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FOREWORD 
 
Oxygen reduction (or hypoxic) systems are being used in warehouse facilities as an alternative 
to sprinkler protection. The basic principle of operation is to displace the ambient oxygen in an 
enclosed environment with one or more nitrogen generators. Two test methods that are 
available today to determine the reduced oxygen level needed for property fire protection 
purposes are described in the following documents: 

• VdS 3527en (2007), Oxygen Reduction Systems Planning and Installation 
• EN 16750:2017 E, Fixed firefighting systems – Oxygen reduction systems – Design, 

installation, planning and maintenance (replaced British Standards Institution PAS 95 
(BSI PAS 95), Hypoxic Air Fire Prevention Systems) 

 
Concerns with the test methods in VdS 3527 and BSI PAS 95 for determining ignition thresholds 
have previously been expressed by Nilsson and van Hees1 and include: 

• The point of igniter application is not defined (research indicates this affects test 
outcome)  

• No sustained external heat flux is maintained once the initial igniter is removed, and 
under actual real-world conditions an ignition source may be sustained (such as an 
electrical ignition source or exposure to a fire) 

• Behavior of composite materials is not addressed 
• Behavior of a smoldering fire is not evaluated 
• Generation of products of combustion is not evaluated  

 
The conclusion is that the reduced oxygen levels established by these two tests are only valid for 
the tested conditions and may not represent real-world conditions. This conclusion is supported 
by Xin and Khan2, where laboratory scale testing suggested that lower oxygen concentrations 
than those found using the VdS 3527 or BSI PAS 95 methods are necessary for adequate fire 
protection.  These conclusions have been reconfirmed through recent testing at FM Global3. 
 
Therefore, the Foundation initiated a project with the goal to produce a literature review which 
addresses the factors that a test method needs to address in order to obtain ignition threshold 
values (reduced oxygen levels) for the system to be effective, and which suggests potential 
performance requirements for possible alternative test methods to those currently available. The 
focus of the review was to identify issues faced in “real-world” applications.   
 
The Fire Protection Research Foundation expresses gratitude to the report authors: Patrick van 
Hees and John Barton, both from Lund University, Lund, Sweden; Martin Nilsson, Zurich 
Insurance plc, Stockholm, Sweden; and Brian Meacham, Meacham Associates, Shrewsbury, MA, 
USA. The Research Foundation appreciates the guidance provided by the Project Technical 

1 M. Nilsson and P. van Hees, “Advantages and challenges with using hypoxic air venting as fire 
protection,” Fire and Materials, 38, p. 559-575, 2014.   
2 Y. Xin and M. Khan, “Flammability of combustible materials in reduced oxygen environment,” Fire 
Safety Journal, 42(8), p. 536-547, November 2007.   
3 FM Global, “Evaluation of oxygen reduction systems (ORS) in large scale fire tests”, Project ID 
0003058222, FM, January 2018. 
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EXECUTIVE SUMMARY 

This study consists of a literature study and a research gap analysis for Oxygen Reduction Systems 
(ORS) for Warehouse application. One of the major focus areas of the studies has been, but not limited 
to, ignition prevention and associated test methods. Furthermore, reliability issues have been studied. 
The contents of the report apply to all ORS for fire, but the report does not address the efficacy of ORS 
in cases where ignition is not prevented and a fire develops in a reduced oxygen atmosphere. In 
conducting this study, a number of gaps in understanding, data, research, and development needs have 
been identified. 

Research/Development needs with respect to ORS test methods 

The research in this report revealed that the test methods in EN 16750:2017 and VdS 3527 may not be 
sufficient to cover real-scale scenarios and may result in oxygen concentrations too high to prevent 
ignition in the real-scale scenarios. Therefore, research is needed on ORS test methods  

1. Data on real life scenarios with the systems are very limited and there should be research on 
the type of real-life scenarios such as in the work of Zhou et al. (2018). This study also suggests 
that EN 16750:2017 and VdS 3527 do not address reliability and maintenance issues to the 
required extent.  

2. The actual test methods used in the standards are rather limited as described, and no full- or 
real-scale validation has been done. Therefore, the test methods might not be sufficient for all 
types of contents in case of warehouses and other alternatives should be studied. 

3. The test method in the EN and VdS standards have only one type of ignition source. This is not 
representative of reality. This type of ignition source is only one of the possible real-life ignition 
sources and international standardization documents such as ISO 11925 part 3 (ISO 1997) lists 
a number of other flame ignitions sources. The goal of a test method should be to establish a 
sufficiently challenging ignition source or sources so that one can consider the occurrence of a 
more challenging ignition source as very remote. To address this, other ignition sources / 
strengths should be studied and incorporated into the test method. 

4. As the test methods are mainly based on a small flame application, there is a need for the 
development of a test method or methods to investigate radiative and electrical high energy arc 
ignition sources. The methods need to have much clearer and detailed test methodologies and 
criteria than currently exist. 

5. More data on ignition potential based on material type and storage arrangement for different O2 
concentrations would be beneficial. Ignition data is particularly needed for mixed fuels and 
especially for fuels that are packaged where oxygen is present in the packaging. The selection 
of the testing methodology used to collect additional ignition data should consider what 
material factors/attributes drive the oxygen concentration required to prevent ignition. 

6. Further research on the required oxygen concentration is needed, i.e., what level should be used, 
for what fuels, in which applications, under what conditions. This is related to the performance 
objective in a fire safety design and guidance with the above-mentioned research. 

Research/Development needs with respect to ORS operation and specific applications 

1. Research into failure rates / reliability of ORS components is needed. Based on current research, 
data are lacking on critical components, such as compressors and sensors. This research may 
use existing reliability data for components. 

2. There needs to be a failure mode analysis of ORS to determine appropriate industry standard 
Inspection, Test and Maintenance (ITM) programs as well as a failure analysis of the 
components in order to determine relevant requirements for listing of systems and components 
(required indications, alarms etc.).  

This should include identification of critical components that need to be in operating conditions 
and establish a requirement that the operating condition is visually indicated and easy to inspect. 
Guidance is needed on what is required to verify for the ORS on a regular basis, e.g., available 
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production rate of nitrogen (compare to flow test of fire pump), testing of alarm signals (low 
oxygen, loss of power, high temperature on air compressors, etc.), and tightness of room. 
Maintaining the oxygen concentration over time when the building is starting to leak, the 
frequency of opening doors, and related factors need to be explored. Guidance on ITM intervals 
is needed. Guidance on back-up / emergency power requirement may also be needed as well as 
securing electrical power in terms of cable routing, breaker sizing etc. The standard UL 67377 
to some extent addresses this by requirements of functional safety for a system by means of 
performing a risk analysis and can be used as a starting point for the work. 

3. There needs to be a failure mode analysis of ORS to determine potential reasons for 
impairments and associated needs to early detect such impairments. An operation safety 
management plan should be part of the guidance coming out of such research.   

4. There needs to be a development of acceptance (compliance / commissioning) testing 
procedures for ORS. 

5. There needs to be an industry-standard calculation method for ORS and required documentation 
for plan review as indicated in the main body of the report 

6. Information should be gathered on operational costs for ORSs to aid in benefit-cost decisions. 

7. There needs to be research into how leakages in warehouse storage buildings, particularly those 
targeted for ORS application, increase over time.   

8. Research is needed to gain an understanding of whether tightness tests can be done for large 
volume spaces. While a door fan test is feasible for small enclosures such as IT server rooms 
(as would be for a gas extinguishing system), applicability of such a test to warehouses is highly 
questionable today. 

9. ORS reliability and availability is important, and research on back-up system needs should be 
conducted. 

10. Interaction of ORS and active fire protection, including smoke and heating venting systems, 
and sprinkler systems, would be beneficial.  

11. The effect of moving a commodity into an ORS-protected space, that has been previously stored 
at ambient oxygen conditions, should be investigated. This is particularly true for porous 
materials which can absorb oxygen into void spaces, which will be released in the reduced 
oxygen environments. 

Research/Development needs associated with planned & emergency interventions in ORS-
protected spaces  

1. Research is needed to better understand and assess / model manual firefighting interventions, 
such as smoke and heat venting, opening doors for firefighter access, etc., on ORS effectiveness 
and reliability.  

Other Research/Development gaps / needs  

While the focus of this work was related to the ORS as fire prevention system, it is clear from the 
literature study that the following areas, which were deemed outside of the scope of this study, would 
benefit from further research as well: 

1. Level of oxygen acceptable with respect to medical conditions of people inside an ORS 
environment 

a. Lack of medical data is an open issue – more definitive testing / assessment by medical 
professionals would seem to be warranted to answer heath effect questions (see Annex 
A).  

b. Research appears to be needed not only on medical health, but also the ability of people 
to make the correct decisions in an oxygen-reduced environment. 



  Review of ORS for Warehouse Applications 

Final Report – 15 November 2018  4 

 

2. Knowledge and data (e.g. experimental data) on the fire protection abilities of ORS, i.e., how 
much is fire spread reduced when an ignition occurs despite the reduced oxygen level.  

a. More data on burning rates and HRR based on material and storage arrangement, in 
different O2 concentrations, would be helpful to further quantify the system benefit if 
the ignition threshold level is not met due to malfunction or impairment of the system. 

b. Damage criteria to be studied and defined. 
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1. INTRODUCTION 

1.1 BACKGROUND 

The primary purpose of oxygen reduction systems (ORS) for fire safety applications is to create an 
environment of sufficiently low oxygen concentration to prevent, or significantly inhibit, fire initiation, 
development and spread. The basic operating principle of ORS for fire safety applications is to displace 
the ambient oxygen in an enclosed environment with one or more nitrogen generators.  

Two standards are currently available that provide guidance on design, installation and maintenance of 
ORS for fire. These are: 

• VdS 3527en (2007), Oxygen Reduction Systems Planning and Installation (VdS, 2007) 

• EN 16750:2017 E, Fixed firefighting systems - Oxygen reduction systems - Design, installation, 
planning and maintenance (replaced British Standards Institution PAS 95 (BSI PAS 95), 
Hypoxic Air Fire Prevention Systems) 

However, there are issues with both of these standards. One issue is that both standards have limited 
guidance on the inspection, testing, and maintenance of ORS for fire. Another is that the testing 
procedures specified by the standards for assessing the ignition thresholds for materials within reduced 
oxygen environments may be insufficient. Concerns with the methods described in VdS 3527 and BSI 
PAS 95 for determining ignition thresholds have been expressed by Nilsson and van Hees (2014), which 
include: 

• The point of igniter application is not defined (research indicates this affects test outcome) 

• No sustained external heat flux is maintained once the initial igniter is removed, and under 
actual real-world conditions an ignition source may be sustained (such as an electrical ignition 
source or exposure to a fire) 

• Behavior of composite materials is not addressed 

• Behavior of a smoldering fire is not evaluated 

• Generation of products of combustion is not evaluated 

Their conclusion is that the ignition thresholds obtained using the tests described in VdS 3527 and BSI 
PAS 95 are only valid for the tested conditions and may not represent real-world conditions (Nilsson 
and van Hees, 2014). This conclusion is supported by Xin and Khan (2007), where laboratory scale 
testing suggested that lower oxygen concentrations than those found using the VdS 3527 or BSI PAS 
95 methods are necessary for adequate fire prevention. These conclusions have been reconfirmed 
through recent larger scale testing (FM, 2018).  

Much like VdS 3527 and BSI PAS 95, the recently developed standard EN 16750:2017 E (CEN, 2017) 
provides exemplar data on minimum oxygen concentration levels for ignition of select materials, as 
well as a slightly different test method from that described in VdS 3527. Furthermore, the test methods 
to determine ignition thresholds (oxygen levels) in EN 16750:2017, BSI PAS 95 and VdS 3527 are very 
similar and will therefore result in similar ignition thresholds. 

1.2 RESEARCH GOAL  

The research goal of this effort is to produce a literature review which addresses the factors that a test 
method needs to address in order to obtain ignition threshold values (reduced oxygen levels) for the 
system to be effective and which suggests potential performance requirements for possible alternative 
test method to those currently available. Focus in this aspect has been, but not limited to, fire 
prevention. Furthermore, the literature review should identify issues faced in ‘real-world’ applications, 
such as reliability issues relating to e.g. inspection, testing and maintenance, component reliability and 
operational issues, relative to the performance of ORS. That is, the contents of the report apply to all 
ORS for fire, but the report does not address the efficacy of ORS in cases where ignition is not prevented 
and a fire develops in a reduced oxygen atmosphere. Factors such as preventing further ignition or 
controlling / extinguishing fire in reduced oxygen environments warrants further study. Furthermore, 
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safety of people in reduced oxygen atmospheres, without protection, has also not been addressed. 
Potential health and safety impacts on people working in low oxygen environments warrants further 
study.  

1.3 PROJECT TASKS 

The project consists of the following tasks: 

• Task 1: Clarify System Objectives as Fire Prevention Systems 
• Task 2: Clarify the Impacts of Reduced Oxygen Environments on Fire Hazard Conditions 
• Task 3: Identify Impacts of Real-World Applications on the Efficacy of ORS  
• Task 4: Identify Research Needs to Bridge Gaps between Current Tests and System / Functional 

Reliability in Real Applications  

1.4 APPROACH 

In conducting the literature review for this project, reference is made to previous work that includes 
significant literature reviews, including: Angerer, P. and Nowak, D. (2003), Berg and Lindgren (2004), 
Chiti (2010), Nilsson et al., (2012), and Nilsson and van Hees (2014). It is not the intent to repeat these 
works, but rather, to cite them for the reader and focus on more recent literature and on gaps as 
determined in prior and recent work. The Bibliography provides an extensive list of sources of potential 
interest. This literature review was conducted based solely on free, publicly available sources of 
publications and data. It is recognized that various institutional (e.g., insurance) or ‘for fee’ databases 
exist, which could have pertinent data. However, access to such databases was out of the scope of this 
effort.  
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2. TASK 1 – CLARIFY SYSTEM OBJECTIVES AS FIRE PREVENTION SYSTEMS  

2.1 FIRE PREVENTION VERSUS FIRE PROTECTION 

For the purpose of this research project, oxygen reduction systems (ORS) for fire safety are defined as 
fire prevention systems, as compared with fire protection systems. As discussed below, the primary 
objective of fire prevention systems and strategies is to reduce the potential for ignition or sustained 
burning. The primary objective of fire protection systems, on the other hand, is to manage the impact 
of fire once sustained burning occurs by the means of reacting to the fire (e.g. through detection of the 
fire and then applying an extinguishing agent). 

A good structure for framing the difference between fire prevention and fire protection systems and 
strategies is NFPA 550, Guide to the Fire Safety Concepts Tree (NFPA 550, 2017). At the fundamental 
level, the Fire Safety Concepts Tree (FSCT) illustrates that a fire safety objective can be met either by 
preventing fire ignition (preventing a fire) and/or by managing the fire impact, once it occurs. The 
components in the FSCT are linked by ‘AND’ gates (�), which mean the connected components are 
each required to fulfill the objective (i.e., X AND Y are both required), or by ‘OR’ gates (+), which 
mean any of the connected components could be effective on its own (i.e., A OR B OR C would work), 
which also means the approaches can work in combination (i.e., providing multiple layers / defense in 
depth). The concept is illustrated in Figure 2.1 below, which shows the top branch of the FSCT. 

 
Figure 2.1 Top Branch of FSCT (NFPA 550) 

Selection of mitigation options, and associated criteria for assessing the efficacy of those options, can 
be aided by following the relevant branches of the FSCT. 

2.1.1 Fire Prevention Strategies 

For fire to initiate, it is generally required to have a combination of fuel, a competent source of potential 
ignition, an oxidizing agent (typically a sufficient concentration of oxygen). Once initiated, the resulting 
exothermic chain reaction sustains the fire and allows it to continue until or unless at least one of the 
elements of the fire is blocked. Fire prevention is a term typically associated with reducing or 
eliminating one of the basic components, i.e., without either a fuel, a competent ignition source, or 
sufficient oxidizing agent (concentration of oxygen), fire can be prevented.  

Since the focus is warehouse storage facilities, it is assumed that there will be fuels (combustible 
commodities, other contents, equipment, etc.). Given that some type of operations will be conducted in 
the facilities, there could be several sources of potential ignition, presented by building systems (e.g., 
electrical power, lighting, etc.), equipment (e.g., automated systems, forklifts, etc.) and human means 
(e.g., welding).  

As reflected in the FSCT, there are three primary approaches to preventing fires (ignition): control the 
heat-energy source, control the (energy) source-fuel interaction, or control the fuel. Figure 2.2 shows 
the expanded ‘prevent ignition’ branches for these interactions within the FSCT.  



  Review of ORS for Warehouse Applications 

Final Report – 15 November 2018  10 

 

 
Figure 2.2 Prevent fire ignition branches of the FSCT (NFPA 550) 

While there are several mitigation options, including remove potential sources of ignition, provide 
appropriately insulated electrical cables, etc., there are limited options with respect to quantitative 
design criteria. These might include for example (moving left to right): 

• Limit the heat release rate from burning commodities to a maximum of X kW. 
• Limit the amount of stored material to A m3 (m2 floor space, …) 
• Provide separation between fuel packages of at least Y meters 
• Limit the oxygen concentration to less than Z%  

Specific values for such criteria depend on the fuels, arrangement, compartment environment and 
similar. The focus of this research is the role of ORS in reducing the oxygen concentration as a fire 
prevention measure. Discussion of estimation of appropriate parameters relative to oxygen 
concentration is provided as part of Task 2 of this report.  

2.1.2 Strategies for Managing the Fire 

If fire prevention strategies cannot be assured or are unsuccessful, the option then becomes to mitigate 
the impact of the fire. This can be accomplished by managing the fire or by managing the exposed (the 
people, contents and/or building exposed to the fire). Options for each are illustrated in the associated 
branches of the FSCT.  

In the ‘manage fire’ branch, there are three pathways: control the combustion process, suppress the fire, 
or control the fire by construction. This is illustrated in Figure 2.3. The ‘control combustion process’ 
path is focused on fuels and the environment within which the fuels are located. With respect to the 
environment, if oxygen is removed, the combustion process can be managed. In this regard, a design / 
performance criterion might be in the form of the following.   

• Upon detection of a fire, reduce the oxygen concentration to less than Z%  

The ‘suppress fire’ path is focused on controlling the further development of the fire or extinguishing 
the fire using some type of applied agent, such as water or foam. Systems used for delivering fire 
suppressing agents are sometimes called fire protection systems. Design / performance criteria for such 
systems might be in the form of the following: 

• Achieve a design density of X mm/min 
• Achieve an actual delivered density of water of Y mm/min 
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Figure 2.3 Manage fire impact branches of the FSCT (NFPA 550) 

Control of the fire by construction includes strategies such as fire- and smoke-rated barriers, fire 
resistive ratings of structural systems, fire and smoke dampers, and fire and smoke venting / exhaust 
measures. Design / performance criteria for such strategies might be in the form of the following: 

• Compartment barriers shall withstand temperatures of X°C for a duration of Y minutes without 
deformation and/or spread of fire or smoke to adjacent compartments 

• Primary structural elements shall withstand temperatures of Y°C for a duration of Z minutes 
without deformation or loss of strength  

• Smoke and heat venting systems shall be designed such that the smoke layer in the compartment 
does not descend below Xm above floor level and the temperature at the smoke layer interface 
does not exceed Y°C at any time during the fire event 

As with other criteria previously discussed, specific values will depend on the fuel characteristics and 
building characteristics of a specific facility, as developed based on facility-specific loss objectives. 

2.1.3 Managing the Exposed 

In addition to managing the fire, consideration must be given to managing the exposed. The exposed 
includes the occupants, firefighters, contents and structure, as well as business / facility operations. In 
some cases, the environment is included as well. Strategies for managing the exposed are reflected in 
the FSCT by either limiting the amount exposed (e.g., number of occupants, amount of stored 
commodity, etc.) or safeguarding the exposed (via protection measures), as illustrated in Figure 2.4.  
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Figure 2.4 Manage the exposed branches of the FSCT (NFPA 550) 

Design / performance criteria for such strategies might be in the form of the following: 

• The smoke layer shall not descend below Xm above the floor level during the time required for 
occupants to exist the space impacted by fire 

• The maximum temperature at Xm above floor level shall not exceed Y°C at any time while 
occupants are in the space impacted by fire 

• The maximum radiant heat flux from the smoke layer interface to a target located Xm above 
floor level shall not exceed Y kW/m2 

• The maximum radiant heat flux received from a target located at a radial distance of Xm from 
the center of a burning fuel package shall not exceed Y kW/m2 

• The total mass of smoke produced shall not exceed Xg 

While developing design/performance criteria for occupants (tenability criteria) is often 
straightforward, damage criteria for contents may not be so simple. In-direct damage could result from 
exposure to high temperatures, products of combustion (soot, HCN, etc.), and fire suppression agents, 
in addition to direct damage associated with the burning of the materials.  

The FSCT does not directly address or facilitate development of strategies or criteria mission / business 
continuity or other business-related losses. However, use of the FSCT can be useful in estimating such 
parameters as EML, MFL and PML, given implementation of different fire management strategies. 
And, when used to help identify parameters for managing the exposed, in particular contents, such 
information can be used to help assess impact of facility-specific losses on business operations, 
including supply chain and related impacts. 

Approaches for managing the fire and managing the exposed with ORS are not addressed in this work. 
However, since most warehouse applications require people for various activities, it is important to 
comment on ORS in work environments.  

2.1.4 Occupational Health and Safety Considerations for Reduced Oxygen Environments  

In many countries, occupational health and safety legislation governs workplace health and safety, 
including oxygen reduced environments. In the United States, the relevant authority is the U.S. 
Occupational Health and Safety Administration (OSHA). Table 2.1 below reflects the minimum oxygen 



  Review of ORS for Warehouse Applications 

Final Report – 15 November 2018  13 

 

concentration limit for workplaces for which people are permitted to occupy without appropriate 
protection as defined by the U.S. OSHA and similar agencies in select other countries. 

Table 2.1 Minimum Oxygen Concentration in Occupied and/or Confined Spaces (reformatted from 
Andrews et al., 2017) 

Country / 
Region 

Minimum 
O2 Conc. 

Regulation / Standard / Code Scope Source 

Australia 19.5% AS/NZS Standard 2865:2001 Confined 
Spaces 

Burlet-Vienney et 
al. (2014) 

Austria 15.0% Ordinance on the Protection of Workers by 
Personal Protective Equipment (PSA-V) 

Any Space Government of 
Austria (2014) 

Canada 18.0% - 
19.5% 

   

 - Federal 18.0% Canadian Occupational Health and Safety 
Regulations (SOR-86-304) 

Any Space Government of 
Canada (2016) 

 - Alberta 19.5% Occupational Health and Safety Code, Part 
18 

Any Space Government of 
Alberta (2009) 

 - British 
Columbia 

19.5% Workers Compensation Act, B.C., Reg. 
296/97 

Any Space Government of 
British Columbia 
(1997) 

 - New 
Brunswick 

19.5% Occupational Health and Safety Act, N.B, 
Reg. 91-191 

Any Space Government of 
New Brunswick 
(1991) 

 - Ontario 19.5% Proposed Revisions to Occupational Health 
and Safety Act, Ontario, Reg. 833 

Any Space Government of 
Ontario (2016) 

 - Quebec 19.5% Regulation Regarding Occupational Health 
and Safety, S-2.1, r.13 

Any Space Government of 
Quebec (2012) 

France 19.0% National Research and Safety Institute 
(INRS) Confined Spaces Guidelines, ED 
6184 

Confined 
Spaces 

INRS (2014) 

Germany 17.0% German Statutory Accident Insurance 
(DGUV) Rule 112-190: Use of respiratory 
protection 

Any Space DGUV (2011) 

Hong Kong  19.5% Code of Practice, Safety and Health at Work 
in Confined Spaces 

Confined 
Spaces 

Hong Kong 
Occupational 
Safety and Health 
Branch (2000) 

India 19.5% Bureau of Indian Standards, Chemical 
Laboratories, Code of Safety, IS 4209 

Chemical 
Laboratories 

Bureau of Indian 
Standards (2013) 

Japan 18.0% Ordinance on the Prevention of Anoxia, No. 
42 

Any Space Japan Ministry of 
Labor (2000) 

Mexico 19.5% Ministry of Labor and Social Welfare, 
Standard on Safety Conditions for Work in 
Confined Spaces, PROY-NOM-033-STPS-
2015 

Confined 
Spaces 

Government of 
Mexico (2015) 

New 
Zealand 

19.5% AS/NZS Standard 2865:2001 Confined 
Spaces 

Burlet-Vienney et 
al. (2014) 

Singapore 19.5% Workplace Safety and Health (Confined 
Spaces) Regulations 

Confined 
Spaces 

Government of 
Singapore (2009) 

Sweden 18.0% Chemical Hazards in the Working 
Environment, AFS 2014-43 

Any Space Swedish Work 
Environment 
Authority (2014) 

USA 19.5% US Occupational Health and Safety 
Administration, 29 CFR Part 1910.134 

Any Space OSHA (1998) 

  
Use of ORS in warehouse applications should comply with these and other applicable regulations.   
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2.2 OPERATING PRINCIPLES, STATED PERFORMANCE LIMITS AND TEST CRITERIA 

2.2.1 ORS Operating Principles  

The fundamental operating principle of ORS is to reduce the oxygen concentration in a compartment 
to a sufficiently low level so as to minimize the potential for ignition of a fire (e.g,, see Berg and 
Lindgren, 2004; Jensen et al., 2006; VdS, 2007; Chiti, 2010; Clauss, 2014; Minimax (web - 2018); 
Firepass (web - 2018); Wagner Group (web - 2018)). As described by Chiti (2010), in a compartment 
protected by an ORS, a normobaric hypoxic atmosphere is continuously retained, wherein hypoxic 
means that the partial pressure of the oxygen is lower than at the sea level, and normobaric means that 
the barometric pressure is equal to the barometric pressure at the sea level. In general, ORS work by 
replacing a certain amount of oxygen molecules by the same amount nitrogen molecules to obtain this 
normobaric hypoxic atmosphere. In unoccupied spaces, ORS can function as a fire prevention system, 
maintaining an oxygen concentration that is sufficiently low to prevent ignition or established burning, 
or as a fire suppression, like other inert gas systems, such as CO2 systems.1  

2.2.2 Performance Limits 

For most fuels, ignition and subsequent burning can be prevented when the oxygen concentration is less 
than 10% (FM Global, 2018b). For unoccupied spaces, this is technically possible, assuming the 
compartment tightness can be maintained and the ORS continuously operates in a reliable manner. In 
practice, particularly in warehouse storage applications, spaces may be occupied some of the time.2 
Also, there will be openings in compartment boundaries for movement of goods. Design and 
maintenance of the ORS should take into account openings in the compartment barriers used for 
movement of material (e.g., doors, conveyor openings, etc.) to assure the target concentration is 
maintained. Likewise, the permeability of compartment walls should be considered as part of design 
and maintenance for assuring target concentrations are maintained. For spaces that may be occupied, a 
design oxygen concentration level of around 14-15% is typically used (e.g., see Chiti, 2010; Clauss, 
2014; Minimax (web - 2018); Firepass (web - 2018); Wagner Group (web - 2018)). Note that at these 
oxygen concentrations, many countries would require persons entering the spaces to wear breathing 
apparatus or to take other measures such as e.g. medical examinations, limit the time of exposure, etc. 
(see Table 2.1). For spaces that may be occupied, a design oxygen concentration level of around 14-15% 
is typically reported (e.g., see Chiti, 2010; Clauss, 2014; Minimax (2018); Firepass (2018); Wagner 
Group (web - 2018)) which is higher than the 10% oxygen concentration that FM Global (2018b) 
suggests for limiting ignition, and there is evidence that ignition will still occur for ordinary 
combustibles at 14-15%, depending on the ignition source used, see e.g. FM Global (2018b). 

From review of insurance industry sources, it is noted that Allianz (2013) states that the safety margin 
between the design oxygen concentration and the ignition threshold for a gas extinguishing system is 
much larger than for an oxygen reduction system. Furthermore, Allianz states that caution is needed 
when deciding on the oxygen level. A risk engineer from a large insurance company active in the 
Nordics also expressed the oxygen concentration as a concern (personal communication 1, 2018), 
suggesting that the values given in standards like VdS and EN could not be used without further 
analysis. Allianz (2013) also states that there has been a discussion by CEN to remove the safety margin 
between the design concentration and the ignition threshold. FM Global (2018a) found that cartoned 
commodities had a limiting oxygen concentration of 11.1% and for plastics 13%, which should be 
compared to the standards in VdS with 15% and 15.9% respectively. This again points towards the 
importance of the ignition source and fuel configuration as indicated by Nilsson and van Hees (2014). 

IF insurance (2015) lists what they consider some pros and cons with ORS, with their perceived benefit 
being high flexibility of commodity and storage arrangements (height of storage etc.) and no fire, thus 
no smoke or water damages. The flexibility in terms of commodity and storage arrangement is deviating 

                                                   
1 As noted in Section 2.1.4, systems intended to be used in occupied spaces must comply with relevant 
occupational health and safety regulations. 
2 In such cases, appropriate posting of reduced oxygen environment is needed. 
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from FM Global’s conclusions where the testing they did with rack storage arrangement (FM Global, 
2018b) showed lower concentrations than the EN and VdS standard indicating storage arrangement 
dependencies. The effect of storage arrangement was also mentioned by Dorofeev as the reason for the 
difference in oxygen concentrations (FM Global, 2018a). It is noted that there are different perceptions 
as to the flexibility of ORS from different parties. Furthermore, there is variability in measurement data 
depending on the tested conditions. This points to the need for further research. 

It should also be noted that there may be a discrepancy in what credit an insurance carrier will give to 
an ORS. Some may require additional back-up protection whereas some insurers may consider ORS 
the primary protection. 

As additional background, examples of facilities protected by ORS are given in Annex B. 

2.2.3 ORS Performance Test Criteria3 

The performance of an ORS is dependent on the oxygen concentrations, energy and duration of the 
ignition source, and fuel characteristics. According to PAS 95:2011 (BSI, 2011), VdS 3527en (VdS, 
2011) and EN 16750:2017 E (CEN, 2017), different oxygen concentrations should be used depending 
on the material subject to burning (Nilsson and van Hees, 2014). In Table 2.2 below, different values 
of oxygen concentrations, below which burning cannot take place in the test application, are shown. It 
can be seen that the values differ quite widely; this is dependent upon the test procedure. The limiting 
oxygen concentration (LOC) was obtained by Xin and Khan (2007) in the Fire Propagation Apparatus 
(FPA) with an external heat flux of 30 kW/m2 for solid fuels and with no external heat flux for the 
liquids.  
 
Table 2.2 Oxygen concentrations below which burning cannot occur in the test 

Substance VdS  
Ignition threshold (Vol.%)  
(Design concentration Vol%) (VdS 2007) 

Limiting Oxygen 
Concentration 
(LOC) (Vol%) (Xin and 
Khan, 2007) 

Methanol 11.0 (10.0) 11.64 
Ethanol 12.8 (11.8) 12.40 
PMMA 15.9 (14.9) 10.48 
Polyethylene HD: 16.0 (15.0) 

LD: 15.9 (14.9) 
LD: 11.39 

Corrugated Board 15.0 (14.0) 12.86 
PVC 16.9 (15.9) - 

 
When comparing the nominal 15% concentration for potentially occupied spaces to the concentrations 
in Table 2.2, it can be seen that according to the VdS standard, a 15 % oxygen concentration may be 
applicable for several fuel types. However, the values provided by Xin and Khan (2007) shows 
significantly lower concentrations are needed due to the applied external heat flux, which is not present 
in the test method in VdS 3527en. Xin and Khan show that the oxygen concentration needed to 
extinguish a fire is highly dependent upon the external radiation level: however, below a certain oxygen 
level, extinguishment will occur even with an infinite external radiation. Delichatsios (2005) also shows 
that with an external heat flux, plywood can be ignited at a 15% oxygen concentration, whereas at 13% 
ignition was not possible. An external heat flux could be obtained, for example, if an arson fire occurs 
where flammable liquids are used as an ignition source, or if materials are reradiating towards each 
other, as in the parallel panel test or between pallet loads in a rack storage arrangement. Another 
example is the parallel panel test where PMMA is extinguished first at 14.7 % oxygen concentration 
with no external radiation present (Xin and Khan, 2007). In tests such as the parallel panel test, the cone 
calorimeter and the FPA apparatus, an external radiative heat flux is part of the test protocol, protocol, 
where the external radiative heat flux is introduced to represent and cover real-scale environment. 

                                                   
3 Excerpted from Nilsson and van Hees (2014).  
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2.2.4 Test, Design and Installation Standards and Guidelines 

There are a number of test, design and installation standards and guidelines in use or under development 
for ORS for fire prevention. Table 2.2 shows in chronological order a range of national standards or 
technical guidelines addressing design, planning, installations and maintenance of ORS to address 
relevant performance and safety requirements.  

Table 2.3 Representative ORS Test, Design and Installation Guidelines (updated from original list 
published in Daniault and Siedler, 2017) 

Country / 
Region 

Organization Reference Issue Date 

Germany VdS VdS 3527:2015-5, VdS Guidelines for Fire 
Prevention Systems - Oxygen Reduction Systems 
- Planning and Installation 

2007 
(updated 
2015) 

Austria Fire brigades 
ASI 

TRVB S 155 08, Requirements for the design, 
construction and operation of oxygen reduction 
systems (SRA) with nitrogen in buildings from 
fire protection technical point of view  
 
OENORM F-3073, Maintenance of fire 
prevention systems using an oxygen reduced 
atmosphere 

2008 
 
 
 
 
2010 

Switzerland SNV SN 123456, Planning and installation of oxygen 
reduction systems 

2009 

Netherlands KIWA BRL-K 21017, Design, installation, and 
maintenance of fire protection systems based on 
inerting and oxygen reduction  

2009 

UK BSI PAS95, Hypoxic Air Fire Prevention Systems  2011 
USA UL UL 67377, Outline of Investigation for Oxygen 

Reduction Fire Protection System Units 
2016  

Europe CEN EN 16750:2017 E, Fixed firefighting systems - 
Oxygen reduction systems - Design, installation, 
planning and maintenance 

2017 

International ISO ISO/DIS 20338, Oxygen reduction systems for 
fire prevention -- Design, installation, planning 
and maintenance 

forthcoming 

A primary aim of the guidelines is to define rules for designing an effective installation that safely 
maintain the appropriate operating oxygen concentration even in case of a failure of parts of the system. 
They contain construction requirements for the generators, the pipe work, the control equipment and its 
power supply (Daniault and Siedler, 2017). A key issue is to determine the operating oxygen 
concentration, as reflected in Table 2.2 above. The guidelines note that a safety margin and tolerances 
in the oxygen measurement have to be considered to calculate the operating concentration; however, 
the bases for the safety margins are not clear and the safety margin vary between the different 
guidelines, for example: 

• TRVB S 155 08: 0.5% O2  
• SN 123456: 0.5% O2 (with a fire alarm system or a sprinkler)  
• EN 16750:2017 E: 0.75% O2  
• BRL-K 21017, SN 123456 (no fire alarm or sprinkler), VdS 3527:2015-5: 1.0% O2 

UL 67377, Outline of Investigation for Oxygen Reduction Fire Protection System Units, provides 
requirements for the components used in ORS, as defined by PrEN 16750 (the precursor to EN 
16750:2017 E, Fixed firefighting systems - Oxygen reduction systems - Design, installation, planning 
and maintenance). The requirements only apply to nitrogen-based ORS for fire prevention (UL 67377, 
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2016). Furthermore UL 67377 also requires evaluation of the functional safety through risk assessment 
for a system to be installed. This is to be done for every individual system. 

 

2.3 COMPARTMENT, ENVIRONMENT AND FIRE PROTECTION SYSTEM INFLUENCES 

This component seeks to identify influences associated with compartment geometry, ventilation, and 
interaction with other fire protection systems, including the extent to which ORS are intended to work 
without the benefit of other active fire protection measures (e.g., sprinklers). 

2.3.1 Compartment Geometry Considerations 

Warehouse storage facilities come in a wide range of sizes and configurations. In theory, ORS for fire 
can be used within any unoccupied warehouse storage space.4 In practice, there may be practical and 
technical considerations that play a role. There are benefit-cost considerations as with any fire 
prevention system.  

From a practical / technical perspective, ORS may be beneficial in irregular-shaped compartments, in 
particular where other fire prevention or protection systems, such as automatic sprinklers, may be 
challenged. Likewise, ORS may be beneficial in configurations where the fuel could be expected to be 
shielded from fire sprinkler water spray, or where commodity is tightly stacked such that options such 
as in-rack sprinklers are impractical or flue spaces cannot be maintained. ORS can also be advantageous 
where thermal or non-thermal damage is unacceptable. 

Large volume spaces may present challenges for maintaining required oxygen concentrations, in 
addition to the lifecycle costs of the ORS as compared with other systems. Further detail on the 
challenge of large volumes is described in section 2.3.2.   

2.3.2 Operational, Environmental and Ventilation Considerations 

A key consideration for appropriate ORS operation is to maintain a ‘tight’ compartment so as to be able 
to maintain the target oxygen concentration level. There are several practical challenges with 
maintaining a tight compartment. 

Warehouse storage facilities typically have material being moved in and out on a regular basis. This 
might involve people (e.g., using forklifts or other), conveyor systems and robot systems. In either case, 
there will be openings in compartment barriers (walls, floors, ceilings) to allow the throughput of 
material. The ORS design would have to consider the length of time such openings would be open 
during operational periods so that concentrations are maintained.  

There will typically be some type of ventilation / environmental control system to maintain appropriate 
temperature and humidity. These systems will provide additional sources of opening in compartment 
barriers, which could affect oxygen concentration when the systems are in operation. 

Even when nominally unoccupied, there will be times when it is required for people to enter the space. 
Commodity may fall off of a conveyor system and need to be collected by a person. There may be 
cleaning crews. There will likely be storage / conveyance equipment inspection, test and maintenance 
needs. There may be need for access by first responders (e.g., emergency medical technicians (EMT), 
firefighters, etc.).  

In the event of a fire, there may be a need to vent smoke from the space. This could be for protection of 
the commodity (susceptible to products of combustion), protection of the building (reduce 
temperatures) or enhancement of firefighting operations (remove smoke to enhance vision). Venting of 
smoke from a storage space would allow oxygen into the space. This could enhance burning. If there 

                                                   
4 ORS for fire can also be used when people might be present, where permitted by and under the 
requirements of applicable occupational health and safety regulation. Such requirements should be 
consulted for pertinent guidance and limitations.  
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are no additional fire prevention or protection systems, such as automatic sprinklers, loss potential could 
increase.   

In terms of performance and maintenance, Allianz (2013) points towards the tightness of the room and 
also states that a regular door fan test is feasible for small enclosures but highly questionable for large 
enclosures such as warehouse spaces. EN 16750:2017 refers to EN 15004-1:2008 Annex E or EN ISO 
9972 or ISO 16000-8 for air leakage determination. Both Allianz (2013) and Zurich (not dated) states 
that it may not be viable to install in an existing building given tightness issues. Zurich (not dated) also 
points towards the issue with entry points for personnel and stock when it comes to integrity. It may be 
necessary to install equipment to monitor door activity, for integrity of environment and for life safety. 
Furthermore Allianz (2013) make the conclusion that a larger room will be more prone over time to not 
keep the tightness than a small room and they state that experience indicates that the systems fail 
regularly due to tightness issues. This points towards a need for regular tightness checks of the protected 
space. Tightness checks may not be necessary if the daily cycle of the generators is monitored. Tightness 
maintenance should be carried out if the duty cycle increases w/o reduction in design O2%. Possible 
loss of tightness can lead to mitigation measures by permanently introducing nitrogen to the space to 
make up for the leaks with dramatic increases in operating costs and permanent shutdown of the system 
due to this (Allianz, 2013). The cost issue has also been indicated by the principal risk engineer at 
Zurich (personal communication 2, 2018), stating that some systems have been decommissioned and 
retrofitted with sprinklers instead due to the high operational costs of the ORS. The operational cost is 
also mentioned by Zurich (not dated) and IF (2015) who also mentions the impact of the tightness of 
the building on the operational cost. 

2.3.3 Interaction with Fire Protection Systems 

As illustrated with the FSCT, there are many strategies that can be taken to help prevent a fire or manage 
the impact of a fire should it occur. For most buildings, a number of prevention and mitigation strategies 
are used. Smoke and heat venting and automatic fire sprinklers are amongst the most common active 
fire protection systems used in warehouse storage applications (e.g., see Zalosh, 2003; Lataille, 2004; 
IMU, 2007; Moore, 2008; Willis, 2011; NZI (not dated); Zurich, 2016). 

As noted above, in the event of a fire, there may be a need to vent smoke from the space. This could be 
for protection of the commodity (susceptible to products of combustion), protection of the building 
(reduce temperatures) or enhancement of firefighting operations (remove smoke to enhance vision). 
Venting of smoke from a storage space would allow oxygen into the space. This could enhance burning. 
If there are no additional fire prevention or protection systems, such as automatic sprinklers, loss 
potential could increase. 

Should fire sprinklers be present, technical considerations depend on the type of system. A technical 
concern would be whether temperatures needed to activate the sprinkler heads in a thermally activated 
sprinkler system would be realized. That is, if the ORS is not able to fully prevent ignition or 
combustion, and smoldering fire occurs, the system may not activate. If there is a pre-action system, 
which uses heat detection devices for the first alarm, a similar concern exists. If smoke detection is used 
for a first alarm, a low energy fire could delay smoke reaching ceiling mounted devices.  

Should a fire sprinkler system be present, and the fire size is such to produce conditions necessary to 
activate the system, there has been no reported evidence found to suggest that the fire suppression or 
control function of the sprinkler system would be compromised. Rather, literature suggests that some 
in the insurance industry would like to have sprinkler protection even if an ORS fire prevention system 
is present. 

With respect to insurance industry perspectives, Allianz (2013) states that they do not typically consider 
oxygen reduction systems alone as an alternative solution to active fire protection systems. Allianz 
states: “To consider the oxygen reduction fire prevention concept (also called hypoxic air fire 
prevention concept as indicated in the figure to the right), it must provide additional benefit to either 
an active fire protection system or a protection concept combining early fire detection, alarm 
transmission, manual fire extinguishing supported by an adequate fire water supply, and fire walls.” 
Allianz states also the following: “The added benefit, such as the delayed fire spread due to hypoxic air 
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conditions, needs to be balanced against possible negative aspects with regard to accessibility (need 
for self-breathing apparatus for the fire fighters) or disruption of hypoxic air conditions by permanent 
openings created by the fire fighters (either access doors or airlocks blocked open to lay fire hoses or 
even holes created in outer walls of the hypoxic air space to grant access in case doors are blocked or 
inaccessible).”(Allianz, 2013). Zurich (n.d.) encourages their clients to discuss any proposal of these 
installations with Zurich at the earliest opportunity. 

FM Global (2018b) states that the system may be a good option for protection, however there are several 
issues that need to be solved first. FM Global (2018a) points towards maintaining the oxygen 
concentration, reliability and functionality of the system (compared to regular protection systems), room 
openings, oxygen level sensors, alarms personnel training, etc., as potential issues that needs to be 
resolved. Furthermore, FM Global (2018b) clearly states that they do not see the oxygen reduction 
system as a replacement for sprinkler protection. FM Global has clarified that the basis for their position 
is that there are no availability/reliability studies for ORS and clear solutions to the issues listed above 
(Personal communication 4, 2018). FM Global also states that their position may change in the future 
when reliability and other issues are properly addressed (Personal communication 4). IF insurance on 
the other hand seems to have a different approach and states that an ORS can be seen as an excellent 
alternative to traditional fire protection systems (IF, 2015). Allianz (2013) also makes a remark that the 
use of a booster system to lower the oxygen concentration further upon fire detection as is recommended 
by different suppliers has a questionable effectiveness. However, the reason for the standpoint is not 
further explained but may be due to the unknown time required for a booster system to provide a 
meaningful reduction in the oxygen level local to the fire source. 

2.3.4 Acceptance Tests, Commissioning, ITM, and System Reliability 

From an insurance industry perspective, in comparing the system to an active fire protection system 
such as sprinkler systems Zurich (n.d.) points to the need for plan review, acceptance tests and 
commissioning practices to verify that the proposed system is designed and installed in compliance with 
recognized standards. Appropriate testing for tightness and acceptance testing procedures for 
compressors may have been able to prevent the below referenced compressor failure. Allianz (2013) 
points towards issues with the VdS standard on monitoring as one example where the standard may not 
be fully developed. Zurich (n.d.) also points towards the need for standards for these systems that covers 
design, installation, operation, inspection, testing and maintenance. The need for systematic reliability 
analysis is needed to develop inspection, testing and maintenance program to provide the required 
availability of the system (FM Global, 2018b). For maintenance Allianz (2013) states that qualified 
personnel should be available on site for permanent process control, maintenance and inspection of the 
systems. 

Other operational issues have been failing compressors where the compressor had failed without the 
owner knowing about it (personal communication 2, 2018). In one particular case there were two 
compressors running at 2/3 capacity and when the first compressor failed the owner was not made aware 
until they saw the oxygen concentration rising. At this time the second compressor started working 
harder and then eventually failed as well. The room was designed to hold the oxygen concentration at 
a desired level for 72 h without adding nitrogen, however only managed 6 h. The above highlights both 
issues with tightness but also impairment handling and how to know when the system is impaired and 
what failure modes can create impairments. Also, FM Global (2018b) highlights the need for failure 
mode analysis to determine reasons for impairments etc. Impairment handling is also mentioned by 
Zurich (n.d.).  

The standard UL 67377 would to some extent address the issue with the failing compressors through a 
risk assessment by establishing a safety integrity level. Such a scenario should then have been identified 
in the risk assessment and furthermore UL 67377 would require a signal to be sent due to compressor 
failure. It is unknown if a risk assessment was conducted for the system in question. However, the 
practice of conducting a risk assessment for each individual ORS may result in different reliability for 
systems installed to the same standards and depending on the knowledge of the assessor things may or 
may not be missed. It would therefore be beneficial to establish listing requirements for 
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system/components replacing the risk analysis with more detailed and precise component/system 
requirements. 

The UL standard furthermore specifies compressor performance requirements and refers to UL 1450, 
which is applicable to air compressors for household, industrial appliances, etc. This is not specific for 
fire protection purposes, though reference is made to NFPA 13, but there the compressors are used only 
to supply air to dry-type systems and the like. The failing of compressors raises the question as to 
whether regular compressors are suitable for the operating modes of a compressor in an ORS or if 
additional features are required. There may be a need for specifically listed compressors for use in ORS. 
This warrants further research. 
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3. TASK 2 – CLARIFY THE IMPACTS OF REDUCED OXYGEN ENVIRONMENTS ON 
FIRE HAZARD CONDITIONS  

The focus of this task is to compile perspectives from the literature that address the impact of low 
oxygen on hazard conditions to be controlled, as listed below and requested in the call for proposals.  

• Ignition resistance 
• Heat release rate 
• Flame spread 
• Smoldering 
• Mass loss rate 
• Smoke, soot, and corrosives development 

As requested in the RFP, this review and assessment will consider both single material and composite 
material fuel sources, material orientation (such as horizontal, vertical, and corners), and storage 
configurations (such as flue spaces) where surfaces may radiate heat towards each other.  

3.1 COMMON EXPERIMENTAL APPARATUS  

Most of the experimental data are from small scale experiments using either a modified cone calorimeter 
to allow the atmosphere around the sample to be controlled or the Fire Propagation Apparatus (FPA). 
Therefore, a brief overview of the equipment is provided below. 

Two major approaches have been used to modify the cone calorimeter. The first was having a 
completely enclosed chamber where ambient air is not allowed to mix with combustion products until 
after passing through the measurement instrumentation (Babrauskas et al., 1992; Leonard et al., 2000). 
This has been called the closed controlled atmosphere cone calorimeter (Werrel et al., 2014), which can 
be abbreviated as closed CACC. The second approach is attaching an enclosure where the combustion 
products and sometimes the flame from the sample are allowed to mix with the ambient air before they 
enter the normal cone calorimeter duct work and pass through the measurement instrumentation. 
Sometimes a chimney is attached to the top of the cone heater so that the entrainment of ambient air is 
delayed. Otherwise, the flame and the combustion products are exposed to the ambient air once they 
exit the enclosure through the cone heater. This has been called the open controlled atmosphere cone 
calorimeter (Werrel et al., 2014), which can be abbreviated as open CACC. In both the open and closed 
CACC the supply of the oxidizer is provided below the sample holder. There hasn’t previously been a 
standard for either the open or closed CACC so there was some variability in the design of apparatuses 
used by the different researchers. 

The testing procedures used for the modified cone calorimeters were similar to ISO 5660-1 (2015). The 
common variation in testing procedure from ISO 5660-1 was a time allowance for the enclosure to 
reach the required oxygen concentration after the enclosure door was opened to place the sample in the 
enclosure. Werrel et al. (2014) has also proposed modified equations for calculating the HRR using the 
oxygen consumption method for the open CACC. The modified equations are necessary for the open 
CACC because ambient air will have a different oxygen concentration than the oxidizer when testing 
at oxygen concentrations below 21% by volume. This causes a problem with the normal ISO 5660-1 
equations because the ambient air mixes with gases leaving the enclosure before they reach the gas 
analyzers. In contrast to the cone calorimeter, the FPA has been designed for varying the oxygen 
concentration in the oxidizer so ASTM E2058-13a (2013) can be used without modifications.  

3.2 IGNITION RESISTANCE 

Reducing the oxygen concentration below 21% by volume has been shown to prevent ignition and 
increase ignition times depending on the test conditions and material. However, for both ignition 
prevention and increased ignition times there is variation in the experimental data.  

Xin and Khan (2007) found the limiting oxygen concentration at extinction and re-ignition for 
horizontal samples in the FPA for various fuels by varying the oxygen concentration while the samples 
were burning during the test. In addition, they found the limiting oxygen concentration for ignition for 
some of the same materials at a constant oxygen concentration in the FPA and compared the results to 
the limiting oxygen concentration at extinction and re-ignition. Furthermore, they found the limiting 
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oxygen concentration at extinction for PMMA, white maple, and oak. Their results are reproduced in 
Tables 3.1, 3.2, and 3.3. 

Table 3.1 Limiting oxygen concentration at extinction and re-ignition (Adapted from Xin and Khan 
(2007)) 

 
Table 3.2 Limiting oxygen concentration in variable and constant oxygen concentration (Adapted from 
Xin and Khan (2007)) 

 
Table 3.3 Limiting oxygen concentration measured using parallel panels (Adapted from Xin and Khan 
(2007)) 

 
Mulholland et al. (1991) found the minimum oxygen concentration for complete burning of different 
materials down to a small residue or char. The tests were done in a closed CACC. The minimum oxygen 
concentrations are given in Table 3.4 
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Table 3.4 Minimum oxygen concentration for complete burning (Adapted from Mulholland et al. 
(1991)) 

 
Marquis et al. (1991) used an open CACC with a chimney attached to the enclosure on top of the cone 
heater to examine the behavior of PMMA at different oxygen concentrations. They were able to ignite 
black PMMA at an oxygen concentration of 10% at an irradiance level of 50 kW/m2. They observed 
that the flame was detached from the fuel surface and appeared to be a premixed flame. At an oxygen 
concentration of 12.5% the flame behaved as a diffusion flame. 

Simmons and Wolfhard (1957) examined the limiting oxygen concentration for gaseous and liquid fuels 
using a porous hemispherical burner. They obtained oxygen concentrations that were close to limiting 
oxygen concentration for premixed flammability limits. This was particularly true when comparing the 
limiting oxygen concentration of a diffusion flame with the limiting oxygen concentration for a 
stoichiometric mixture. They also calculated the adiabatic flame temperature at the limiting oxygen 
concentration for the diffusion flames by assuming stoichiometric burning. The limiting oxygen 
concentrations and the calculated adiabatic flame temperature can be seen in Table 3.5. In addition, the 
effective heat of combustion divided by the stoichiometric oxygen to fuel ratio from the Hurley et al. 
(2016) has been added to the table. 

Table 3.5 Limiting oxygen concentrations for diffusion flames (Adapted from Simmons and Wolfhard 
(1957) and Hurley et al. (2016)) 
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Quintiere and Rangwala (2004), Xin and Khan (2007), Rich et al. (2007, Beyler (1992), Rasbash et al. 
(1986), and Roberts and Quince (1973) presented models that either predict the critical heat flux or 
critical mass flux for ignition at different oxygen concentrations. These models combine Spalding’s B 
number theory to calculate the critical mass flux and a heat balance over a condensed fuel to calculate 
a theoretical adiabatic flame temperature. A critical adiabatic flame temperature is assumed, and this is 
used to calculate the fraction of the heat of combustion that can be lost to the fuel surface. Spalding’s 
B number theory is then used to calculate the critical mass flux. There are slight differences in each 
model, but the underling approach is to use Spaldings’s B number theory and a critical adiabatic flame 
temperature. An example of a model is given from Rasbash et al. (1986) in Equations 3.1, 3.2, 3.3 and 
3.4. 

𝑚"̇ = %
&
𝑙𝑛(1 + 𝐵)     Equation 3.1 

𝐵 = .
/0

       Equation 3.2 

𝐴 = 234/
5

+ 𝐶7𝑇9 − 𝑇;<     Equation 3.3 
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&CD@
=34
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    Equation 3.4 

where 𝑚"̇  is the rate of flow of fuel from the surface per unit area, h is the heat transfer coefficient by 
convection to the surface under conditions of no mass flow, Hf is the heat transfer to the fuel surface by 
convection from the flame per unit mass of fuel burning, mog is the mass concentration of oxygen in air, 
H is the heat of combustion, r is the stoichiometric ratio of oxygen to fuel by mass, C is the specific 
heat of gas, Tg is the ambient temperature of the atmosphere, Ts is the temperature of the surface of the 
fuel during burning, and Tr is the temperature of the reaction zone. 

As noted by Xin and Khan (2007) these models require a significant amount of parameters to be known. 
However, some simplifications in the model can be made that allow for estimates of the LOC for most 
hydrocarbon materials. The two key simplifications are that most hydrocarbon fuels release 13.1 MJ 
per gram oxygen consumed and that the critical adiabatic flame temperature is approximately 1700K 
for diffusion flames. Assuming 13.1 MJ per gram oxygen consumed is commonly used in calculating 
the heat release rate in experiments and assuming a critical adiabatic flame temperature is used in 
estimating the LFL of gas and liquid fuels (Drysdale, 2011). 

Beyler’s (1992) model for conditions in which flame extinction is expected due to gases such as nitrogen 
and carbon dioxide can be described by Equations 3.5, 3.6, and 3.7. 

𝜙G = 𝜅 I1 − JK(ALMN(OP)?AQ)(D@5)
Δ/R(ST)UVT,X

Y    Equation 3.5 

 

𝜙 =
ZQ?[U\]^_D@
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g

D?U\]^
    Equation 3.6 

 

(𝜙Δ𝐻J − 𝐿j)
%
JK
𝑙𝑛 C1 + UVTΔ/R(ST)

ZΔ/`
E + �̇�l" − �̇�P" − �̇�m" = 0 Equation 3.7 

where 𝜙 is the fraction of heat generated by a diffusion flame which must be lost to cause the flame 
to be quenched, Yext is the mass fraction of the diluent, 𝜙G is 𝜙 when the mass fraction of the diluent 
is zero (i.e.	𝜙 = 𝜙G at Yext=0), κ is generally taken as 0.6, cp is the specific heat of air, TAFT(SL) is the 
adiabatic flame temperature at the stoichiometric limit, T0 is the initial temperature of the reactants prior 
to combustion, r is the mass based stoichiometric fuel to air ratio, HR(O2) is the heat of reaction of 
oxygen, 𝑌ST,X is the ambient oxygen mass fraction, Δcp is the heat capacity of the extinguishing agent 
minus the heat capacity of the products of combustion, ΔHc is the heat of combustion, LV is the heat of 
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gasification, h is the convective heat transfer coefficient, �̇�l"  is the externally applied heat flux, �̇�P" 	is 
the heat loss from the surface, and �̇�m"  is the losses due to water evaporation. 

Equations 3.5 and 3.6 can be simplified to Equation 3.8 by assuming the combustion products with 
normal air have the same specific heat as the diluent and replacing YO2,∞ (1-Yext) with the oxygen mass 
fraction after the addition of the diluent, 𝑌ST . 

𝜙 = 𝜅 I1 − JK(ALMN(OP)?AQ)(D@5)
q/R(ST)UVT

Y    Equation 3.8 

The limiting oxygen concentration occurs when phi approaches zero. The physical meaning of this is 
that the heat loss from the flame to fuel surface approaches zero. Setting ϕ equal to zero and rearranging 
gives Equation 3.9. 

1 = JK(ALMN(OP)?AQ)(D@5)
q/R(ST)UVT

        

 

Δ𝐻s(𝑂u)𝑌ST = 𝑐w(𝑇.xA(𝑆𝐿) − 𝑇G) + 𝑟 C𝑐w(𝑇.xA(𝑆𝐿) − 𝑇G)E    

 

𝑌ST =
JK(ALMN(OP)?AQ)@5CJK(ALMN(OP)?AQ)E

q/R(ST)
   Equation 3.9 

 

If the stoichiometric ratio of the mass of the fuel to the mass of the entrained air is assumed to be small 
Equation 3.9 reduces to Equation 3.10. 

𝑌ST =
JK(ALMN(OP)?AQ)

q/R(ST)
     Equation 3.10 

Quintiere and Rangwala (2004) took a slightly different approach, but also derived the same expression 
for the limiting oxygen concentration. 

Most hydrocarbon fuels release approximately 13.1 MJ per kg of oxygen consumed (ΔHR(O2)). In 
addition, as seen in the diffusion flame experiments from Simmons and Wolfhard (1957), the critical 
adiabatic flame temperature is approximately 1700 K for most hydrocarbon fuels (Beyler, 1992). If the 
specific heat is assumed to be 1.13 kg/kJ*K (Xin and Khan, 2007), the limiting oxygen concentration 
is calculated to be approximately 12% by mass or roughly 11% by volume. 

Equation 3.10 also shows the importance of the heat released per gram of oxygen consumed for 
hydrocarbon fuels on the limiting oxygen concentration. Figure 3.1 uses the data from Simmons and 
Wolfhard (1957) and to show this relationship. 

Figure 3.1 Limiting oxygen vs. ΔHR(O2) (Simmons and Wolfhard, 1957; Hurley et al., 2016) 
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The effect of oxygen concentration on the ignition time is inconsistent. A summary of research 
examining the effect of oxygen concentration on piloted ignition times from Barton and van Hees (2016) 
is given below and provides some background: 

“Researchers have found that the ignition times of certain materials, such as Douglas fir (Atreya and 
Abu-Zaid, 1991), polymethylmethacrylate (PMMA)(Cordova et al., 2001; McAllister et al, 2010), 
polyvinylchloride (PVC) (Tewarson, 2010; Mikkola, 1993), Kydex (an alloy of PVC)(Hshieh, 1993), 
Pyrell (a flexible polyurethane foam) (Hshieh, 1993), nylon (Hietaniemi et al., 1997), and 
polypropylene (PP) (Hietaniemi et al., 1997), increase with decreasing oxygen concentrations under 
certain conditions. However, materials, such as plywood (Delichatsios, 2005; Dowling et al., 1999), 
fire retardant plywood (Delichatsios, 2005; Dowling et al., 1999), and general purpose crystalline 
polystyrene pellets (Petrella, 1994) have been reported not to have an increase in ignition times with 
decreasing oxygen concentrations under the conditions tested. Even materials that have been observed 
by researchers to have an increase in ignition times with decreasing oxygen concentration do not show 
an increase in ignition times when tested under different conditions. 

Hshieh et al. (1993) used a controlled atmosphere cone calorimeter (CACC) to test black PMMA at 
radiant heat fluxes of 25 kW/m2, 50 kW/m2, and 75 kW/m2 and oxygen concentrations ranging from 15% 
to 50% by volume. An increase in ignition time with decreasing oxygen concentration wasn’t observed 
for black PMMA at radiant heat fluxes of 50 kW/m2 and 75 kW/m2. However, at 25 kW/m2 an increase 
in ignition time was observed. Petrella (1994) also didn’t observe an increase in ignition time when the 
oxygen concentration was lowered from 21% to 15% for black PMMA exposed to a radiant heat flux 
of 50 kW/m2. The experimental apparatus used was a CACC. 

Using a different experimental apparatus, the FIST apparatus, Cordova et al. (2001) and McAllister et 
al. (2010) found an increase in ignition times for black PMMA. Cordova et al. (2001) showed an 
increase in the ignition time of PMMA exposed to a radiant heat flux of approximately 17 kW/m2 when 
the oxygen concentration was lowered from 21% to 18%. At a radiant heat flux of approximately 37 
kW/m2 the difference in ignition times between 21% O2 and 18% O2 was much smaller. McAllister et 
al. (2010) tested black PMMA at a radiant heat flux of 14 kW/m2 and observed that the ignition time 
increased when the oxygen concentration was decreased from 30% to 21% at atmospheric pressure.” 

One explanation for the increase in ignition time is that the critical mass flux for ignition has been found 
to increase when the oxygen concentration approaches the limiting oxygen concentration for ignition 
(Rasbash et al. 1986, Rich et al. 2007). The mass flux from the material is dependent on the material 
temperature and increases as the temperature of the material increases (McAllister et al., 2010; Torero, 
2016). Therefore, lowering the oxygen concentration can increase ignition times if the heat transfer rate 
is low enough to allow a measurable amount of time between the critical mass fluxes at the higher and 
lower oxygen concentrations. If the external radiation level is high, the increased time that it takes a 
material to reach the higher critical mass flux at the lower oxygen concentration will be smaller than at 
a lower external radiation level. 

This can be seen in Barton and van Hees (2016) where the average ignition time of clear PMMA tested 
at a radiant heat flux of 35 kW/m2 was 74 s at an oxygen concentration of 21% and 80 s at an oxygen 
concentration of 16%. However, the average ignition time at a radiant heat flux of 18 kW/m2 was 357 
s at an oxygen concentration of 21% and 553 s at an oxygen concentration of 16%. This behavior can 
also be seen in Cordova et al. (2001) and Hshieh (1993). 

Using a different experimental apparatus, the FIST apparatus, Cordova et al. (2001) found an increase 
in ignition times for black PMMA. They observed an increase in the ignition time of PMMA exposed 
to a radiant heat flux of approximately 17 kW/m2 when the oxygen concentration was lowered from 
21% to 18%. At a radiant heat flux of approximately 37 kW/m2 the difference in ignition times between 
21% and 18% was much smaller. 

While the ignition time will increase in certain circumstances, the flash point will stay constant. This is 
because the flashpoint is related to the lower flammability limit, which is insensitive to the oxygen 
concentration (Drysdale, 2011; Torero, 2016). This is seen in Barton and van Hees (2016) and Rich et 
al. (2007). 
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3.3 HEAT RELEASE AND MASS LOSS RATE 

The experimental data from a literature review by Nilsson and van Hees (2014) showed that the peak 
heat release rate (HRR) and peak mass loss rate (MLR) for solid materials and liquids generally 
decreases when the oxygen concentration is decreased below 21% by volume with either N2, CO2, or 
combustion products. However, the decrease in the HRR and MLR was not a constant percentage for a 
given oxygen concentration. 

The oxygen concentration affects the HRR and MLR through a reduction in the heat transfer from the 
flame to the fuel surface. The additional nitrogen in the air absorbs energy from the combustion reaction. 
This results in a reduction of the flame temperature and soot concentration within the flame, which 
results in a reduction of the heat transfer from the flame to the fuel surface. However, an external heat 
flux from an external heater, such as the cone heater from the cone calorimeter, would not be affected 
by the oxygen concentration. This is likely a source of variation in the reduction of the HRR and MLR 
at an oxygen concentration of 15%. 

Peatross and Beyler (1997) found a linear correlation for the reduction in mass loss rate and oxygen 
concentration given in Equation 3.11.  
2"̇

2"̇ T{
= 0.1𝑂u[%] − 1.1     Equation 3.11 

where 𝑚"̇  is the reduced mass loss rate per unit area, 𝑚"̇ uD is the mass loss per unit area at an ambient 
oxygen concentration of 21% by volume, and O2[%] is the oxygen concentration by volume in percent. 
Even though the dilution of the entrainment air was from combustion products, other researchers have 
found this correlation to be a good fit for their data (Alibert et al., 2017; Coutin et al., 2016). Equation 
3.11 doesn’t account for external heat flux, but an external heat flux factor can be added. The addition 
of external heat flux is done in Wahlqvist and van Hees (2016) and implemented in a modified version 
of the Fire Dynamics Simulator (FDS). 

Alibert et al. (2017) tested 0.2 m by 0.2 m clear PMMA with a thickness of 3 cm in a controlled 
atmosphere calorimeter called CADUCEE. The PMMA was ignited and allowed to burn without any 
additional external radiant heaters. The tested oxygen concentrations ranged between 17% and 21%. 
The average HRR and MLR decreased when the oxygen concentration was lowered. 

Coutin et al. (2016) measured the mass loss rate of 30 cm diameter heptane pool fires at oxygen 
concentrations ranging from 15.1% to 21% using the CADUCEE. The peak mass loss rate decreased 
as the oxygen concentration decreased for all cases. 

Researchers have also found that increasing the oxygen concentration above 21% by volume increases 
the peak HRR and MLR (Tewarson and Pion, 1976; Tewarson, Lee et al., 1981; Tewarson, 2000; 
Beaulieu and Dembsey 2008). 

CO2 has a higher molar specific heat than N2. This would explain why the peak mass loss rate decreases 
at a steeper rate when CO2 is used to dilute the air than when N2 is used (Brohez et al., 2008). The CO2 
will absorb more energy per a mole than N2. 

Nilsson and van Hees (2014) give one exception from Xin and Khan (2007) where the peak HRR didn’t 
decrease when the oxygen concentration was lowered to 15% by volume. Xin and Khan (2007) found 
that the peak HRR of black PMMA tested horizontally in the FPA didn’t decrease when the oxygen 
concentration was lowered to 15%. However, the fire growth rate decreased slightly at 15%. 

There is also another exception not given in Nilsson and van Hees (2014) from Dowling et al. (1999) 
where the peak HRR and peak MLR for plywood didn’t decrease consistently when the oxygen 
concentration was lowered. The plywood was tested using horizontal samples in a closed CACC. The 
inconsistent decrease in the peak HRR and MLR could be because of effects caused by charring. 

3.4 FLAME SPREAD 

Fernandez-Pello (1981) found that flame spread rates of horizontal slabs of PMMA and filter paper 
decrease with the oxygen concentration. This is likely due to the reduced heat flux from the flame. 
Lowering the oxygen concentration reduces the flame temperature and soot concentration within flame. 
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The reduction in the soot concentration reduces the emissivity of the flame, which reduces the radiative 
heat flux from the flame. 

An opposed flow flame spread velocity model for a thin material is given in Equation 3.12. An opposed 
flow flame spread velocity model for a thick material is given in Equation 3.13 (Hasemi, 2016).  

𝑉� =
�̇"q

�J�7A�4?AQ<
     Equation 3.12 

  𝑉w =
�̇”Tq

��J7A�4?AQ<
T     Equation 3.13 

where Vp is flame spread velocity, �̇�" is the net heat flux due to gas-phase conduction, Δ is the pyrolysis 
front, ρ is the density of the solid, c is the specific heat of the solid, δ thickness of the solid, Tig is the 
ignition temperature of the solid, and T0 is the initial temperature of the solid. 

This would indicate that for opposed flow flame spread the oxygen concentration influences the flame 
spread rate more for a thick material. This is because the heat transfer from the flame is squared for 
thick material flame spread model. Drysdale (2011) states that Magee and McAlevy (1971) found that 
the flame spread rate for vertically downward spread was more dependent on the oxygen concentration 
for thick fuel than thin fuels. 

3.5  SMOLDERING 

There is generally a lack of research on smoldering fires and materials found in warehouses. Moussa et 
al (1977) found that the steady smoldering speed of cellulose decreased with decreasing oxygen 
concentration. 

Smoldering fires are known to produce high CO/CO2 ratios (Ohlemiller, 1983; Rein, 2009; Drysdale, 
2011) and carbon monoxide has limiting oxygen concentration of 5.5% (Hurley et al., 2016). A buildup 
of carbon monoxide from a smoldering fuel could possibly ignite at an oxygen concentration that is 
substantially below the limiting oxygen concentration of the smoldering fuel. 

3.6 SMOKE, SOOT, AND CORROSIVES DEVELOPMENT 

The effect of oxygen concentration on smoke yield varies between materials and test conditions. For 
some materials the smoke yield sometimes increases as the oxygen concentration is lowered, but then 
decreases if the oxygen concentration is lowered further. The smoke yield of other materials will display 
the opposite behavior were the smoke yield will first decrease when the oxygen concentration is lowered, 
but then increase if the oxygen concentration is lowered more. Furthermore, the smoke yield only 
decreases with oxygen concentration for some materials. 

Mulholland et al. (1991) found that some materials had smoke yields that stayed relatively constant or 
had small relative increases or decreases in the smoke yield when the oxygen concentration was reduced 
below 21%. Materials with smaller smoke yields tended to have smoke yields that decreased with the 
oxygen concentration. 

Brohez et al. (2008) observed a small increase in the smoke yield for pyridine as the oxygen 
concentration was reduced below 21%, but after reaching a peak the smoke yield started to decrease as 
the oxygen concentration was decreased further. The smoke yield at the limiting oxygen concentration 
ended up being lower than the smoke yield at an oxygen concentration of 21%. 

Glassman and Yaccarino (1980) measured the smoke point of ethene flames for oxygen concentrations 
varying from 16% molar to 40% molar. They found that the smoke point was highest at an oxygen 
concentration of 24%. The smoke point would then decrease as the oxygen concentration was increased 
or decreased around this point. They stated that changing the oxygen concentration has two competing 
effects. One of the effects of changing the oxygen concentration is an increase in the stoichiometric 
flame temperature when the oxygen concentration is increased, which increases the formation of soot 
within the flame. This is consistent with observations of flames burning at lower oxygen concentrations. 
When the oxygen concentration is reduced below 21%, flames have been observed to become less 
luminous (Morehart et al., 1991; Saso et al., 2005). The other effect is the increased rate of particle 
burn-up in the vicinity of the flame when the oxygen concentration is increased. 
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These competing effects could explain part of the inconsistencies in the effect of oxygen concentration 
on the smoke yield. However, many of the materials had a decrease in the smoke yield with decreasing 
oxygen concentration. One observation is that this tended to happen more with materials that had 
smaller relative smoke yields. 

The effect of the oxygen concentration on the CO yield is different from the smoke yield. Mulholland, 
Janssens et al. (1991) found for all fuels that they tested that the CO yield increased with decreasing 
oxygen concentration. The fuels that were tested were methane, PMMA, acrylonitrile-butadiene-styrene 
(ABS), polyethylene-surlyn, and Douglas fir. 

Brohez et al. (2008) found that the CO yield for pyridine pool fires first increased as the oxygen 
concentration was decreased using N2 and CO2. The CO yield then decreased as the oxygen 
concentration approached the limiting oxygen concentration. 

Dowling et al. (1999) reported that the average CO yield increased as the oxygen concentration was 
reduced to 15% using N2 as the diluent for plasterboard and fire retarded plywood. The average CO 
yield for plywood did decrease from 0.006 kg/kg to 0.004 kg/kg when the oxygen concentration was 
reduced from 21% to 15%. However, the peak CO yield was higher at an oxygen concentration of 18% 
than at 21%. 

Marsh and Gann (2013) used a closed CACC to test pieces of a bookcase made of particle board with 
a polyvinylchloride finish, pieces of sofa cushions covered with a piece of polyester/cotton fabric, and 
household wiring cable. The CO yield generally increased as the oxygen concentration was decreased 
for all of the materials. The exceptions were the pieces of sofa cushions and household cables, which 
had a small decrease in the CO yield when the oxygen concentration was lowered from 16% to 14%. 
Gann and Marsh used two different flow rates for the oxidizer and the small decrease in the CO yield 
was only for the lower flow rate case. The reported errors bars using the standard deviation of the yields 
from multiple runs causes some uncertainty for these two exceptions though. 

Marsh and Gann (2013) observed that the HCN yields for the pieces of sofa cushions increased for the 
higher flow rate when the oxygen concentration was decreased. The HCN yields for the lower flow rate 
increased and then decreased as the oxygen was decreased. The HCL yields for the household cables 
increased slightly as the oxygen concentration was reduced. 

A challenge in isolating the effect of oxygen concentration on smoke, soot, and corrosives development 
is that the global equivalence ratio is affected by the oxygen concentration of the air and nitrogen 
mixture supplied to the enclosure used for burning the sample and in addition the HRR of the fuel which 
is affected by the oxygen concentration for liquid and solid fuels. This means that the equivalence ratio 
can’t be held constant unless the total incoming flow of air and nitrogen into the enclosure is varied. 

3.7 STANDARD TEST METHODS FOR OXYGEN REDUCTION SYSTEMS 

Both SS-EN 16750:2017 and VdS 3527 specify similar test methods for determining ignition 
thresholds. The tests involve vertically mounting a test specimen with minimum dimensions of 25 mm 
x 200 mm and a maximum thickness of 25 mm. In addition, the diameter of specimens made from round 
material should be in the range of 10 mm to 25 mm. The test is to be conducted in a compartment with 
a minimum volume of 100 m3. The oxygen concentration in the compartment is lowered to the target 
oxygen concentration. 

An oxyacetylene flame is used to ignite the specimen on the side at the bottom of the vertically mounted 
specimen. The flame outlet is 0.2 m away from the specimen and the flame is 0.3 m long. The flame is 
applied to the specimen for a minimum of 3 min. If the specimen doesn’t continue to burn 1 minute 
after the flame is removed from the specimen, it is considered to have passed. 

This test method does not necessarily produce the most realistically severe ignition scenario. This is 
seen in some of the oxygen concentration ignition thresholds given for different materials such as 
PMMA (15.9%), ABS (16.0), corrugated cardboard (15%), and palletized cardboard (15%). Examples 
of these materials burning at lower oxygen concentrations is given in Tables 3.1, 3.3, and 3.4. In 
addition, FM Global (2018b) were able to ignite Class 3 cartoned unexpanded plastic, uncartoned 
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unexpanded plastic, cartoned expanded plastic, and cartoned unexpanded plastic at oxygen 
concentrations below 15% using a large-scale rack storage setup. 

The high ignition threshold oxygen concentrations are likely due to the lack of an external heat flux or 
a specimen arrangement that has fuel packages re-radiating toward each other which is common in real 
work conditions. Ignition threshold oxygen concentrations determined with this test are very much 
dependent on the test setup and procedure. This may be a sufficiently severe ignition scenario for some 
applications, but the results shouldn’t be considered limiting oxygen concentrations for all ignition 
scenarios. Furthermore, the test results from FM Global (2018b) raise doubts about the oxygen 
concentrations obtained using VdS 3527 and SS-EN 16750:2017 for rack storage applications or similar 
arrangements. 

Nilsson and van Hees (2014) expressed concerns about the test methods and summarizes it in the 
following quote: 

“One of the main concerns regarding the testing method in PAS 95:2011 and VdS 3527en is that the 
ignition source is unsuitable. The oxygen acetylene torch has too high burning velocity and results in a 
very local heat transfer causing burn through of the material and blowout of any diffusion flames on 
the sample. Further, the flame presents virtually no radiation, and it appears that a sootier flame with 
a lower burning velocity and not as locally applied would be a more challenging, appropriate, and 
realistic ignition source. Also, the ignition source is poorly defined, and in general, the test procedure 
and criteria are imprecise and poorly specified. This could result in a large variety of testing results 
between individual tests and between test labs. 

In addition to the previous statements, the test method does not take fuel configuration and reradiation 
between fuel packages into account resulting in optimistic oxygen concentrations overestimating the 
performance of a hypoxic air venting system. There is no external radiation applied; hence, the 
robustness in the test method is questionable. Applying external radiation would result in less 
uncertainty regarding the achieved oxygen concentrations because it would account for scenarios such 
as arson and radiation exchange between fuel packages. 

The aforementioned issues are believed to contribute to the result raising the highest concern: regular 
particleboard, known to burn and contribute to fire spread, passes the test criteria in normal air (21% 
oxygen concentration). This indicates that the test procedure is inappropriate.” 
 
It can be therefore concluded that a new experimental apparatus or large-scale test set-up is necessary 
to cover all possible fire scenarios which might occur with ORS systems. These can be based upon the 
cone calorimeter or the FPA apparatus for small scale experimental design, or similar to the large-scale 
test set-up design as described in the work by Zhou et al (2018). 
  



  Review of ORS for Warehouse Applications 

Final Report – 15 November 2018  31 

 

4. TASK 3 – IDENTIFY IMPACTS OF REAL-WORLD APPLICATIONS ON THE 
EFFICACY OF ORS 

This task is divided in two parts. First an overview is given on the attributes which are connected to the 
ORS in general. Second, a number of attributes are given which are particular to the ORS as related to 
the specific application of this project, namely warehouses application. The findings of this task are 
based on the outcome of Tasks 1 and 2, with a focus on the efficacy of ORS as a fire prevention measure 
and not on a fire protection measure.  

4.1 ATTRIBUTES OF ORS IN GENERAL 

4.1.1 Oxygen concentration level 

Real world applications have often much more complexity compared to standardized and theoretical 
set-ups of the ORS. As such there might be an impact on the efficacy of the ORS.  

The most important property of an ORS is the choice of the oxygen level and the quality of the oxygen 
level in the real-world application. The test method has defined the required level of oxygen for the 
content of the real-world application. However, it might be difficult to define the exact composition of 
the fuel in the real-world application. It is important to compare the type of materials/product used in 
the test method with the actual content in the building itself. Deviations from the fuel content in the test 
with the fuel content in the real-world application might result in the fact that the oxygen level is too 
high and still allows ignition. In that case the efficacy of the ORS may not be reliable enough. From 
this literature study it is clear that very little data is available on performing such a fuel determination 
and comparing it with the results of the proposed test method. There is also need to further determine a 
procedure to establish the level of oxygen needed. 

Another important aspect is the determination of the oxygen level in test method compared to the one 
necessary to prevent ignition by real life ignition sources and thermal impacts. The proposed test 
method(s) (VdS 3527, EN 16750) have a simple low heat release pre-mixed flame with high 
momentum. This type of ignition source is only one of the possible real-life ignition sources and 
international standardization documents such as ISO 11925 part 3 (ISO 1997) lists a number of other 
flame ignitions sources. Apart from those there exist also ignitions sources resulting from short circuit 
arcs which might contain a lot more energy and create higher temperatures. Real life studies are needed 
for this. With this respect, it is important to define the possible ignitions sources through a risk analysis 
of the facility in which ORS is applied and to conduct testing with an ignition source that covers those 
scenarios. For further standardization a conservative enough ignition source is needed to be defined in 
order to prevent ignition with a very high reliability. 

Within the facility in which the ORS is installed it is important to guarantee that the chosen level of 
oxygen is obtained in the whole facility. This puts requirements on the measurements system and the 
number and place of the measurements. While the different proposed standards give guidance, it has 
not been clear from the study how the choices have been made with connection to real life applications. 

When the oxygen level is chosen, it has to be kept constant as a function of time. Leakage as function 
of time is therefore of importance to monitor. Also changes of the leakages due to a fire or explosion is 
of importance. There is also impact of other failure of the building envelope on the system performance 
(e.g., external fire, vehicle damage, etc.). The latter is a weakness of the system as the oxygen level will 
not be able to maintain in case some parts of the containment fails due an intense local fire or explosion 
e.g. due to breaking of a window. It is also important that access to the facility will influence the level 
of oxygen due to entrance of fresh air. 

Finally, the oxygen concentration can be influenced as a function of time due the impact of general 
system degradation and/or building aging over time. 

4.1.2 Plan review and acceptance of the system 

In the planning phase of an ORS plans need to be developed, calculations made in order to verify the 
system, etc. The current standards EN 16750:2017 and VdS 3527 provides information on what should 
be accounted for in terms of leakages etc. when calculating the required flow of nitrogen from the 
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nitrogen generator. VdS states that the calculation method should be approved but does not refer to any 
calculation method. Both standards have requirements for documentation of the system in order to 
evaluate the system. However as pointed out there is no guidance on the calculation method indicating 
that the requirements and plan review possibilities are incomplete and needs further development. The 
system documentation also needs to be sufficient to conduct acceptance testing. 

The VdS standard includes a requirement of a function test during the approval inspection of the system, 
this could not be found in EN 16750:2017. The VdS standard however does not define how this function 
test should be carried out or what components should be tested. When conducting an acceptance test of 
a fire protection system one would like to push the system to its’ limits in order to get a guarantee that 
the system will work as intended when needed. A similar procedure will need to be developed for ORS. 
This may include, but not be limited to, the following: 

1. Performance test of the compressor 
2. Test of control functions 
3. Room tightness 
4. Functional tests of critical components such as valves 

UL 67377 has identified abnormal conditions and control logic response and states these should be 
tested. Furthermore, the standard calls for measurement of flow rate from the compressor. These 
procedures are good and should possibly be included in the VdS and EN standards as well. However, it 
is felt that there is more work to be done in developing acceptance testing procedures in the field to 
push the system components to the limits, e.g., comparing to fire pump acceptance testing with several 
automatic and manual starts and running at 150 % of rated flow for an extended time. 

4.1.3. Inspection, testing and maintenance (ITM) 

As seen in section 2.3.4 there are several insurance companies pointing out the need for inspection 
testing and maintenance of ORS. Based on experience (e.g. from sprinkler systems) from other fire 
protection systems a common reason for the system not working is that the system is shut off making 
ITM critical. EN 16750:2017 has one section on maintenance stating that the maintenance shall be 
carried out in accordance with the information provided by the installers and in line with manufacturer's 
recommendations. Furthermore, the maintenance shall be carried out be qualified personnel. There is 
also one section in EN 16750:2017 on inspections which states that inspections should be conducted 
annually in accordance with the information provided by the installers and in line with manufacturer's 
recommendations. To this a requirement of calibration of oxygen sensors is added and the requirement 
of qualified personnel doing the inspection. There is no requirement for testing of the system during the 
operational phase of the system in EN 16750:2017. The VdS 3527 standard is very similar to the EN 
standard on the topic of ITM. 

It is critical to be able to verify a fire prevention or protection system’s operational condition and 
associated effectiveness. To be able to do this one would like to make sure that the system is maintained 
properly so that it continues to work during the conditions when the system is needed. Furthermore, 
inspections are critical to verify that the system is in operating condition (e.g. is the system turned on) 
and free of physical damage. In addition, testing is needed in order to verify the operational status of 
the system or a component thereof through physical checks.  

Currently there is no industry practice for ITM of ORS and there is a need for such a standard to be 
developed including weekly, monthly, quarterly and annual inspections and tests as well as required 
maintenance on the system. ITM for ORS may include, but not be limited to, the following: 

1. Leakage tests of the protected space (one possibility may be to check if the compressor is 
running at a higher level than designed to identify excessive leakage) 

2. Performance test of the compressor (note: need to have the compressor rating on a nameplate) 
3. Visual inspections that the system is in working condition (compressor turned on, valves in 

correct position etc.) 
4. Maintenance of compressors, valves etc. 
5. Calibration and testing of oxygen sensors 
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6. Alarm testing 

4.1.4 Impairments and system reliability 

Impairments to fire protection/prevention systems in general is a common reason for the systems not 
being able to perform as intended. Impairments could be planned or emergency impairments due to 
some failure. Impairments in general needs to be limited in time and frequency which requires good 
system and component reliability as well as early discovery of an emergency impairment. 

As mentioned in 2.3.4 failure mode analysis is needed in order to determine possible impairments to 
ORSs which may include leakages, system shut-off, component failure etc. The need for failure mode 
analysis is also applicable to determine components with need for specific requirements (additional 
features, alarms etc.) in terms of listing/approval to ascertain functionality when the components are 
used in ORSs. The failure of the compressors as mentioned in 2.3.4 indicates the need for such analysis 
and also to compare the component’s normal operating mode compared to the operating mode during 
use in ORS. If the operating modes are different additional requirements may be needed for the 
component in order to guarantee the continued operation when used in ORS. Another factor to consider 
is the power supply where which needs to address the protection of power cables, circuit breaker sizing, 
back-up power etc. 

The standard UL 67377 would to some extent address the issue with the failing compressors through a 
risk assessment by establishing a safety integrity level. Such a scenario should then have been identified 
in the risk assessment and furthermore UL 67377 would require a signal to be sent due to compressor 
failure. It is unknown if a risk assessment was conducted for the system in question. However, the 
practice of conducting a risk assessment for each individual ORS may result in different reliability for 
systems installed to the same standards and depending on the knowledge of the assessor things may or 
may not be missed. It would therefore be beneficial to establish listing requirements for 
system/components replacing the risk analysis with more detailed and precise component/system 
requirements. 

The UL standard furthermore specifies compressor performance requirements and refers to UL 1450 
which is applicable to air compressors for household, industrial appliances etc. Hence this is not specific 
for fire protection purposes (though reference is made to NFPA 13 but there the compressors are used 
only to supply air to dry-type systems and the like). The failing compressors raises the question if 
regular compressors are suitable for the operating modes of a compressor in an ORS or if additional 
features are required. There may be a need for specifically listed compressors for use in ORS. 

Furthermore, when an impairment occurs it needs to be discovered early and prevented as far as 
possible. This may include, but not be limited to, the following: visual indication of valve positions, 
visual indication of system status, locking of valves or similar. 

Another reason for impairments has been indicated by Allianz (2013) where medical requirements in 
manned areas with ORS became too difficult and the system was shut off (see Annex A). In addition, 
there have been indications on high operational costs, s resulting in shut off of the systems. This has in 
part been attributed to increased leakages of the protected building. A better understanding of these 
issues is needed in order to provide potential users with accurate information in order to prevent such 
shut-offs. See Annexes A and B for further examples of facility experiences.  

4.2. ATTRIBUTES DIFFICULT FOR ORS TO HANDLE RELATED TO WAREHOUSES 

4.2.1 Specific issues for warehouses that affects the oxygen concentration level 

A typical additional attribute for warehouses compared to the general issues that affect the oxygen 
concentration is the fact that we often do not know the content of all possible products/storage in a 
warehouse and their content as a function of time. Oxygen level determination might be different. The 
products might also contain a lot of different materials and be mounted into a specific system which 
can influence the overall behavior and oxygen level due to trapped oxygen. The EN and VdS test(s) are 
mainly small-scale material test (s) and there has not been a study looking to the link between materials 
and final products/systems and whether the small scale is valid for the system used. This is important 
and has been done in previous studies at European level e.g. for furniture (Sundström et al., 1995), wall 
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linings (Van Mierlo et al., 2005) and cables (Grayson et al., 2001). The validation of the behavior of 
systems by material tests is demonstrated in the figure below. 

 

 
Figure 4.1 Validation of system behavior at different levels - the example of furniture (Van Hees 2013) 

Another important aspect is that the products might be in packaging which contain oxygen and this will 
in its turn affect the conditions if the packaging sealing is destroyed by the local fire and give an 
additional access of air to the fire locally which might lead to fire spread.  

It is also possible that the first ignition item might be different from one warehouse facility to another 
and its should be investigated how this influences the required oxygen level. There should be a link to 
a risk analysis of the facility. 

 

4.2.2 Occupied or Unoccupied warehouses 

Occupied warehouses generally have fork lift trucks, these may be LiIon battery, lead battery, LPG, 
diesel driven etc. This of course provides different potential ignition sources which affects the 
performance level of an ORS or maybe the need to have different ignition sources for the test method 
determining the required oxygen concentration. Ignition sources might be hot work, fork lifts, robots in 
automated warehouses etc. 

Unoccupied warehouses have the benefit of being able to have a low oxygen level without endangering 
humans and can have more automated distribution systems which can be different to occupied 
warehouses. The question is whether it would be more logical to convert such facilities to environments 
of sufficiently low oxygen concentration to address most ignition scenarios, or to conduct cost-benefit 
analysis if a specific level of oxygen concentration is being selected.  

4.2.3 Geometry and construction of warehouses 

The type of geometry used in warehouses is often based on having larger volumes and results in high 
buildings with a lot of rack storage. The question is how the tightness can be assessed and how reliable 
this tightness is. Quite often ventilations systems are present and this includes also air tightness in those 
systems. Although it is not particular only for warehouses it is of great importance for this application 
to mention here as the geometry and construction is influencing how ventilation e.g. reaches the rack 
systems and the volume between them. Constant distribution of the reduced oxygen concentration in a 
complex rack system with a lot of death volumes can be also a problem. It is expected that this can be 
solved due to gas diffusion but real-life data is still missing. 

Likewise, while there is an objective for tightness of the compartments protected by ORS, it is not clear 
how well leakage areas due to normal construction are understood and considered in design, or whether 
the permeability of compartment barrier materials is of concern. For some fire protection systems, such 

Micro calorimeter 

Cone Calorimeter

Cone Calorimeter

Open calorimeter

Room calorimeter
Chair in a room 

(real scale fire)

Chair (full scale 

object)

Fabric Foam 

composite

Fabric

Plastic bulk 

material

Foam

Plastic bulk 

material(s)



  Review of ORS for Warehouse Applications 

Final Report – 15 November 2018  35 

 

as pressurization systems, leakage area data and calculation methods are provided in guidance (e.g., 
Klote et al., 2012). Little research was identified related to leakage area calculation and permeability of 
barrier materials as related to ORS design.  

4.2.4 Contents of warehouses 

The occupancy classification of warehouses can differ considerably depending on the commodity(ies) 
being stored. Some commodities are more difficult to protect than others. For ORS, this is indicated by 
the ignition threshold values. For sprinkler systems, it is indicated by the commodity classification and 
the associated sprinkler design requirement. The nature of ORS makes it difficult to determine different 
commodity classifications since different materials have different ignition thresholds and the driving 
factor for the threshold is not fully understood. It may be the case that a commodity classification similar 
to the sprinkler system commodity classification may not be possible, but no research has been done 
apart from a comparison by Zhou et al (2018).  

In addition, there may be commodities that are sensitive to products of combustion, such as electronics, 
computers, pharmaceuticals, etc. These may be more at risk in a reduced oxygen environment that 
produces more smoke than in might be expected in normal environments, especially if smoke venting 
is not permitted to maintain target oxygen concentrations.  

There are also some warehouses, such as distribution centers, which hold a large variety of goods, and 
it may be impossible to determine the ‘worst’ commodity at any given time. For these types of 
warehouses, there may be a need to have a very low oxygen concentration in order to guarantee effective 
performance of an ORS (i.e., worst case scenario).  

4.2.5 Operation of warehouses 

The range in warehouse and storage operations can be significant, from smaller, largely manual-labor 
operations, to large, significantly automated operations. Three major factors related to the above items 
are: maintaining the oxygen concentration with doors opening and closing, conveyor penetrations, and 
similar; non-homogenous contents, and worker access (normal, repair or emergency).  

In general, movement of commodity between compartments requires openings, which can result in 
leakages when open. While it might be possible to estimate such opening time and associated leakage 
during any given time period (e.g., total opening time and leakage volume per day) to estimate required 
concentration, such estimation would require margins of safety to account for unintended opening, 
barrier failures and so forth. It would also require adherence to operational plans as well as maintenance 
of opening protectives (i.e., doors, dampers, shutters, etc.). Special designs might be necessary. 

4.2.6 Impact of malfunctioning of ORS  

Little research has been conducted regarding the consequence of ORS failure, in particular when other 
fire prevention or protection systems are not also in use. This would depend significantly on the target 
concentration (e.g., below 10% or below 15%), potential ignition sources and risk management 
objectives, as well as the type of ORS failure. If the failure is to consistently maintain concentration, 
with a small variation (e.g., 10% or less), there may not be a significant impact on the fire prevention 
objective. However, larger variation could result in inadequate oxygen reduction being achieved to 
prevent ignition for the stored commodity. In such cases, the benefit of ORS would be significantly 
reduced.  

In some respects, one could argue that this does not differ from other systems, such as sprinklers, where 
small reductions in flow or pressure may not have a significant impact on suppression objectives, 
whereas significant reductions could. However, for sprinkler design, there is some safety margin built 
into the design area, which can help with such variations. It is not clear that adequate safety margin is 
built into ORS design. In addition, there may be factors at play that facilitate faster fire growth and 
spread in an ORS environment, since the aim is to significantly delay or prevent ignition altogether. For 
example, if there is no specific guidance on storage arrangement within reduced oxygen environments, 
commodities may be stacked more tightly than in sprinklered facilities. If ignition occurs, this could 
lead to faster growing and more extensive fires. Also, since the range of stored commodity can be wide, 
and there is currently no storage / hazard classification as with sprinklers, it is unknown as to what level 
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of benefit a partially-operating ORS might deliver, whereas with a partially- or reduced-operating 
sprinkler system, wetting of commodity may have fire control benefits, if not fire suppression benefits.  

There is also the potential for ‘competing objectives’ with respect to fire prevention and protection 
systems, such as compartment tightness for ORS to maintain oxygen concentrations and the desire for 
smoke and heat venting should a fire occur, to reduce temperatures, to help restrict spread of fire, and 
to facilitate visibility for occupant escape and firefighter intervention. While there exists competing 
objectives with non-ORS prevention and protection systems as well (such as sprinkler and smoke and 
heat venting, the combination of which some argue as beneficial and others to be avoided), it is not 
often the case that smoke and heat venting is prohibited when sprinklers are present, but rather, may be 
required to be operated manually by the fire department or other.  

What happens in that case is that e.g. compartmentation rules apply. In some cases, this is acceptable, 
but in some not. If the ORS does not work, the outcome might be a total loss. Data on real life situation 
and cases studies are still missing as compared with sprinklers.  

Based on the literature review, very little data, case studies, or event outcomes are available regarding 
the impact of failure (reliability) of ORS. Types of data which could be helpful include how often ORS 
are not working, how often is the oxygen concentration wrong, what is the reliability of ORS 
components, what is the reliability of the compartmentation, and so forth. For sprinkler systems there 
is considerable statistical data and knowledge available due to the long history and widespread use. 
However, for ORS, since the number of systems and protected facilities world-wide is still limited, the 
data are scarce. This is a difficult case for risk- and reliability-based (probabilistic) designs, as well as 
for establishment of inspection, test and maintenance protocols. 

4.2.7 Impact of intervention by the fire services  

When a fire or health and safety emergency occurs in an ORS-protected facility, it is important for the 
first responders to understand what they are facing and how their interactions might influence or be 
influenced by the reduced-oxygen environment. By definition, the environment is oxygen reduced.  

In a fire incident, as part of sizing up the situation, fire responders often try to gain access to the 
compartment of fire origin for visual and other cues. Opening a door into a reduced oxygen environment 
could result in a backdraft condition for small storage compartments, and at least will be introducing 
oxygen to a compartment around the door opening. In either case the burning dynamics could change. 
Firefighters will also need to know if smoke and heat venting is in place (automatic or manual), as well 
as the implications for operating such system (if in place). In short, understanding the environment they 
are entering, and having appropriate preplanning and tactical responses, will be very important for 
firefighter safety and manual suppression effectiveness. 

Likewise, if a fire or health and safety emergency occurs (e.g., occupant issue associated with reduced 
oxygen environment or related health issue), the first responders will need to know about the 
environment and be adequately outfit with breathing apparatus – something they might not expect for 
health and safety responses in non-ORS protected facilities – as well being prepped to consider whether 
/ how a reduced oxygen environment might have caused / contributed to the emergency.  

4.3 OTHER CONSIDERATIONS 

Given the aim of ORS to provide a reduced oxygen environment, and the various restrictions currently 
recommended (e.g., no smoke or heat venting systems), there is some concern of lack of ‘defense in 
depth’ or ‘layers of protection.’ As discussed in Section 2 and Annex A, there are many strategies for 
preventing fire and managing fire impacts. In many warehouse storage facilities, a defense in depth 
approach is taken, where multiple fire prevention and protection systems are in place, including fire 
resistance rating of structure and compartment (e.g., fire walls), sprinklers, smoke and heat venting 
systems, fire detection and alarm systems, and egress systems.  

As discussed above, in ORS-protected spaces, it is generally recommended that smoke and heat venting 
systems not be used, and in some cases, no sprinklers as well (e.g., in challenging environmental 
conditions, such as cold storage). This limits the availability of additional fire protection measures, 



  Review of ORS for Warehouse Applications 

Final Report – 15 November 2018  37 

 

should the ORS fail to achieve its objectives. This can then create challenges for the fire service as well, 
if systems that they might expect to have available are not.  

The literature did not reveal any research or data suggesting that sprinklers could not be used with ORS. 
However, there may be issues associated with either low-energy fires (in oxygen reduced environment) 
or fast-transitioning / fast-growing fires if large volumes of oxygen are rapidly introduced into a low 
oxygen situation (e.g., potential to overwhelm sprinkler system). These warrant further research.  
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5 TASK 4 – IDENTIFY RESEARCH NEEDS TO BRIDGE GAPS BETWEEN CURRENT 
TESTS AND SYSTEM / FUNCTIONAL RELIABILITY IN REAL APPLICATIONS  

Based on outcomes from Tasks 1-3, a number of research and development gaps have been identified 
with respect to ORS used for fire prevention. These are divided in three categories below: issues related 
to the test method used to determine the oxygen level concentration, issues associated with ORS in 
warehouse storage applications, and other related issues.  

5.1 RESEARCH/DEVELOPMENT NEEDS WITH RESPECT TO ORS TEST METHODS 

The research in this report revealed that the test methods in EN 16750:2017 and VdS 3527 may not be 
sufficient to cover real-scale scenarios and may result in oxygen concentrations too high to prevent 
ignition in the real-scale scenarios. Therefore, research is needed on ORS test methods. 

1. Data on real scale scenarios with the systems are very limited and there should be research on 
the type of real-life scenarios such as in the work of Zhou et al. (2018). This study also suggests 
that EN 16750:2017 and VdS 3527 do not address reliability and maintenance issues to the 
required extent.  

2. The actual test methods used in the standards are rather limited as described, and no full- or 
real-scale validation has been done. Therefore, the test methods might not be sufficient for all 
types of contents in case of warehouses and other alternatives should be studied. This study 
also suggests that EN 16750:2017 and VdS 3527 do not address reliability and maintenance 
issues to the required extent. 

3. The test method in the EN and VdS standards have only one type of ignition source. This is not 
representative of reality. This type of ignition source is only one of the possible real-life ignition 
sources and international standardization documents such as ISO 11925 part 3 (ISO 1997) lists 
a number of other flame ignitions sources. The goal of a test method should be to establish a 
challenging ignition source with a high enough probability of occurrence that one can consider 
the risk of ignition from unconsidered sources as very remote. To address this, other ignition 
sources / strengths should be studied and incorporated into the text method. 

4. As the test methods are mainly based on a small flame application, there is need for 
development of alternative test method(s) or procedure with existing test method to investigate 
radiative and electrical high energy arc ignition sources. The methods need to have much clearer 
and detailed test methodologies and criteria than currently exist. 

5. More data on ignition potential based on material type and storage arrangement, in different O2 
concentrations, would be helpful. Mixed fuels, i.e., fuels where oxygen is present in the 
packaging, for example, is particularly needed. This should consider what material 
factors/attributes drive the oxygen concentration required to prevent ignition. 

6. Further research on required oxygen concentration is needed, i.e., what level should be used, 
for what fuels, in which applications, under what conditions. This is related to the performance 
objective in a fire safety design and guidance with the above-mentioned research. 

5.2 RESEARCH/DEVELOPMENT NEEDS WITH RESPECT TO ORS OPERATION AND 
THE SPECIFIC APPLICATION 

1. Research into failure rates / reliability of ORS components is needed. Based on current research, 
data are lacking on critical components, such as compressors and sensors. This research may 
use existing reliability data for components. It is recognized that various institutional (e.g., 
insurance) or ‘for fee’ databases exist, which could have pertinent data. However, access to 
such databases was out of the scope of this effort but could provide these data. 

2. There needs to be a failure mode analysis of ORS to determine appropriate industry standard 
Inspection, Test and Maintenance (ITM) programs as well as a failure analysis of the 
components in order to determine relevant requirements for listing of systems and components 
(required indications, alarms etc.).  
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a. This should include identification of critical components that need to be in operating 
conditions and establish a requirement that the operating condition is visually indicated 
and easy to inspect. Guidance is needed on what is required to verify for the ORS on a 
regular basis, e.g., available production rate of nitrogen (compare to flow test of fire 
pump), testing of alarm signals (low oxygen, loss of power, high temperature on air 
compressors, etc.), and tightness of room. Maintaining the oxygen concentration over 
time when the building is starting to leak, the frequency of opening doors, and related 
factors need to be explored. Guidance on ITM intervals is needed. Guidance on back-
up / emergency power requirement is also needed as well as securing electrical power 
in terms of cable routing, breaker sizing etc. The standard UL 67377 to some extent 
addresses this by requirements of functional safety for a system by means of 
performing a risk analysis and can be used as a starting point for the work.  

3. There needs to be a failure mode analysis of ORS to determine potential reasons for 
impairments and associated needs to early detect such impairments. An operation safety 
management plan should be part of the guidance coming out of such research.   

4. There needs to be a development of acceptance (compliance / commissioning) testing 
procedures for ORS. 

5. There needs to be an industry-standard calculation method for ORSs and required 
documentation for plan review as was explained in the previous tasks. 

6. Information should be gathered on operational costs for ORSs to aid in benefit-cost decisions. 

7. There needs to be research into how leakages in warehouse storage buildings, particularly those 
targeted for ORS application, increase over time.   

8. Research is needed to gain an understanding of how tightness tests can be done for large volume 
spaces. While a door fan test is feasible for small enclosures such as IT server rooms (as would 
be for a gas extinguishing system), applicability of such a test to warehouses is highly 
questionable today. 

9. ORS reliability and availability is important, and research on back-up system needs should be 
conducted. 

10. Interaction of ORS and active fire protection, including smoke and heating venting systems, 
and sprinkler systems, would be beneficial.  

11. The effect of moving a commodity into an ORS-protected space, that has been previously been 
stored at ambient oxygen conditions, should be investigated. This is particularly true for porous 
materials which can absorb oxygen into void spaces, which will be released in the reduced 
oxygen environments.  

5.3 RESEARCH/DEVELOPMENT NEEDS ASSOCIATED WITH PLANNED & 
EMERGENCY INTERVENTIONS IN ORS-PROTECTED SPACES  

1. Research is needed to better understand and assess / model manual firefighting interventions, 
such as smoke and heat venting, opening doors for firefighter access, etc., on ORS 
effectiveness and reliability.  

5.4 OTHER RESEARCH/DEVELOPMENT GAPS AND NEEDS  

While the focus of this work was related to the ORS as fire prevention system, it is clear from the 
literature study that the following areas, which were deemed outside of the scope of this study, would 
benefit from further research as well: 

1. Level of oxygen acceptable with respect to medical conditions of people inside an ORS 
environment 

a. Lack of medical data is an open issue – more definitive testing / assessment by medical 
professionals would seem to be warranted to answer heath effect questions (see Annex 
A).  
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b. Research appears to be needed not only on medical health, but also ability to make the 
correction decisions in oxygen-reduced environment. 

2. Knowledge and data (e.g. experimental data) on the fire protection abilities of ORS, i.e., how 
much is fire spread reduced when an ignition occurs, despite the reduced oxygen level.  

a. More data on burning rates and HRR based on material and storage arrangement, in 
different O2 concentrations, would be helpful to further quantify the system benefit if 
the ignition threshold level is not met due to malfunction or impairment of the system 

b. Damage criteria to be studied and defined. 
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6 CONCLUSIONS AND RECOMMENDATIONS 

This study consists of a literature study and a research gap analysis for ORS for warehouse storage 
applications. One of the major focus areas of the studies has been, but not limited to, ignition prevention 
and associated test methods. Furthermore, reliability issues have been studied. That is, the contents of 
the report apply to all ORS for fire, but the report does not address the efficacy of ORS in cases where 
ignition is not prevented and a fire develops in a reduced oxygen atmosphere. Factors such as preventing 
further ignition or controlling / extinguishing fire in reduced oxygen environments warrants further 
study. Furthermore, safety of people in reduced oxygen atmospheres, without protection, has also not 
been addressed. Potential health and safety impacts on people working in low oxygen environments 
warrants further study. 

Task 1 and 2 revealed clearly that the test methods in EN 16750:2017 and VdS 3527 may not be 
sufficient to cover real-scale scenarios and that considerable research is needed to further develop the 
test methods through full-scale fire tests. Other ignition scenarios should also be investigated in real-
scale and linked to small scale tests. Task 2 also gave information on the impact of reduced oxygen on 
HRR, smoke production, etc. Finally, actual products and systems should be investigated, and it should 
be determined how the oxygen level should be determined and if a similar approach such as 
commodities for sprinkler can be applied. Further detailed information on the research needed is 
available in the main body of the report. 

Task 3 revealed that reliability of the system should be investigated, and research should be performed 
on how to set-up a robust system that is easy to inspect and maintain. Non or malfunction of the ORS 
can lead to serious fire spread and damage. Procedures need to be established to check the reliability 
and/or real-life data is needed. More information on this topic can be found in the main body of the 
report. 

In Task 4 recommendations for further research were given both with respect to ORS test methods, the 
ORS operation and its specific application as well as to planned & emergency interventions in ORS-
protected spaces.   

Finally, during the study it became relevant in Task 4 that even more research is needed by health 
specialists to determine the acceptable health levels. There is also no or little data available on potential 
benefits or downsides should a fire occur despite the reduced oxygen atmosphere. The latter two were 
not part of this study but became apparent during the literature study and the discussion with the expert 
panel. 
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ANNEX A – GOALS AND OBJECTIVES  

In order to evaluate the efficacy of any particular fire protection strategy or system, the starting point is 
to identify the fire, life safety and risk management goals and objectives for the facility of concern. The 
following provides context in getting to facility-specific goals and objectives.  

A.1 Defining Warehouse Storage Applications and Workforce 

Having a common understanding of warehouse storage applications and the people who work in those 
facilities is important when establishing fire, life safety and risk management objectives. To obtain a 
common basis for discussion, the following description of warehousing and storage applications as 
defined by the North American Industry Classification System (NAICS) is adopted (NAICS, 2018). 

“Industries in the Warehousing and Storage subsector are primarily engaged in operating warehousing 
and storage facilities for general merchandise, refrigerated goods, and other warehouse products. These 
establishments provide facilities to store goods. They do not sell the goods they handle. These 
establishments take responsibility for storing the goods and keeping them secure. They may also 
provide a range of services, often referred to as logistics services, related to the distribution of goods. 
Logistics services can include labeling, breaking bulk, inventory control and management, light 
assembly, order entry and fulfillment, packaging, pick and pack, price marking and ticketing, and 
transportation arrangement. However, establishments in this industry group always provide 
warehousing or storage services in addition to any logistic services. Furthermore, the warehousing or 
storage of goods must be more than incidental to the performance of services, such as price marking.” 

With respect to characterizing the workforce, the 2017 US labor statistics reflect the following 
(https://www.bls.gov/ces/, accessed 18 June 2018): 

• Industrial truck and tractor operators: 152,800 
• Laborers and freight, stock, and material movers, hand: 271,990 
• Shipping, receiving, and traffic clerks: 57,130 
• Stock clerks and order fillers: 77,320 
• Transportation, storage, and distribution managers: 10,180 

The age distribution for laborers and freight, stock, and material movers, hand is as follows (numbers 
in thousands) (https://www.bls.gov/cps/cpsaat11b.htm, last accessed 18 June 2018): 

Total, 16 years 
and over 

16 to 19  
years 

20 to 24  
years 

25 to 34  
years 

35 to 44  
years 

45 to 54  
years 

55 to 64  
years 

65 years 
and over 

Median 
age 

1,930 146 360 479 314 309 256 67 35.1 

The population includes persons with a wide range of abilities and health conditions. Workers with a 
disability were more likely than those with no disability to work in production, transportation, and 
material moving occupations (14.6 percent, compared with 11.6 percent). 
(https://www.bls.gov/opub/ted/2017/workers-with-a-disability-more-concentrated-in-service-
occupations-than-those-with-no-disability.htm, last accessed 18 June 2018).  

A.2 Understanding Fire-Related Losses in Warehouse Storage Applications  

Fire-related losses is warehouse and storage applications can be significant. A 2016 report from the 
National Fire Protection Association (NFPA, 2016) notes that for the period 2009-2013, an estimated 
1210 warehouse structure fires were reported to US fire department each year, resulting in an average 
of 3 civilian deaths, 19 civilian injuries, and $155 Million in direct property damage. In addition to 
direct losses, business interruption is an important consideration. According to Allianz (2015), during 
the period 2010-2014, fires and explosions in the built environment accounted for 59% of 1,807 
business interruption claims globally. There is also the consideration of cost of mitigation (e.g., fire 
prevention and protection), and cost of firefighting when fires do occur.  
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A.3 Fire Safety Goals and Objectives  

A.3.1 Fire Safety Goals  

As a starting point for the development of any fire safety and risk management strategy for a facility, it 
is important to identify the fire safety goals of importance and how they will be addressed. In general, 
fire safety goals are broad statements that are readily agreed by all. There are five widely agreed fire 
safety goals that are relevant to the built environment: 

• Protection of life 
• Protection of property 
• Protection of mission  
• Protection of the environment 
• Protection of cultural and historic heritage  

While easy to agree with conceptually, there can be considerable variation regarding the scope of each 
fire safety goal, and how each goal is considered in different countries, for different facility types, and 
so forth. Nonetheless, the following considerations generally apply: 

• Protection of life typically includes occupants and first responders. Occupants include people 
who live in, work in or visit a building. Life safety is a common goal in building and fire 
regulation of buildings and facilities worldwide. Life safety is also a consideration in 
occupational health and safety regulation in most countries.   

• Protection of property may include the structure, contents and neighboring property. Some 
building regulations focus only on fire safety of neighboring properties (e.g., Australia), 
whereas others include aspects of the structure and neighboring properties (e.g., USA). Building 
regulations and fire regulations sometimes address contents, particularly with respect to storage 
of materials, with specific limitations on storage of hazardous materials in certain occupancy 
groups. In addition, there are generally insurance requirements around storage of materials, 
which are in additional to and/or can exceed building and fire regulation requirements. These 
are often based on risk management goals and objectives.  

• Protection of mission (business continuity, operational continuity) is generally not considered 
in building and fire regulation and is largely driven by client and insurance requirements (risk 
management goals and objectives).  

• Protection of the environment is largely related to fire effluents emitted during combustion, 
from the facility structure and contents, as well as effluents associated with fire suppression 
activities, whether automatic or manual. Air, soil and water contamination are typical concerns, 
in particular as related to ecological and human impacts. There are sometimes requirements in 
building and fire regulations, particularly around containment of fire suppression runoff. More 
commonly, environmental regulation will typically apply.   

• Protection of cultural and historical heritage can relate to the structure, the fabric of the 
structure, and/or to contents. Building and fire regulations generally do not consider cultural 
and historical heritage, as they focus primarily on new construction. Many countries and 
jurisdictions have specific legislation for historic or cultural listing of the property, which may 
impose specific fire safety requirements. Protection of contents is largely client and insurance 
driven (risk management goals and objectives). 

A.3.2 Fire and Life Safety Objectives 

For each fire safety goal, there is typically a set of fire safety objectives. In principle, fire safety 
objectives provide a greater level of detail to help guide how a fire safety goal is to be achieved. For 
example, the occupant protection (life safety) objective of the Life Safety Code© (NFPA 101, 2018) is:  

• “A structure shall be designed, constructed and maintained to protect occupants who are not 
intimate with the initial fire development for the time needed to evacuate, relocate, or defend 
in place.”  
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The objective places a specific boundary condition on the goal ‘protection of life’ in that it excludes 
occupants intimate with the initial fire. It also describes a time limit, i.e., the time needed to evacuate, 
relocate, or defend in place. Such boundary conditions help facilitate the development of criteria against 
which building fire safety features will be evaluated in meeting the goals and objectives.  

Likewise, NFPA 1 (2018), the National Fire Code©, which generally addresses warehouse storage 
facilities, has defined goals and objectives, including for safety from hazardous materials. The safety 
during building use goal (4.1.3.2.1) reads as follows: 

• “The safety during building use goal of this Code shall be to provide an environment for the 
occupants of the building that is reasonably safe during the normal use of the building.” 

One safety from hazardous material objective reads as follows (4.1.3.2.1):   

• “The storage, use or handling of hazardous materials in a building or facility shall be 
accomplished in a manner that provides a reasonable level of safety for occupants and for those 
adjacent to the building of facility from health hazards, illness, injury, or death during normal 
storage, use, or handling operations and conditions.” 

NFPA 1 goes on to identify structural performance objectives, as well as continuity objectives for 
facilities that provide a public welfare role for the community in which it is located.  

As with any regulated environment, multiple regulations may be enforceable. In warehouse storage 
facilities in the USA, for example, standards promulgated by the U.S. Occupational Health and Safety 
Administration (OSHA) are applicable with respect to worker health and safety. This is similar in many 
countries. Safety goals and objectives in such regulations would also be applicable.  

The U.S. OSHA, for example, has a wide range of standards for worker health and safety, as presented 
in Chapter 29 of the Code of Federal Regulations (CFR). Occupational Health and Safety Standards are 
provided in 29 CFR Part 1910. Among other requirements, this includes fire protection (Subpart L) and 
personal protective equipment (Subpart I).  

As with the NFPA code examples above, one can seek to identify goals and objectives from the OSHA 
standards. However, they are not as clearly defined. In general, one can interpret the goals and 
objectives as being to provide requirements aimed at safeguarding the health and safety of workers. 
There are then numerous requirements to be followed aimed at achieving the goals and objectives. The 
issue of occupational health and safety objectives will be revisited in subsequent sections in the context 
of ORSs and system objectives.  

When establishing life safety goals, it is important to consider demographic factors, such as age, ability, 
and health condition. As noted above, workers with a disability were more likely than those with no 
disability to work in material moving occupations (14.6 percent, compared with 11.6 percent).  

A.4 Risk Management Goals and Objectives 

There are four principal means of managing risk (e.g., see Meacham, 2004): 

• Accept (i.e., retain), either actively (by establishing some internal risk financing mechanism) 
or passively (by choosing not to insure) 

• Avoid, by not engaging or continuing in a process or activity where the risk was deemed 
unacceptable or by changing to less risky processes or methods 

• Mitigate (i.e., control or reduce), by implementing safety and control features such as automatic 
sprinklers, inspections, training, or other methods 

• Transfer to a third party, such as through purchase of insurance  

In many cases, facility owners and managers will select a combination of approaches, i.e., accepting 
(retaining) a certain level, mitigating (controlling) specific risks to that level, and transferring (insuring) 
above the accepted level. Avoidance strategies are also used when practicable.  

One representation of a risk management framework is presented in ISO 31000 – Risk Management 
(ISO 2009; 2018). Figure A.1 reflects the general structure as presented in ISO 31000:2009.  
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In brief, ‘establishing the context’ relates to defining the risk problem. The steps of ‘identify risks’, 
‘analyze risks’, and ‘evaluate risks’ are typically considered as risk assessment. Once the risks are 
assessed (and quantified), one can make decisions on how to treat the risks. This is the stage at which 
the accept, avoid, mitigate or transfer decisions are made. Once decisions are made and implemented, 
monitoring and reviewing the risks is part of an effective risk control process. Communicating and 
consulting with key actors is important throughout the process. 

With respect to the previous discussion on fire safety goals and objectives, in particular those cited from 
regulation, these are important in developing a comprehensive risk management strategy. However, as 
noted above, building, fire and occupational health and safety regulation typically do not consider 
protection of contents or continuity of operations. For this, facility-specific risk management goals and 
objectives are needed. 

To make good risk management decisions, the risk 
must be properly diagnosed. Diagnosing the risk 
situation will require answering a broad range of 
questions, such as (Meacham, 2004):   

• What type of risk is being addressed?   
• How is the risk to be quantified?   
• What level of risk is acceptable?   
• What is the target recovery time?   
• How large a monetary loss can be 

overcome?   
• What risk management methods are 

planned?   
• Is a business continuity plan required?   
• What must the recovery plans address?    

The answers to these questions will help define risk 
management goals, which in turn will provide the 
basis for a decision on accepting, avoiding, controlling, or transferring the risk, or implementing a 
strategy that includes a combination of these mechanisms. Various documents exist which provide 
guidance on risk assessment and fire protection for warehouse storage applications, that can be helpful 
in clarifying goals and objectives as well (e.g., see Zalosh, 2003; Lataille, 2004; IMUA, 2007; DCLG, 
2006; Moore, 2008; FPA, 2008; CFPA, n.d.; Willis, 2011; NZI (n.d.); Zurich, 2013, 2016). Also, it 
should be recognized that additional risk management goals, perhaps not directly related to fire, may 
need to be considered as well (e.g., see Elbarky and Morssi, 2016).  

In developing answers to the above questions and characterizing the risk, there are a few key concepts 
that can be useful in helping to guide the process (Meacham, 2004).  

Elements at Risk. The elements at risk include the storage facility itself, the contents of the storage 
facility, the people in the storage facility (including full- or part-time staff, delivery people, and perhaps 
customers), and the business mission. Since there is a wide array of structure types, storage technologies 
and stored commodities, identification of these components are needed for each specific facility, as they 
can have a direct influence on loss potential and therefore risk management objectives. For example, 
the structures can range from noncombustible to combustible, may be environmentally conditioned or 
not, and may present fire hazards through insulation or other environmental controls. The storage 
technologies may provide inherent barriers to fire spread, may facilitate the unmitigated spread of fire, 
and may represent potential sources of ignition. The stored commodities may pose fire hazards or be 
particularly susceptible to even small amounts of fire effluents. In addition, warehouse storage facilities 
may be largely occupied and operated by employees, largely unoccupied and highly automated, or 
operate with some combination of the two. Warehouse storage facilities are typically critical to the 
supply chain of an organization, but with varying levels of criticality based on production and shipping 
strategies, lead times, and related factors. 

 
Figure A.1 ISO Risk Management Framework 
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Hazard(s) Posing the Risk. In this research, there are two distinct hazards of concern: fire, as impact on 
occupants, contents, structure and mission, and reduced oxygen environments, in particular with respect 
to occupant health and safety. From both fire and health hazard perspectives, several conditions and 
scenarios should be considered, including such factors as potential sources and viability of ignition, 
combustibility of fuel in various oxygen environments, and human health considerations in various 
oxygen environments.  

Level of Risk Tolerance. The level of risk tolerance that any building owner or manager has for their 
facility and operation is a critical question, as it gets to the heart of how significant of a loss (or losses) 
and of what types the organization is willing to tolerate (i.e., accept). The level(s) of risk tolerance for 
different hazards and elements at risk will have a direct impact on risk management decisions. For 
example, for a specific storage facility, it may be tolerable to lose a certain portion of the facility, or a 
certain square footage of storage area, as the facility is large enough to accommodate loss of space 
without significant interruption to operations. In other cases, the physical space may not be the issue, 
but rather the contents. In this case, it may be intolerable to lose all of the contents, so a decision is 
made to distribute the contents throughout the space, or compartmentalize them, or so forth. Insurance 
coverage is also a consideration, that is, how the risk acceptance / mitigation is balanced with risk 
transfer. Where health and safety risks are a driving concern, there may be different tolerance levels 
based on hazard, e.g., from fire and from working in a hypoxic environment.  

Criteria for Assessing Risk Tolerability. For many storage facilities, risk tolerability (acceptability) 
criteria will be primarily a financial issue, which may be related to damage to contents, to the building, 
and/or to mission. However, consideration must also be given to the potential for injury and loss of life, 
as well as to potential impacts to the environment.  

Given the above considerations, one can start developing / refining risk management objectives for 
warehouse storage facilities. Developing a concise set of objectives for this category of facilities is 
challenging in that ‘warehouse storage facilities’ covers such a breadth of realizations, and specific 
goals and objectives can only be set on a facility-specific basis. However, the following is a set of 
suggested goals and objectives that are generally applicable to all such facilities: 

• Safeguard the health and physical safety of occupants (workers, visitors) during normal 
operation of the facility and during abnormal (hazard) events. 

o Limit the exposure of occupants (workers, visitors) to unhealthy or unsafe 
environments during normal operation of the facility. 

o Minimize the potential for initiation of a hazard event that could impact occupants. 
§ Minimize the potential for spill of a hazardous material 
§ Minimize the potential for ignition of fire, deflagration or explosion 

o Minimize the potential for exposure to hazard should a hazard event occur 
§ Protect occupants who are not intimate with the initial hazard event for the 

time needed for them to evacuate, relocate, or defend in place.  
• Safeguard the structural integrity of the facility during normal operations and abnormal 

(hazard) events. 
o Minimize the potential for an event of sufficient magnitude that could lead to 

unacceptance and/or disproportionate failure of the structure  
o Protect the structural integrity of the building for sufficient time to allow safe 

evacuation of all occupants to a place of safety outside of the building, 
o Protect the structural integrity of the building for sufficient time to facilitate the safety 

of firefighters engaged in search and rescue and initial firefighting operations. 
o Limit damage to the structure to a level necessary to fulfill life safety objectives and 

achieve mission continuity objectives following the event. 
• Safeguard the operations of the facility and its contents during abnormal events as appropriate 

to risk management objectives. 
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o Minimize the potential for an event of sufficient magnitude that could lead to 
unacceptable impact to nonstructural building systems, systems that support facility 
operations, and to contents  

o Limit damage to operational equipment and non-structural building systems to a level 
necessary to fulfill life safety objectives, achieve mission continuity objectives, and 
fall below maximum tolerable financial loss objectives following the event. 

o Limit damage to contents to a level necessary to fulfill life safety objectives,  achieve 
mission continuity objectives, and fall below maximum tolerable financial loss 
objectives following the event. 

Actual limits of impact need to be determined based on facility-specific parameters and client risk 
tolerability measures.  

For each goal and objective, design / performance / acceptance criteria need to be identified. The 
following describes some potential fire, life safety and risk tolerability criteria that may be considered. 
Going forward, discussion is focused on health and safety or occupants during normal operations and 
life safety, property and mission protection objectives where fire is the hazard of concern. 

A.5 Fire and Life Safety Design Criteria and Risk Management Criteria 

Life Safety (Non-Emergency Situation) 

In order to demonstrate that a facility design meets fire, life safety and risk management goals and 
objectives, there needs to be a set of criteria which define the safety / performance / risk thresholds, 
against which risk management (largely, risk mitigation) measures can be evaluated. These criteria need 
to be quantitative and measurable. They reflect attributes of the hazard and the impact of the hazard on 
the target, such as concentrations of explosive vapors and associated explosive limits, temperatures 
generated by fires and temperature effects on people, temperatures generated by fires and failure 
temperatures of materials, and so forth. They can be expressed in a variety of ways, including point 
values, ranges and distributions.  

With respect to life safety criteria during normal operation of facilities, building and fire codes address 
such issues as controlling contaminants (through limits imposed through standardized tests on building 
materials, systems and components) and indoor air quality (by required air changes per hour, or in some 
cases, limits on CO2 concentrations (e.g., ASHRAE, 2016)), providing provisions to safeguard against 
slips, trips and falls (e.g., walking surface requirements, stair and handrail requirements) and provisions 
to safeguard against safety hazards (e.g., glazing marking and performance). In addition, occupational 
health and safety legislation would also apply for most buildings and facilities.    

Within the US OSHA requirements, air quality, exposure to toxins, contaminants and other hazards, as 
well as safety in use (e.g., walking surfaces, stairs, handrails) is also addressed. Similar approaches to 
building-related safeguards are required as in the building and fire regulations. For example, in the case 
of 29 CFR Part 1910 Subpart I, 1910.132 (Personal Protective Equipment), paragraph 134(a)(1) states:  

• “In the control of those occupational diseases caused by breathing air contaminated with 
harmful dusts, fogs, fumes, mists, gases, smokes, sprays, or vapors, the primary objective shall 
be to prevent atmospheric contamination. This shall be accomplished as far as feasible by 
accepted engineering control measures (for example, enclosure or confinement of the operation, 
general and local ventilation, and substitution of less toxic materials). When effective 
engineering controls are not feasible, or while they are being instituted, appropriate respirators 
shall be used pursuant to this section.”  

29 CFR Part 1910 goes on to discuss and define limits on contaminated and hazardous environments 
which exceed limits for ‘normal’ use, which would trigger the use of personal protective equipment. 
One such hazard is oxygen deficient atmospheres. Specifically, 29 CFR Part 1910 Subpart I, 1910.132 
(Personal Protective Equipment), paragraph 134(a)(2) states in part that  

• A respirator shall be provided to each employee when such equipment is necessary to protect 
the health of such employee.”  
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Paragraph 134(b), definitions, goes on to state that: 

• “Oxygen deficient atmosphere means an atmosphere with an oxygen content below 19.5% by 
volume.” 

This threshold for oxygen deficient atmosphere is not unique to the U.S. OSHA. A recent study 
conducted for the U.S. Environmental Protection Agency (USEPA) identifies the following minimum 
oxygen concentrations in occupied and/or confined spaces as specified in regulations, standards or 
codes in various countries and jurisdictions (ICF, 2017).  

Table A.1 Minimum Oxygen Concentration in Occupied and/or Confined Spaces (reformatted from 
Andrews et al., 2017) 
  

Country / 
Region 

Minimum 
O2 Conc. 

Regulation / Standard / Code Scope Source 

Australia 19.5% AS/NZS Standard 2865:2001 Confined 
Spaces 

Burlet-Vienney et al. (2014) 

Austria 15.0% Ordinance on the Protection of Workers by 
Personal Protective Equipment (PSA-V) 

Any Space Government of Austria 
(2014) 

Canada 18.0% - 
19.5% 

   

 - Federal 18.0% Canadian Occupational Health and Safety 
Regulations (SOR-86-304) 

Any Space Government of Canada 
(2016) 

 - Alberta 19.5% Occupational Health and Safety Code, Part 18 Any Space Government of Alberta 
(2009) 

 - British 
Columbia 

19.5% Workers Compensation Act, B.C., Reg. 
296/97 

Any Space Government of British 
Columbia (1997) 

 - New 
Brunswick 

19.5% Occupational Health and Safety Act, N.B, 
Reg. 91-191 

Any Space Government of New 
Brunswick (1991) 

 - Ontario 19.5% Proposed Revisions to Occupational Health 
and Safety Act, Ontario, Reg. 833 

Any Space Government of Ontario 
(2016) 

 - Quebec 19.5% Regulation Regarding Occupational Health 
and Safety, S-2.1, r.13 

Any Space Government of Quebec 
(2012) 

France 19.0% National Research and Safety Institute 
(INRS) Confined Spaces Guidelines, ED 
6184 

Confined 
Spaces 

INRS (2014) 

Germany 17.0% German Statutory Accident Insurance 
(DGUV) Rule 112-190: Use of respiratory 
protection 

Any Space DGUV (2011) 

Hong Kong  19.5% Code of Practice, Safety and Health at Work 
in Confined Spaces 

Confined 
Spaces 

Hong Kong Occupational 
Safety and Health Branch 
(2000) 

India 19.5% Bureau of Indian Standards, Chemical 
Laboratories, Code of Safety, IS 4209 

Chemical 
Laboratories 

Bureau of Indian Standards 
(2013) 

Japan 18.0% Ordinance on the Prevention of Anoxia, No. 
42 

Any Space Japan Ministry of Labor 
(2000) 

Mexico 19.5% Ministry of Labor and Social Welfare, 
Standard on Safety Conditions for Work in 
Confined Spaces, PROY-NOM-033-STPS-
2015 

Confined 
Spaces 

Government of Mexico 
(2015) 

New 
Zealand 

19.5% AS/NZS Standard 2865:2001 Confined 
Spaces 

Burlet-Vienney et al. (2014) 

Singapore 19.5% Workplace Safety and Health (Confined 
Spaces) Regulations 

Confined 
Spaces 

Government of Singapore 
(2009) 

Sweden 18.0% Chemical Hazards in the Working 
Environment, AFS 2014-43 

Any Space Swedish Work Environment 
Authority (2014) 

USA 19.5% US Occupational Health and Safety 
Administration, 29 CFR Part 1910.134 

Any Space OSHA (1998) 
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As such, criteria such as these would be applicable for the occupant health and safety design of occupied 
spaces of regulated buildings during normal use and operation (i.e., those subject to the regulations / 
standards / codes as identified in the table). 

However, it should be noted that oxygen deficient environments below the levels listed in Table 2.1 are 
not necessarily unsafe, in particular for short durations, and in some cases long duration. The limits in 
Table 2.1 are related to occupational health and safety regulation. The literature reflects a significant 
range of ‘safe’ or ‘low risk’ reduced oxygen (hypoxic) environments (e.g., Gustafsson et al., 1997; 
Angerer and Nowak, 2003; Burtscher et al., 2011; Kupper et al, 2011). In part, the variation depends on 
such factors as living or working at high elevations, exercising, hiking or similar at high elevation, 
traveling in aircraft at high elevation, and military personnel working long periods in reduced oxygen 
environments. Also, age, health condition and other factors play an important role.  

With respect to the previous discussion on fire safety goals and objectives, in particular those cited from 
regulation, such factors are important in developing a comprehensive risk management strategy.  

Fire & Life Safety (Fire Events) 

Prior to discussing specific fire and life safety criteria, it is important to first understand a bit about 
mitigation options. A good structure for framing this discussion is NFPA 550, Guide to the Fire Safety 
Concepts Tree (NFPA 550, 2017). The Fire Safety Concepts Tree (FSCT) shows relationships between 
fire prevention and fire damage control, which are largely distinct fire mitigation strategies. The 
components in the FSCT are linked by ‘AND’ gates (�), which mean the connected components are 
each required to fulfill the objective (i.e., X AND Y are both required), or by ‘OR’ gates (+), which 
mean any of the connected components could be effective on its own (i.e., A OR B OR C would work). 
At the fundamental level, the FSCT illustrates that a fire safety objective can be met either by preventing 
fire ignition (preventing a fire) OR by managing the fire impact, once it occurs. This is illustrated in 
Figure A.2 below, which shows the top branch of the FSCT. 

 
Figure A.2 Top Branch of FSCT (NFPA 550) 

Selection of mitigation options, and associated criteria for assessing the efficacy of those options, can 
be aided by following the relevant branches of the FSCT. 

Fire Prevention 

For fire to initiate, it is generally required to have a combination of fuel, a competent source of potential 
ignition, an oxidizing agent (typically a sufficient concentration of oxygen). Once initiated, the resulting 
exothermic chain reaction sustains the fire and allows it to continue until or unless at least one of the 
elements of the fire is blocked. Fire prevention is a term typically associated with reducing or 
eliminating one of the basic components, i.e., without either a fuel, a competent ignition source, or 
sufficient oxidizing agent (concentration of oxygen), fire can be prevented.  

Since the focus is warehouse storage facilities, it is assumed that there will be fuels (combustible 
commodities, other contents, equipment, etc.). Given that some type of operations will be conducted in 
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the facilities, there could be several sources of potential ignition, presented by building systems (e.g., 
electrical power, lighting, etc.), equipment (e.g., automated systems, forklifts, etc.) and human means 
(e.g., welding).  

As reflected in the FSCT, there are three primary approaches to preventing fires (ignition): control the 
heat-energy source, control the (energy) source-fuel interaction, or control the fuel. Figure A.3 shows 
the expanded ‘prevent ignition’ branches for these interactions within the FSCT.  

 
Figure A.3 Prevent fire ignition branches of the FSCT (NFPA 550) 

While there are several mitigation options, including remove potential sources of ignition, provide 
appropriately insulated electrical cables, etc., there are limited options with respect to quantitative 
design criteria. These might include for example (moving left to right): 

• Limit the heat release rate from burning commodities to a maximum of X kW. 
• Limit the amount of stored material to A m3 (m2 floor space, …) 
• Provide separation between fuel packages of at least Y meters 
• Limit the oxygen concentration to less than Z %  

Specific values for such criteria depend on the fuels, arrangement, compartment environment and 
similar. Discussion of estimation of appropriate parameters relative to oxygen concentration is provided 
as part of Task 2 of this effort.  

Managing the Fire   

If fire prevention strategies cannot be assured or are unsuccessful, the option then becomes to mitigate 
the impact of the fire. This can be accomplished by managing the fire or by managing the exposed (the 
fuel/life exposed to the fire). Options for each are illustrated in the associated branches of the FSCT.  

In the ‘manage fire’ branch, there are three pathways: control the combustion process, suppress the fire, 
or control the fire by construction. This is illustrated in Figure A.4. The ‘control combustion process’ 
path is focused on fuels and the environment within which the fuels are located. With respect to the 
environment, if oxygen is removed, the combustion process can be managed. In this regard, a design / 
performance criterion might be in the form of the following.   

• Upon detection of a fire, reduce the oxygen concentration to less than Z %  

The ‘suppress fire’ path is focused on controlling the further development of the fire or extinguishing 
the fire using some type of applied agent, such as water or foam. Systems used for delivering fire 
suppressing agents are sometimes called fire protection systems. Design / performance criteria for such 
systems might be in the form of the following: 
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• Achieve a design density of X mm/min 
• Achieve an actual delivered density of water of Y mm/min 

 
Figure A.4 Manage fire impact branches of the FSCT (NFPA 550) 

Control of the fire by construction includes strategies such as fire- and smoke-rated barriers, fire 
resistive ratings of structural systems, fire and smoke dampers, and fire and smoke venting / exhaust 
measures. Design / performance criteria for such strategies might be in the form of the following: 

• Compartment barriers shall withstand temperatures of X°C for a duration of Y minutes without 
deformation and/or spread of fire or smoke to adjacent compartments 

• Primary structural elements shall withstand temperatures of Y°C for a duration of Z minutes 
without deformation or loss of strength  

• Smoke and heat venting systems shall be designed such that the smoke layer in the compartment 
does not descend below Xm above floor level and the temperature at the smoke layer interface 
does not exceed Y°C at any time during the fire event 

As with other criteria previously discussed, specific values will depend on the fuel characteristics and 
building characteristics of a specific facility, as developed based on facility-specific loss objectives. 

Manage Exposed 

In addition to managing the fire, consideration must be given to managing the exposed. In the discussion 
above, these are the non-structural elements at risk, including occupants and contents. Strategies for 
managing the exposed are reflected in the FSCT via limiting the amount exposed or safeguarding the 
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exposed, as illustrated in Figure A.5. While in many applications, ‘the exposed’ primarily relates to 
people (occupants, firefighters), it also applies to contents. This is particularly pertinent in warehouse 
storage applications.  

 

 
Figure A.5 Manage the exposed branches of the FSCT (NFPA 550) 

Design / performance criteria for such strategies might be in the form of the following: 

• The smoke layer shall not descend below Xm above the floor level during the time required for 
occupants to exist the space impacted by fire 

• The maximum temperature at Xm above floor level shall not exceed Y°C at any time while 
occupants are in the space impacted by fire 

• The maximum radiant heat flux from the smoke layer interface to a target located Xm above 
floor level shall not exceed Y kW/m2 

• The maximum radiant heat flux received from a target located at a radial distance of Xm from 
the center of a burning fuel package shall not exceed Y kW/m2 

• The total mass of smoke produced shall not exceed Xg 

While developing design/performance criteria for occupants (tenability criteria) is often 
straightforward, damage criteria for contents may not be so simple. In-direct damage could result from 
exposure to high temperatures, products of combustion (soot, HCN, etc.), and fire suppression agents, 
in addition to direct damage associated with the burning of the materials.  

Mission Continuity 

The FSCT does not directly address or facilitate development of strategies or criteria mission / business 
continuity or other business-related losses. However, use of the FSCT can be useful in estimating such 
parameters as EML, MFL and PML, given implementation of different fire management strategies. 
And, when used to help identify parameters for managing the exposed, in particular contents, such 
information can be used to help assess impact of facility-specific losses on business operations, 
including supply chain and related impacts.  

Summary 

Understanding and characterizing fire, life safety and risk management objectives for warehouse 
storage applications is an important part of selecting appropriate risk management options, including 
fire prevention and protection systems for risk mitigation. There are typically several objectives that 
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must be met, and in some cases, there may be competing objectives (e.g., compartmentation for fire 
versus openness for facility operations). Once the overriding fire, life safety and risk management 
objectives are established, then systems-specific objectives can be identified and assessed for 
compatibility.    

A.6 Fire and Risk Management Objectives for ORS in Warehouse Storage Applications 

The previous discussion is important for framing the issue of fire and risk management objectives for 
ORS in warehouse storage applications. It is clear that mitigating the impact of fire is a critical risk 
management goal: one that can be supported by measures that minimize the potential for ignition and 
that help manage the impact of fire once initiated. A fundamental question is whether ORS are used to 
mitigate the impact of fire as fire prevention systems, fire protection systems, or both.  

Insurance Industry Perspectives on Objectives of ORS for Fire Risk Management  

In reviewing insurance industry publications and speaking with industry personnel to try and identify 
insurance industry objectives for ORS, a range of objectives was identified. Zurich (n.d.) touches a bit 
on the objective of an oxygen reduction system stating that one concern is ensuring that the design of 
the system is effective in protecting the business assets. Furthermore, Zurich states that lower oxygen 
concentrations decrease combustion rates and at a sufficiently low value the system can prevent 
combustion entirely. This indicates that the system may be designed with different objectives ranging 
from changing the burning characteristics to entirely preventing a fire. FM Global (2018b) states that 
they looked at different possible ignition sources for testing when determining oxygen concentrations 
and replicated an ignition source that is typical for the occupancy and also standard for other protection 
systems such as water mist or sprinklers as they want the same protection level for all their systems. 
Barowy and Creighton (2016) defines the design concept to be to reduce the oxygen concentration 
within a space sufficiently to prevent ordinarily combustible materials from igniting in the presence of 
a typical ignition source.  

With respect to the question of whether ORSs are identified as a fire prevention or fire protection 
system, a range of views exist as well. Allianz (2013) discusses the difference between oxygen reduction 
systems and inerting or gas extinguishing systems. They focus mainly on the protection of IT rooms, 
telecommunication centers and electrical rooms but also discusses protection of warehouses. Allianz 
standpoint is that an oxygen reduction system is a fire prevention system, not a fire protection system 
since the system is not designed to extinguish a fire. Also, Zurich (n.d.) talks about the system as a fire 
prevention system and discusses it for a variety of different occupancies. IF Insurance (2018) mentions 
reduced oxygen atmospheres as a viable protection option in critical IT rooms. IF insurance (2015) also 
mentions the benefit of the system not needing a fire to activate and if a fire can be prevented there will 
be no smoke or water damage and also refers to the system as a preventive system. 

As might be expected, to determine the efficacy of ORS in meeting the range of objectives – full fire 
prevention to limiting ignition potential of ordinary combustibles – a key factor is required oxygen 
concentration required to meet these objectives. Factors which must be considered holistically include 
oxygen concentration, fuel type and configuration, storage configuration, potential sources and energy 
of ignition, and whether the space is occupied.  

Concentration(s) for Ignition Prevention 

Allianz (2013) states that the safety margin between the design oxygen concentration and the ignition 
threshold for a gas extinguishing system is much larger than for an oxygen reduction system. 
Furthermore Allianz states that caution is needed when deciding on the oxygen level. A risk engineer, 
from a large insurance company active in the Nordics, also expressed the oxygen concentration as a 
concern (personal communication 1, 2018), where it was stated that the values given in standards like 
VdS and EN could not be used without further analysis. Allianz (2013) also states that there has been a 
discussion by CEN to remove the safety margin between the design concentration and the ignition 
threshold. FM Global (2018a) found that cartoned commodities had a limiting oxygen concentration of 
11.1% and for plastics 13%, which should be compared to the standards in VdS with 15% and 15.9% 
respectively. This again points towards the importance of the ignition source and fuel configuration as 
indicated by Nilsson and van Hees (2014). 
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IF (2015) lists some pros and cons with the system with the benefit being high flexibility of commodity 
and storage arrangements (height of storage etc.), no fire, smoke or water damages, fire prevention is 
permanently ensured with several hours or even days before the system is finally impaired (when the 
oxygen has leaked into the room). The flexibility in terms of commodity and storage arrangement is 
deviating from FM Global’s conclusions where the testing (FM Global, 2018b) they did with rack 
storage arrangement showed lower concentrations than the EN and VdS standard indicating storage 
arrangement dependencies. The effect of storage arrangement was also mentioned by Dorofeev as the 
reason for the difference in oxygen concentrations (FM Global, 2018a).  

Furthermore the time to impairment is dependent upon the room tightness, also see the section 
“Equipment failure and impairments”. As cons they mention that oxygen levels need to be determined 
on a case by case basis (IF, 2015). Through personal communication 2018 with the author Ottmar 
Zeizinger it was further explained that the levels in VdS or EN standard needs adjustment to the specific 
application and cannot be used straight off. Further cons are that the system cannot be used in manned 
areas or existing buildings due to tightness issues (IF, 2015). 

Safe Concentrations for Human Occupancy 

The physiological responses of the human body to acute and repeated exposures to hypoxia are 
complex, and there are large interindividual variations. Depending on the level of hypoxia, the duration 
of exposure, the individual susceptibility, and preexisting diseases, health problems of variable severity 
may arise. The following figure illustrates some of the health impacts that may be triggered in an 
individual in a hypoxic environment. (Burtscher et al., 2011).  

 
Figure A.6 Important physiological and pathophysiological effects during acute exposure to hypoxia 
and their potential associations with clinical conditions (AMS acute mountain sickness, HACE high-
altitude cerebral edema, HAPE high altitude pulmonary edema) (Burtscher et al., 2011). 

A key question with the use of ORS for fire risk management therefore is that of ‘safe’ exposure levels, 
or more specifically, ‘safe’ oxygen concentrations within which people can work, with and without 
respirators / breathing apparatus. The challenge is that there is a dearth of scientifically obtained and 
vetted data specifically related to health impacts of workers in hypoxic environments. This has been 
stated in key research reviews on the topic (e.g., Angerer and Nowak, 2003; Burtscher et al., 2011). 

Burtscher et al. (2011, unnumbered page 1, underline added) note that: “Although millions of people 
are regularly or occasionally performing mountain sport activities, are transported by airplanes, and are 
more and more frequently exposed to short-term hypoxia in athletic training facilities or at their 
workplace, e.g., with fire control systems, there is no clear consensus on the level of hypoxia which is 
generally well tolerated by human beings when acutely exposed for short durations (hours to several 
days).” 

The lack of consensus and amount of unknowns is a recurrent theme in work by Angerer and Nowak 
(2003) as well (underline added): 
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“Since most research was done in non-industrial environments there are no studies that address the 
effect of common exposure to LO and toxic inhalable chemicals. In the respective situations, techniques 
such as lung function monitoring may provide the necessary information.” (p.97) 

“Virtually, there are no data concerning the impact of LO on people with hyperthyroidism, diabetes, or 
neurological diseases such as epilepsy. The fact that meticulous search hardly leads to one case report 
may be interpreted as non-existence of the problem or—conversely—that it has been overlooked. We 
tend to the first interpretation, since millions of people have traveled and lived at high altitude for 
centuries, so that aggravation of the above-mentioned frequent diseases can be expected to have 
attracted attention. Nevertheless, we believe that close observation of these and similar diseases is 
imperative until we have more data available.” (p.97)  

“Cardiac, circulatory, and pulmonary diseases have been studied in LO environments and are discussed 
in the scientific literature. The recommendations of the respective medical associations with regard to 
air travel and stay at high altitude appear to have been safe in practice for a long time. However, the 
quality of the epidemiological studies is poor overall, and the available data do, at best, suggest that 
acute complications of these diseases do not occur more often at altitude than at sea level. Therefore, 
we recommend a restrictive selection of people who plan to enter LO environments despite having one 
of the above-mentioned diseases (see Appendix).” (p.97) 

In considering ‘safe’ limits, this makes for a challenging situation. From the literature, it is suggested 
while reduced oxygen environments might be safe down to 14.5%, significant variability in the 
population exists, and significant health checks are warranted.  

For example, in their review of the medical literature, Burtscher et al. (2011) note the following: 
“Available data from peer-reviewed literature report adaptive responses even to altitudes below 2,000m 
or corresponding normobaric hypoxia (FiO2>16.4%), but they also suggest that most of exposed 
subjects without severe preexisting diseases can tolerate altitudes up to 3,000m (FiO2>14.5%) well. 
However, physical activity and unusual environmental conditions may increase the risk to get sick. 
Large interindividual variations of responses to hypoxia have to be expected, especially in persons with 
preexisting diseases. Thus, the assessment of those responses by hypoxic challenge testing may be 
helpful whenever possible.”  

Angerer and Nowak (2003) likewise reviewed the medical literature regarding human health effects in 
hypoxic environments. They too note that for some individuals within the population, there are health 
risks associated with reduced oxygen (low oxygen (LO)) environments.  

“Sufficient evidence indicates that working in a confined space with normal barometric pressure, and 
15% or 13% oxygen in the air will elicit physiological reactions similar to those of acute exposure to 
altitudes of 2,700–3,850 m. Up to half of the persons exposed to 13% oxygen may be at risk of AMS 
unless continuous exposure is limited, with 6 h being a reasonable threshold because AMS typically 
occurs beyond this time: This has been demonstrated in commuters who travel daily from sea level to 
a telescope at 4,200 m altitude [22]. Nevertheless, even within 6 h, the probability of isolated symptoms 
of AMS (especially headache) is high.” (Angerer and Nowak, 2003, p.97) 

To account for this, they suggest medical screening and limitations on working in reduced oxygen 
environments for people with specific health issues. For example: 

“Mild impairment of complex cerebral functions should be considered when one assesses occupational 
safety. Although numerous studies have been conducted, the question remains unsettled as to whether 
LO within the range discussed here results in a deterioration of mental performance that is relevant to 
the quality and safety of work. Individual factors such as age and impaired health, additional strain such 
as physical work, and the task itself, may critically influence the performance. Thus, a psychological or 
psychomotor test which imitates the real work situation with regard to oxygen concentration, task and 
further factors, may help to clarify whether an individual worker will be able to perform an intended 
task safely.” (Angerer and Nowak, 2003, p.97) 

“In summary, we strongly recommend that all people planning to enter a room with LO, independent 
of the exposure time, should undergo a medical examination before being exposed. Recommendations 
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for a specific medical examination are given in the Appendix. People with heart, lung, or special 
hematological disorders, should contact a specialist, since the decision to work in LO atmospheres must 
be based on individual risk. Based on the available evidence with regard to occupational health and 
safety, fire protection by a permanently lowered oxygen concentration appears to be a safe technique if 
the precautions mentioned above are taken.” (Angerer and Nowak, 2003, p.97) 

Research involving 22 human test subjects in normobaric hypoxia environments to assess visual and 
motor performance resulted in similar conclusions (Gustafsson et al., 1997). The basis for the tests was 
to consider the effect on hypoxia on human performance where long-term reduced oxygen levels were 
suggested for fire prevention in closed spaces, such as submarines. A literature review by Gustafsson’s 
team found similar variability in reporting as noted above. To explore the situation in more detail, the 
research team exposed 22 men to different levels of hypoxic atmospheres and intervening periods of 
normoxia, with the longest period of continuous hypoxic atmosphere being 10 days, during which fine 
motor skills and visual acuity were assessed. The test subjects ranged in age from 20-28 years, and most 
of the subjects were divers, submarine officers or former submarine conscripts and approved according 
to the medical requirements for submarine service in the Swedish Navy. Timing of changes in the 
oxygen level were carried out without knowledge of the subjects. Concentrations were 13, 14 and 15 
kPa O2.  

In Gustafsson’s tests, it was concluded that “under the conditions tested, visual and motor performance 
decrements could not be observed” (Gustafsson et al., 1997, p992) and in some cases “statistically 
significant improvement was observed following the first shift from normoxia to hypoxia” (p991). 
However, the authors also note that: “The improved performance early during confinement is probably 
a learning effect the despite the pre-exposure training is stronger than any possible impairment caused 
by hypoxia. Improvement or lack of impairment during hypoxia might result from a more careful and 
concentrated cognitive style due to awareness of diminished functions… Some subjects felt physical 
signs of a changed environment (increased heart rate and shortness of breath). Even if they were not 
informed when the shifts in PO2 took place, they might have been aware of the risk for impaired 
performance and thus have made an extra effort for the duration of the test (3 to 12 min.).” (p991). They 
also note that “in some of the motor tests the proportion of errors as well as speed increased with time 
(p991)” and that “the increased proportion of errors on the motor tests should be more thoroughly 
investigated since it might be due to impaired critical judgment. There is good reason to be careful about 
the recommendations about the lowest allowable PO2 in confined spaces, since hypoxia in real world 
situations is likely to appear in combination with other stressors such as contaminated atmosphere, lack 
of sleep, extreme time pressure and threat.” (p992) 

The varying medical perspectives on health effects in hypoxic environments, in particular for workers, 
where little data are available, results in the significant difference of opinion regarding what constitutes 
a ‘safe’ oxygen-deficient environment. One set of experiments conducted in normobaric hypoxia 
environments used healthy, young males, which cannot be expected as the demographic for workers in 
warehouse storage applications. As such, the number of unknowns associated with health effects on 
workers seems to be a clear area for future research.  

Given the lack of consensus, occupational health and safety regulation has generally tended to err on 
the side of safety. Based on the research by ICF (2017) cited earlier in this report, the occupational 
health and safety regulations of the 13 countries and 5 Canadian provinces considered, with the 
exception of Austria, all have a limit of 17% or higher with respect to the “minimum allowable oxygen 
concentration (i.e., the threshold at which an atmosphere is categorized as oxygen-deficient) in an 
occupied and/or confined space.” Of these, 10 countries and the 5 Canadian provinces have minimums 
of 18% or higher.  

However, some manufacturers have targeted a nominal 15% oxygen concentration as tolerable for 
humans and beneficial for reducing ignition potential for several types of fuels. Citing the studies noted 
above and others (e.g., Kupper et al., 2011), some manufacturers cite research that suggests human 
health effects are minimal down to 17% oxygen for most people, and while some people with particular 
health issues might have difficulties in oxygen concentrations down to 15%, these people can be 
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screened for and risk mitigating action can be employed (Clauss, 2014; Daniault, F. and Siedler, F., 
2017).  

As noted above, however, the literature on health effects of workers in oxygen reduced (hypoxic) 
environments is limited, and justification for the 15% limit is largely drawn from research associated 
with altitude-related oxygen reduced environments, such as alpine sports, sports training at elevation, 
and aircraft travel at high altitude (e.g., Kupper et al., 2011). This has created challenges when 
manufacturers have sough relief from occupational health and safety oxygen concentration limits.  

For example, in considering a request for a variance from the U.S. OSHA regulations for a requirement 
for use of respirators in environments where the oxygen concentration is less than 19.5%, OSHA 
(Fouke, 2008) referenced the following statement, published in the preamble to the final rulemaking on 
their Respiratory Protection Standard (Federal Register, 1998): 

“Human beings must breathe oxygen in order to survive, and begin to suffer adverse health effects when 
the oxygen level of their breathing air drops below the normal atmospheric level. Below 19.5 percent 
oxygen by volume, air is considered oxygen-deficient. At concentrations of 16 to 19.5 percent, workers 
engaged in any form of exertion can rapidly become symptomatic as their tissues fail to obtain the 
oxygen necessary to function properly (Rom, W., Env. Occup. Med., 2nd ed; Little, Brown; Boston, 
1992). Increased breathing rates, accelerated heartbeat, and impaired thinking or coordination occur 
more quickly in an oxygen-deficient environment. Even a momentary loss of coordination may be 
devastating to a worker if it occurs while the worker is performing a potentially dangerous activity, such 
as climbing a ladder. Concentrations of 12 to 16 percent oxygen cause tachypnea (increased breathing 
rates), tachycardia (accelerated heartbeat), and impaired attention, thinking, and coordination (e.g., Ex. 
25-4), even in people who are resting. At oxygen levels of 10 to 14 percent, faulty judgment, intermittent 
respiration, and exhaustion can be expected even with minimal exertion (Exs. 25-4 and 150). Breathing 
air containing 6 to 10 percent oxygen results in nausea, vomiting, lethargic movements, and perhaps 
unconsciousness. Breathing air containing less than 6 percent oxygen produces convulsions, then apnea 
(cessation of breathing), followed by cardiac standstill. These symptoms occur immediately. Even if a 
worker survives the hypoxic insult, organs may show evidence of hypoxic damage, which may be 
irreversible (Exs. 25-4 and 150; also reported in: Rom, W., Environmental and Occupational Medicine, 
2nd ed; Little, Brown; Boston, 1992).” 

From an insurance industry perspective, Allianz (2013) references INRS ED 6126 stating that maximum 
4 hours duration in an atmosphere of 16-17% is allowed and 2 hours between 13-15% and no permanent 
workplace is allowed in an area below 13%. For human occupation of spaces with reduced oxygen 
environments, many health and safety regulation require medical checks and monitoring. Allianz (2013) 
states that one issue they have encountered is that the oxygen reduction system is turned off due to 
difficulties managing the constraints created by the demand on medical surveillance of personnel 
working in the area. Hence the medical requirements for occupied spaces may result in a lower 
reliability of the system. Furthermore Allianz (2013) states that compromising on design oxygen 
concentration or even target oxygen concentrations for personnel safety reasons is not an acceptable 
option. This tends to support a preference for use only in unoccupied areas.  

Given the current situation, in particular since ORS for fire prevention is most effective when oxygen 
concentrations are less than 10% (Nilsson et al., 2014), and at oxygen concentrations of 17% and higher 
the fire prevention benefits are significantly reduced, a strong argument can be made that ORS for fire 
prevention may be best for unoccupied spaces, when oxygen concentrations can be reduced without 
concern for human health impacts. 

This is an approach taken by businesses, which have developed guidelines for working in and around 
hypoxic environments. One such example is the Thomas Jefferson National Accelerator Facility in the 
USA (https://www.jlab.org/), which includes a procedure for assessing and mitigating risk in oxygen 
reduced environments (places where an oxygen deficiency hazard (ODH) might exist) in their facilities 
(https://www.jlab.org/accel/safetylb/ODH-book.pdf). The process includes a flowchart to identify what 
types of steps should be taken.  
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Figure A.7 ODH Safety Review Flowchart (https://www.jlab.org/accel/safetylb/ODH-book.pdf) 
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ANNEX B – EXAMPLES OF ORS USE IN WAREHOUSE STORAGE FACILITIES 

B.1 Tissue paper storage, Germany 

IF (2015) shows an example of an installation at a tissue paper mill where the tissue warehouse used 
the provision of an oxygen reduction system, SCA Mannheim in Germany. IF (2015) puts forward the 
benefit of the system not needing a fire to activate the protection and that it is better to prevent a fire 
from happening in the first place, hence reducing smoke damage. Also SCA stated that material 
handling would be more efficient if they did not have to adhere to storage height limits by the sprinkler 
protection. IF therefore recommended the client SCA to use oxygen reduction system for protection of 
tissue. IF (2015) lists the following steps taken in the project: 

• Basic fire risk control concept 

• Risk assessment (e.g. FMEA-Failure Mode and Effect Analysis) 

• Definition of the minimum oxygen levels, based on codes, but also on larger scale testing. 

• Building design to meet specific “ORS” demands. (e.g. tightness) 

• Detailed acceptance review and testing procedures. 

• Design criteria to be reconfirmed by on-site testing under normal warehouse conditions. 

All the above also points to issues identified in the sections above by other insurance companies, i.e. 
performance objective, potential failure modes (reliability), choice of oxygen concentration, tightness, 
acceptance testing and verification of actual situations on site. 

The oxygen reduction system seems to be the only fire prevention or protection system installed at this 
location, i.e. no sprinklers or similar in the protected space. 

B.2 Cold storage, USA 

Cold storage in Richland Washington, USA where an oxygen reduction system is the primary means of 
fire protection for the facility (Barowy and Creighton, 2016). The storage is an automated storage and 
retrieval system. The choice of the system was made with the performance objectives to provide a 
system that is least likely to result in contamination of stored goods, provide redundancy for equipment 
failure, reduce fire frequency or severity, provide a system that does not require water or chemical 
clean-up (antifreeze). The system was agreed to substitute sprinklers (Barowy and Creighton, 2016). 
The used design concentration was determined using the VdS 3527en standard test method applying a 
safety margin of 1.3% resulting in 16.1 design oxygen concentration (Barowy and Creighton, 2016). 
This is a fairly large warehouse and reducing the oxygen concentration to 16.1% took three weeks 
(Barowy and Creighton, 2016).  

B.3 Pharmaceutical warehouse , Sweden 

Astra Zeneca installed an oxygen reduction system for their automated high bay storage in Mölndal, 
Sweden (von Schultz, 2013). The goods stored is pharmaceuticals and the chosen oxygen concentration 
level is 14% (von Schultz, 2013). Personnel need to have breathing apparatus when entering the space. 

B.4 Automated high-bay cold storage at EDNA International GmbH, Germany 

Storage of frozen bakery products with an area of 7000 m2 and a volume of 130000 m3 has two VPSA 
systems with a nitrogen output of 480 m3/h to compensate for the temporary rise in oxygen due to 
opening of doors etc when moving goods (Clauss, 2014) 

B.5 Automated high bay cold storage at KLM Kühl und Lagerhaus Münsterland GmbH 

Storage of frozen foods and ice cream with an area of 8535 m2 and a volume of 380000 m3 with an 
oxygen concentration of 16.2% (Clauss, 2014). 

B.6 Automated storage of clothes 

One ongoing installation for automated storage of clothes in Dubai (Personal communication 2, 2018). 
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B.7 Archive in a library, UK 

Archive store with historical documents, the oxygen reduction system was the only fire 
protection/prevention system installed (personal communication 2, 2018). 

References 
Barowy, A. and Creighton, S. (2016). “Oxygen Reduction: An Introduction and Case Study,” Fire 

Protection Engineering Magazine, Society of Fire Protection Engineers, Q3, 2016.   
Clauss, P. (2014). "Fixed Firefighting Systems - Oxygen Reduction Systems: Active fire prevention vs. 

passive fire protection," Proceedings, SUPDET Conference, Orlando, USA, March 4-7, 2014. 
IF (2015). “Fire risks a new dimension of control,” IF’s Risk Management Journal, https://www.if-

insurance.com/web/industrial/sitecollectiondocuments/risk%20consulting/risk_consulting_2_201
5.pdf  (access 17 June 2018). 

Personal communication 1 – risk engineer (2018). 
Personal communication 2 – Stuart Lloyd, Practice Leader Fire Protection Engineering, Zurich (2018). 
Personal communication 3 – Anders Olsson, Risk Control Manager for IKEA (2018). 
von Schultz, C. (2013), Astra Zeneca sänker också syrenivån, Ny Teknik, 

https://www.nyteknik.se/energi/astra-zeneca-sanker-ocksa-syrenivan-6404409 downloaded 2018-
05-29.  

 


	Foreword
	Project Technical Panel
	Project Sponsors
	Executive Summary
	Table of Contents
	Introductoin
	Task 1 - Clarify System Objectives as FIre Prevention Systems
	Task 2 - Clarify the Impacts of Reduced Oxygen Environments on Fire Hazard Conditions
	Task 3 - Identify Impacts of Real-World Applications on the Efficacy of ORS
	Task 4 - Identify Research Needs to Bride Gaps between Current Tests and  System/Functional Reliability in Real Applications 
	Conclsions and Recommendations
	References
	Bibliography
	Annex A - Goals and Objectives
	Annex B - Examples of ORS use in Wharehouse Storage Facilities

