Limitations and applicability 

Because of the assumptions made in the UN N.4 test, it is only applicable to materials 

with similar reaction kinetics e.g., similar activation energy (temperature dependency), 

pre-exponential factor (rate constant), heat of reaction (heat produced per mass or 

volume unit), etc. This introduces a flaw to the UN N.4 test; materials with different 

properties will not scale similarly. 

If the activation energy is lower than the value of 86–90 kJ/mol, the test temperature 

needed to reflect the point at 27 m3 and 50 °C needs to be higher than the prescribed 

140 °C. Vice versa, if the activation energy is higher, the test temperature should be 

decreased to reflect the specified critical conditions. This implies that the UN N.4 test 

may produce results where the materials are classified as not self-heating (although 

they are) and classify materials as self-heating (although they are not). This flaw in the 

test method may be one explaining factor to the fires during transport of biocarbon. 

This was addressed in a recent study investigating the self-heating propensity of a 

biocarbon [6]. The material was found to pass the UN N.4 test with a sample peak 

temperature of 149.5 °C. Furthermore, this temperature is just below the criterion of 

150 °C stated in the IMSB Code resulting in a classification as not MHB. In the 1 dm3 

wire mesh basket tests, the ignition temperature was found to be in the interval of 

160 °C to 180 °C. Based on the reaction kinetics and material properties derived from 

the tests, and combining these with the UN N.4 test assumptions of 27 m3 and 50 °C, 

the F-K theory as well as modelling predicted self-ignition (at the given conditions). 
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This demonstrates that the UN N.4 test is not applicable to all materials. The reason for 

the “false” negative result in the UN N.4 test was attributed to the apparent activation 

energy which was lower than 86–90 kJ/mol. 

Another challenge associated with the UN N.4 test concerns pelletised or briquetted 

materials. Powder- and dust-like materials can be readily filled into both the large 

(100 mm cube) and small (25 mm cube) test containers. However, as the particle size of 

the material increases, difficulties may arise in properly positioning the thermocouple 

at the centre of the cube, and wall effects may become more significant. These 

challenges cannot be resolved simply by grinding the material into finer fractions. 

Grinding may alter the material’s thermal conductivity, oxygen exposed surface area, 

and change mass transfer characteristics. It is important to note that results from 

basket heating tests are only valid for materials with properties similar to those tested3. 

If the particle size distribution differs significantly e.g., if tests are performed on 

briquettes but the material during transport consists of dust or degraded particles, the 

conclusions drawn from the UN N.4 test are not applicable. 

Finally, it should be noted that the UN N.4 test is a test to classify potentially dangerous 

goods and cannot be used to conclude anything about self-heating risks in general; 

these depend on several factors including storage and handling conditions. 

3.3.2 Frank-Kamenetskii method 

In the Frank-Kamenetskii method, a wire‑mesh basket with a simple geometry (e.g., a 

cylinder or cube) is filled with the test material and placed in a laboratory oven 

maintained at a constant and controlled temperature. The temperature at the centre of 

the sample is continuously monitored, similarly to the procedure used in the UN N.4 

test (Figure 5). The objective of the method is to determine the minimum oven 

temperature that leads to ignition for different sample sizes. The procedure is described 

e.g., in EN 15188 [8], which recommends using at least four different sample volumes. 

The upper part of Figure 7 illustrates how the critical temperature is determined for 

each characteristic length. For a cube, the characteristic length corresponds to half the 

side length. The critical temperature is obtained iteratively by performing repeated 

tests at the same sample size until the difference between the highest non‑igniting 

temperature and the lowest igniting temperature is sufficiently small (specified as 2 °C 

in the EN 15188 standard). This procedure yields a set of characteristic lengths (L) and 

corresponding critical temperatures (T). The lower part of Figure 7 illustrates how 

these parameters can be evaluated. Rearranging Equation 3 (section 2.2) yields 

Equation 6, which can be fitted as a straight line to the data points. The resulting 

equation or graph can then be used to estimate critical conditions (temperature and 

volume) for full-scale storage and handling of the material. 

ln (
𝛿𝑐𝑇∞

2

𝐿2 ) = ln (
𝜌𝑄𝐴𝐸𝑎

 𝜆𝑅
) −

𝐸𝑎

𝑅𝑇∞
 (6) 

 

 
3 This also implies that the tested material must be handled identical to the material to be 
transported. The material should not be stored exposed to air for prolonged times prior to 
testing.  
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Figure 7. Top: A critical temperature (T) is determined for each size (L) of the basket. The critical 
temperature decreases when the size increases. Bottom: The data points can be plotted in an 

Arrhenius plot; the points are expected to align around a straight line. The green area corresponds 
to “safe” combinations of L and T while the red area should be considered “unsafe”. The green 

point and arrows illustrate extrapolation to a larger material volume. 

3.3.3 Volume/Area-scaling 

As an alternative to the F-K analysis, Leuschke [23] (cited in [8]) proposed an empirical 

method for estimating critical storage volumes. The approach is based on plotting the 

logarithm of the ratio between the sample volume and its surface area against the 

reciprocal of the critical temperature (cf. Figure 8). The method relies on the same 

experimental data as the F-K approach i.e., critical temperatures determined for 

different sample sizes using basket heating tests. However, instead of applying a 

physically derived model, the data are treated empirically to establish a relationship 

that can be extrapolated to larger scales. According to EN 15188 [8], the applicability of 

this method is uncertain, particularly for volumes exceeding 1 000 m3, and its use is 

therefore not generally recommended for large-scale predictions. Given that the 

required experiments are essentially identical to those used in the F-K analysis, but 

provide a less rigorous theoretical basis, the practical value of the volume/area-scaling 

approach is limited. Its primary advantage lies in the relatively simple and rapid 

evaluation of experimental data. 
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Figure 8. Visualization of measurement data and extrapolation using the volume–area scaling 
approach. The green point and arrows illustrate extrapolation to a larger material volume. 

3.3.4 Crossing-point 

The crossing-point method, described by Chen and Chong [24] is, in the way it is 

performed similar to the UN N.4 test. Figure 9 illustrates the differences (in a 

simplified manner) in the test setup (marked by red). An additional thermocouple is 

added a small distance from the thermocouple in the centre (e.g., 10 mm in a 1 dm3 

cube). At the crossing-point, the centre temperature crosses the temperature a small 

distance from the centre. This occurs as a result from the self-heating of the material; 

since the distance from the centre to the outside of the cube is the longest, the 

insulation from the material will be the highest in this point (lowest heat loss). At the 

crossing-point, the PROD-term in Equation 1 will equal the ACC-term. This simplifies 

the data evaluation and makes it possible to extract the kinetic parameters QA and Ea. 

By conducting tests at different oven set temperatures, each measurement produces a 

data point. In the data evaluation, just as with F-K, time dependency and reactant 

consumption is not considered. 

 

Figure 9. Illustration of the test set-up in crossing-point tests. The differences compared to the UN 
N.4 test are higlighted with red. 

Data evaluation from crossing-point tests with one material is illustrated in Figure 10. 

At the crossing point i.e., the point where the centre temperature crosses the 

temperature a small distance away (e.g., 1 cm), there is no heat transfer meaning that 

the rate of temperature change is proportional to the accumulated heat. A crossing-

point test could follow this procedure: 
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1. Tests conducted at different oven set temperatures. 

2. The crossing-point temperature and dT/dt for each of the set temperatures are 

determined. 

3. Ln(dT/dt) is plotted versus 1/T. 

4. A regression line (y = kx + m) is fitted to the data points in 3. The regression 

line represents Equation 7. 

 

ln (
𝜕𝑇

𝜕𝑡
) = ln (

𝑄𝐴

𝐶𝑝
) −

𝐸𝑎

𝑅𝑇𝐶𝑃
 (7) 

 

5. From the slope (k) of the regression line, the apparent activation energy is 

calculated. 

6. From the intercept (m), the product (QA) of the heat of reaction (Q) times the 

pre-exponential factor (A) can be calculated if the material’s specific heat 

capacity is known. 

 

Figure 10. Graphical illustration of the crossing-point method. 

3.3.5 Adiabatic tests 

While many of the described basket heating tests are conducted under conditions with 

(practically) constant temperature, an alternative approach is tests under adiabatic 

conditions. Adiabatic conditions mean that no heat is exchanged with the surrounding 

i.e., any heat produced by the material will contribute to the material heating up. One 

way to think of it is as an insulation with infinite thickness. Under adiabatic conditions, 

the terms PROD and ACC equals (the conduction terms can be ignored) in Equation 1. 

If the reaction can be estimated as a zeroth order reaction, plotting the logarithm of the 

temperature change rate (ln(dT/dt) versus T-1 yields a straight line with a slope 

corresponding to -Ea/RT. From this, the apparent activation energy can be calculated. 

From the intercept, the product (QA) of the heat of reaction (Q)and the pre-exponential 

factor (A) can be calculated. The method is described e.g., in EN 15188 [8]. 
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3.3.6 Grewer oven 

The Grewer oven, as described in VDI 2263, is a laboratory setup used to evaluate the 

self‑heating and self‑ignition tendency of powders and dusts under controlled oxidising 

conditions. The equipment consists of a temperature‑controlled electric oven with a 

defined airflow, in which several wire‑mesh baskets containing the test material are 

placed, each equipped with thermocouples connected to a data acquisition system for 

continuous temperature monitoring. In the test procedure, small samples of the 

material are loaded into the baskets, the oven is stabilised at a set temperature, and a 

constant air flow is applied; the temperature evolution of each sample is then recorded 

over time. As a screening method defined in VDI 2263, the purpose is to observe 

whether the material remains thermally stable or exhibits self‑heating behaviour 

leading to a potential runaway reaction. The result is evaluated from temperature‑time 

curves: if the sample follows the oven temperature, no significant reaction occurs; a 

gradual increase indicates slow oxidation; and a rapid temperature rise indicates 

self‑heating and possible self‑ignition. The test thus provides an initial assessment of 

self‑heating risk and an approximate critical temperature and is typically used as input 

for hazard evaluation and definition of safe operating limits, rather than for detailed 

scale‑up or kinetic modelling. 

3.4 Small-scale thermoanalytical methods 

While the intermediate-scale laboratory tests typically work with hundreds of grams or 

even up to kilograms, the small-scale thermoanalytical methods use sample masses on 

the milligram to gram scale. 

3.4.1 Isothermal calorimetry 

In isothermal calorimetry, samples masses ranging from approximately 10 mg to 4 g 

are used. The sample is placed in an ampoule, which is hermetically sealed. The 

ampoule is then placed in an isothermal (constant temperature) calorimeter equipped 

with references to cancel external disturbances, thereby isolating the signal to the 

sample. Using Peltier elements, the instrument measures any temperature difference 

between the sample and a heat sink. The temperature difference gives rise to a voltage 

signal, which can be expressed as specific thermal power (mW/g) from the sample. This 

needs to be repeated at different temperatures to capture the apparent self-heating 

reaction’s temperature dependency.  

Isothermal calorimetry is described in the two test standards ISO 20049–1 [25] and 

ISO 21911–1 [26] as a test method to evaluate self-heating propensity. Although ISO 

20049‑1 particularly addresses self-heating in pelletized biofuels (especially wood 

pellets), the theory behind it is universal. The main part of the standard introduces a 

single screening temperature (60 °C) at which the material is tested. Based on the peak 

thermal power and the heat released (see Figure 11) during the 24 h test period, the 

self-heating propensity of different materials can be compared. Although this could be 

a powerful and resource efficient screening tool, there is room for improvement: 

Although different materials can be compared at 60 °C, information on how this relates 
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to real conditions is not available; if a second peak in thermal power occurs after the 

first peak, the value of the first peak is the value to be reported; and if tests are 

conducted only at a single temperature, the importance of the apparent exothermic 

reaction’s temperature dependency is neglected. This may result in erroneous 

interpretation of the result. Furthermore, measurements at a single temperature are 

theoretically not sufficient to predict the risk of self-heating. On the upside, in Annex C, 

the standard describes how the pre-exponential factor and apparent activation energy 

can be determined assuming a zeroth order reaction behaviour (see the section on data 

evaluation). 

The standard ISO 21911–1 concerns the self‑heating behaviour of solid recovered fuels. 

As with ISO 20049–1, this standard is in many aspects similar and suffers from the 

same challenges related to data interpretation. 

 

Figure 11. Left: Measurement data from isothermal calorimetry. Peak thermal power and heat are 
defined in the figure. Right: Plot of the heat (calculated as the integral of thermal power) versus 
time. 

Data evaluation 

To evaluate the data from isothermal calorimetry, one option is to fit the parameters in 

a model describing thermal power versus time. With this approach, it is possible to use 

any reaction model and estimate its parameters so that the model prediction aligns 

with the measurement data. 

Another approach is to follow the approach outlined in Appendix C of ISO 20049–1. 

The approach is to conduct tests at different temperatures (at least three, preferably 

four or five), and at times for given values of the heat, find the corresponding specific 

thermal power. If the logarithm of the thermal power is plotted against the reciprocal 

temperature, a straight line is formed. The slope of this line corresponds to the 

apparent activation energy over the universal gas constant (R = 8.3145 J K-1 mol-1), and 

the intersection corresponds to the pre-exponential factor times the heat of reaction. 
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Figure 12. Left: Result from isothermal calorimetric measurements at the temperatures X, Y, and 
Z °C. Right: the resulting Arrhenius plot based on the measurements in the left figure. The green 
lines illustrate how the measurements translate into the Arrhenius plot. 

3.4.2 DSC and TGA 

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are 

thermoanalytical techniques that can be applied to determine reaction kinetics e.g., in 

the context of self-heating. From a self-heating standpoint, the primary interest is to 

quantify how fast a material generates heat as a function of temperature and time. In 

DSC, this is measured directly as heat flow, whereas TGA provides indirect information 

through mass change, which is often associated with decomposition or volatilization 

reactions. Both signals can be analysed under controlled heating programs to extract 

kinetic parameters such as activation energy, reaction order, and pre-exponential 

factors. 

In DSC, the sample is subjected to a defined temperature program, typically at several 

constant heating rates. The measured heat flow reflects the rate of heat generation due 

to chemical reactions. For exothermic decomposition reactions, which are critical for 

self-heating behaviour, the onset temperature, peak temperature, and total heat release 

can be determined with good precision. By performing experiments at multiple heating 

rates, it is possible to apply model-free (isoconversional) or model-based kinetic 

analyses. The Kissinger method or Ozawa–Flynn–Wall analysis is often used as a first 

estimate of activation energy, based on the shift in peak temperature with heating rate. 

This provides a reasonable engineering approximation without overfitting the data. 

TGA, on the other hand, measures the mass loss as a function of temperature or time. 

For reactions that involve decomposition, evaporation, or gas release, the mass loss 

curve can be directly related to conversion. The derivative thermogravimetric signal 

(DTG) is especially useful, as it highlights the reaction rate similarly to the heat flow 

signal in DSC. From TGA data, one can derive conversion-dependent kinetics and 

identify multi-step processes that may not be clearly resolved in DSC alone. For self-

heating studies, TGA is valuable to confirm whether an exothermic DSC signal 

corresponds to a true decomposition reaction or simply to a phase transition without 

mass loss. 

From a self-heating perspective, the key step is to translate laboratory-scale dynamic 

measurements into predictive models for a real system. This requires kinetic 

parameters that accurately describe the rate of heat generation. Once such parameters 
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are obtained from DSC and/or TGA, they can be implemented in thermal models that 

simulate heat accumulation in bulk materials. A standard approach is to express the 

reaction rate as a function of temperature and conversion via an Arrhenius-type 

equation. The heat release rate is then obtained by coupling the reaction rate to the 

reaction enthalpy, as measured by DSC. 
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4 Discussion and recommendations 
The findings in this work indicate that the current framework for classification of self-

heating materials relies on simplified assumptions that are not always representative of 

real material behaviour. In particular, the use of a single or limited number of test 

temperatures, as in the UN N.4 test, does not capture the variability in temperature 

dependence of reaction kinetics between different materials. This becomes especially 

critical when considering large-scale transport conditions, where both heat generation 

and heat dissipation differ significantly from laboratory conditions. Furthermore, 

factors such as moisture content, particle size distribution, and microbial activity 

introduce additional complexity that is not adequately addressed in the existing 

standard methods. Taken together, this suggests that the present classification 

approach is, to some extent, empirically based and may benefit from a stronger 

connection to physically grounded models combined with material-specific data. Figure 

13 illustrates general approaches to address self-heating. 

 

Figure 13. General approaches to determine the self-heating propensity of a material. 

The UN N.4 test, in its present form, is considered not fully reliable, as its underlying 

assumptions may lead to false negative results. This introduces uncertainty when 

assessing the self-heating behaviour of materials. The basket heating test, together with 

the commonly applied temperature increase limit of 10 °C for classification of bulk 

cargo, may function reasonably well from a practical perspective. However, it lacks a 

sound theoretical foundation, which reduces confidence in its general applicability, 

especially when extrapolating beyond tested conditions. Therefore, the commonly used 

UN N.4 test should be replaced to improve the reliability, both for classification of 

packed goods as well as material handled in bulk. 

It is also noted that microbial activity occurs at temperatures significantly lower than 

140 °C. At higher temperatures, the contribution from microbial processes may not be 

properly captured, as bacteria will not survive under such conditions. Consequently, 

certain self-heating effects observed at lower temperatures may be overlooked in 

standard testing procedures. Moisture content is an important factor, as microbial 

activity is more likely to occur in moist materials. In cases where such activity is 

considered a risk, one possible measure could be to decrease the temperature threshold 

currently set at 50 °C for a volume of 27 m³. The appropriate threshold value would, 

however, need to be determined based on further investigation and material-specific 

data. 
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As a potential improvement to the UN N.4 test, while still utilizing equipment 

commonly available in most laboratories, it is suggested to conduct crossing-point 

tests. From these tests, the critical cube side length can be calculated using Equation 8, 

provided that the thermal conductivity, heat capacity, and density of the material are 

known or determined. Furthermore, the test scale will be of less significance and for 

pelletised or briquetted materials, the test basket size could be increased. 

𝐿𝑐𝑢𝑏𝑒 = 2√
𝛿𝑐𝜆𝑅𝑇2𝑒𝐸𝑎/𝑅𝑇

𝐸𝑎𝑄𝜌𝐴
 (8) 

 

The proposed approach is based on the same theoretical framework as the UN N.4 test 

but incorporates the specific properties of the material in question. It should be noted 

that the method relies on the assumption of a zeroth-order reaction and therefore does 

not account for reactant consumption (or autocatalysis, etc.). The influence of this 

simplification requires further investigation. However, for most materials, it is expected 

that neglecting reactant consumption will introduce an additional safety margin. 

5 Conclusions 
In conclusion, the results of this study show that a more reliable classification of self-

heating materials requires a shift from purely standardised testing towards approaches 

that account for material-specific properties and reaction kinetics. Methods such as the 

crossing-point technique, in combination with determination of thermal properties 

(e.g., heat capacity, thermal conductivity, and density), provide a promising pathway to 

achieve this. Such approaches make it possible to link laboratory-scale measurements 

to large-scale behaviour using established theoretical frameworks. However, to 

implement this in practice, further validation is required, including systematic 

experimental studies and evaluation of simplifying assumptions such as reaction order 

and the neglect of reactant consumption. 
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  I N + P R O D = O U T + A C C


  𝜌   C  p   𝜕 T  𝜕 t = 𝜆  (     𝜕 2 T  𝜕   x 2 +     𝜕 2 T  𝜕   y 2 +     𝜕 2 T  𝜕   z 2 ) +   q . ( T )


    𝛿  c =   𝜌 Q A   E  a   L 2  𝜆 R   T ∞ 2   e      E  a  R   T ∞


    q . = Q 𝜌 A   e  −     E  a  R T


  R   T ∞     E  a  − 1 ≪ 1


  B i = h L     𝜆  − 1


    τ = ln ⁡   (   𝜌 Q A   E  a  𝜆 R )


    𝐥 𝐧 ⁡   (   𝝆 𝑸 𝑨   𝑬  𝒂  𝝀 𝑹 )


   ln ⁡   (     𝛿  c   T ∞ 2    L 2 ) =  ln ⁡   (   𝜌 Q A   E  a    𝜆 R ) −     E  a  R   T ∞


   ln ⁡   (   𝜕 T  𝜕 t ) =  ln ⁡   (   Q A    C  p ) −     E  a  R   T  C P


        L  c u b e = 2      𝛿  c 𝜆 R   T 2   e    E  a / R T    E  a Q 𝜌 A  

