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1. Measurement Fundamentals and Terminology 

Oxygen may be specified as volume fraction (ppmv or % v/v), partial pressure, or dissolved 

concentration (mg/L or ppb). In gases, pressure and temperature influence density and 

partial pressure relationships; in liquids, dissolved oxygen depends on solubility, mass 

transfer, and temperature. Trace oxygen applications are frequently limited by air ingress 

and adsorption/desorption in the sample path. 

A disciplined specification defines: required range and resolution; time response; operating 

pressure/temperature; background gas composition; allowable maintenance; hazardous-

area classification; and the consequence of undetected failure. 

 

 

Fig. 1 – Oxygen Measurement Fundamentals  
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2. System View: Analyzer + Sampling + Installation 

Oxygen analyzers must be evaluated as complete systems. Extractive systems add transport 

delay and introduce leak points; in-situ systems reduce delay but require robust process 

interfaces and fouling control. For trace oxygen, sample system design often dominates both 

bias and response time. 

 

Fig. 2 – Extractive sampling system vs In-situ System 

Key engineering controls include minimizing dead volume, verifying leak integrity, ensuring 

safe venting/purging, providing stable pressure/flow, and implementing diagnostics that 

indicate representativeness of the sample. 
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3. Gas-Phase Oxygen Measurement Technologies 

3.1 Electrochemical (Galvanic / Polarographic) – Gas Phase 

Electrochemical oxygen sensors measure oxygen through reduction reactions at a cathode. 

Oxygen reaches the electrode by diffusion through a membrane or capillary barrier, making 

the signal fundamentally diffusion-limited. 

Galvanic sensors are self-powered cells where oxygen participates in the electrochemistry. 

Polarographic sensors use an external bias voltage to control the cathode reaction. Both 

require stable membrane condition and compensation for temperature and pressure. 

These sensors can be sensitive at low ppm levels in clean gases and are widely used in 

portable and low-cost fixed installations. The primary drawbacks are consumable life, drift, 

and susceptibility to poisoning from reactive gases and humidity. 

In trace oxygen service, engineering success often depends more on leak integrity and 

sample design than on sensor resolution. 

 

Fig. 3 – Electrochemical oxygen sensor (gas) – diffusion-limited cell 

 

Safety integrity and SIL considerations 

Electrochemical sensors generally provide limited intrinsic diagnostics for drift and 

poisoning. For safety-related use, apply redundancy (e.g., 1oo2), tight proof-test intervals, 

and conservative trip points. Treat the sample system as part of the SIF because air ingress 

and flow failures can dominate output. 
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Failure-mode-focused SWOT (with diagnostic coverage) 

Dimension Key points Typical fail-high 

behavior 

Typical fail-low behavior 

Strengths Low initial cost; 

compact; strong 

sensitivity in clean 

service; simple 

electronics; broad 

availability. 

  

Weaknesses Consumable cell and 

electrolyte; drift/aging; 

sensitive to humidity, 

temperature, 

pressure/flow; poisoning 

risk. 

Air ingress upstream; 

membrane damage 

increasing diffusion; 

calibration gas 

contamination. 

Electrolyte depletion; cathode 

poisoning; membrane 

blockage; insufficient flow; 

flooding by moisture. 

Opportunities Portable verification; 

secondary 

measurements; 

applications with 

frequent maintenance 

access. 

  

Threats Undetected drift 

between checks; air 

ingress causes false high 

oxygen; poisoning 

causes false low; high 

lifecycle cost in harsh 

duty. 

Air ingress upstream; 

membrane damage 

increasing diffusion; 

calibration gas 

contamination. 

Electrolyte depletion; cathode 

poisoning; membrane 

blockage; insufficient flow; 

flooding by moisture. 

Diagnostics / 

Proof testing 

Typically limited. 

Improve diagnostic 

coverage with 

flow/pressure 

supervision, as-found/as-

left trending, bump 

tests, and comparison to 

a diverse technology. 
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3.2 Zirconia (Solid Electrolyte / Nernst Cell) 

Zirconia oxygen sensors operate as solid-electrolyte concentration cells at elevated 

temperature. With platinum electrodes and a reference gas, they generate a voltage 

governed by the logarithm of oxygen partial pressure ratio (Nernst behavior). 

The technology is dominant in combustion and flue gas applications due to fast response at 

percent-level oxygen and compatibility with hot process environments. 

Key sensitivities include thermal shock, soot/particulate deposition, condensation, and 

exposure to strongly reducing atmospheres. Heater control and reference-side integrity are 

central to stable measurement. 

Applied within its intended domain with proper protection and diagnostics, zirconia provides 

robust control feedback for combustion efficiency and emissions strategies. 

 

Fig. 4 – Zirconia (Solid Electrolyte / Nernst Cell) oxygen sensor 

Safety integrity and SIL considerations 

For safety-related combustion functions, integrate heater monitoring, temperature 

supervision, and plausibility checks. Consider redundancy when oxygen measurement 

prevents unsafe combustion conditions. Proof testing should validate reference integrity and 

response. 

Failure-mode-focused SWOT (with diagnostic coverage) 

Dimension Key points Typical fail-high 

behavior 

Typical fail-low 

behavior 

Strengths Fast response in hot 

gases; mature 

technology; strong 
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combustion 

compatibility; direct 

%O₂ control variable. 

Weaknesses Requires high-

temperature 

operation; susceptible 

to 

condensation/thermal 

shock; electrode 

aging; protection 

required. 

Reference path 

leak/contamination; 

temperature control 

error causing bias. 

Heater failure; 

cracked 

electrolyte; 

condensation; 

electrode 

poisoning. 

Opportunities Boiler and furnace 

optimization; burner 

management support; 

emissions monitoring 

contexts. 

  

Threats Heater failure; 

reference 

contamination; 

fouling leading to 

sluggish response; 

misuse outside 

intended range. 

Reference path 

leak/contamination; 

temperature control 

error causing bias. 

Heater failure; 

cracked 

electrolyte; 

condensation; 

electrode 

poisoning. 

Diagnostics / Proof 

testing 

Moderate: heater 

current/temperature, 

impedance checks, 

EMF plausibility. 

Proof tests should 

include step response 

and reference-side 

checks. 
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3.3 Paramagnetic (Dumbbell / Magneto-pneumatic / Thermomagnetic) 

Paramagnetic analyzers use oxygen’s attraction to magnetic fields. Implementations convert 

magnetic-force effects into a mechanical deflection or pressure signal proportional to 

oxygen concentration. 

They are widely used for percent-level measurement in clean, dry gas streams such as 

oxygen enrichment, air separation, and inerting. 

Practical performance depends strongly on stable sample conditioning: moisture, dust, 

condensables, and pressure/flow instability can introduce bias. In many plants, the sample 

system determines reliability. 

For inerting, verify that the measurement location and sample transport reflect the 

hazardous condition within required time. 

 

Fig. 5 – Paramagnetic oxygen analyzer – magnetic susceptibility principle 

 

Safety integrity and SIL considerations 

Paramagnetic analyzers can support safety functions in clean services when sample 

conditioning is robust and monitored. Intrinsic diagnostics can be limited; improve safety 

integrity with conditioning alarms, flow/pressure monitoring, and periodic gas checks. 

Failure-mode-focused SWOT (with diagnostic coverage) 

Dimension Key points Typical fail-high 

behavior 

Typical fail-low 

behavior 

Strengths High selectivity to O₂; 

non-consumable; 

stable in clean service; 

fast response. 

  

Weaknesses Sensitive to 

pressure/flow and 

Pressure regulation 

instability; 

Sample dilution; 

moisture ingress; 
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contamination; some 

designs sensitive to 

vibration/temperature 

gradients. 

mechanical 

imbalance; 

temperature 

gradient bias. 

blocked filters 

reducing flow; 

downstream leaks. 

Opportunities ASU and enrichment; 

clean-gas inerting; 

long-term monitoring 

where conditioning is 

reliable. 

  

Threats Conditioning failures; 

dilution/leaks; 

installation-induced 

vibration and thermal 

gradients. 

Pressure regulation 

instability; 

mechanical 

imbalance; 

temperature 

gradient bias. 

Sample dilution; 

moisture ingress; 

blocked filters 

reducing flow; 

downstream leaks. 

Diagnostics / Proof 

testing 

Often modest. 

Improve DC with 

conditioning 

instrumentation (dew 

point, flow, pressure), 

plausibility checks, 

and scheduled proof 

tests. 
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3.4 Laser Absorption (TDLAS) 

TDLAS measures oxygen by tuning a diode laser across an oxygen absorption feature and 

interpreting the attenuation using absorption physics. The method can be applied in-situ or 

in extractive cells. 

TDLAS is valued for very fast response and the ability to reduce sample-system risks by 

measuring directly in the process. It avoids consumable sensing elements. 

Engineering challenges include window fouling, optical alignment, beam steering, and signal-

to-noise in dusty or wet environments. These are mitigated by mechanical design, purge 

strategies, and using optical health diagnostics as primary protection layers. 

For fast transients such as purge and inerting upsets, in-situ TDLAS can materially improve 

time-to-detection when the optical path is representative. 

 

Fig. 6 – TDLAS oxygen measurement – laser absorption path 

 

Safety integrity and SIL considerations 

TDLAS can provide high diagnostic coverage via signal strength and spectral fit metrics. In SIL 

use, treat optical degradation and out-of-model conditions as safety-relevant alarms/trips 

and define proof tests that validate both measurement and diagnostics. 

Failure-mode-focused SWOT (with diagnostic coverage) 

Dimension Key points Typical fail-high 

behavior 

Typical fail-low 

behavior 

Strengths Very fast response; 

no consumables; in-

situ capability; strong 

selectivity; rich 

diagnostics. 

  

Weaknesses Requires optical 

access and 

Baseline fitting 

error; detector 

Window fouling; 

beam blockage; 
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alignment; window 

condition critical; 

higher engineering 

effort. 

saturation; stray 

light artifacts. 

reduced signal; 

path length change 

unnoticed. 

Opportunities Fast safety detection; 

harsh monitoring 

where extractive 

sampling is risky; 

modernization of 

inerting systems. 

  

Threats Fouling/condensation 

blocking optics; 

misalignment after 

maintenance; 

ignoring diagnostics. 

Baseline fitting 

error; detector 

saturation; stray 

light artifacts. 

Window fouling; 

beam blockage; 

reduced signal; 

path length change 

unnoticed. 

Diagnostics / Proof 

testing 

Typically high. Proof 

tests should validate 

diagnostic thresholds 

and safe-state 

response to optical 

faults. 
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3.5 Optical Luminescence / Fluorescence Quenching (Gas) 

Optical luminescence oxygen measurement relies on quenching of a luminophore. Oxygen 

reduces the luminescence intensity and/or lifetime. Lifetime/phase techniques reduce 

sensitivity to optical intensity drift. 

Degradation mechanisms are typically linked to optical surfaces, coating integrity, and 

compensation model validity rather than chemical consumption. This can reduce routine 

maintenance in applications where electrochemical sensors degrade quickly. 

Critical design elements include temperature and pressure compensation, contamination 

control, and stable optical coupling. Because signal quality can be monitored, intrinsic 

diagnostics can be strong. 

In safety integrity contexts, the analyzer must be specified with clear behavior upon 

diagnostic failure and with proof tests that validate both measurement and diagnostic 

action. 

 

Fig. 7 – Optical luminescence oxygen sensor – quenching / lifetime detection 

 

Safety integrity and SIL considerations 

Lifetime-based approaches can offer strong diagnostic coverage (signal quality, lifetime 

plausibility, sensor temperature checks). Define safe-state behavior for out-of-range optical 

metrics and use proof tests to confirm that diagnostics trigger the defined safety response. 

Failure-mode-focused SWOT (with diagnostic coverage) 

Dimension Key points Typical fail-high 

behavior 

Typical fail-low 

behavior 

Strengths Non-consumable 

principle; strong 

stability with 
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lifetime methods; 

reduced flow 

dependence; strong 

diagnostics 

potential. 

Weaknesses Requires T/P 

compensation; 

optical surfaces 

must remain clean; 

coating aging can 

change sensitivity. 

Temperature 

miscompensation; 

phase measurement 

bias; optical 

reflections changing 

response. 

Severe fouling; 

coating 

degradation; 

moisture films 

attenuating 

emission. 

Opportunities High-integrity 

hydrogen and 

inerting; long 

unattended 

operation; reduced 

sample-system 

complexity. 

  

Threats Fouling/coating 

damage; 

miscompensation 

outside modeled 

envelope; poor 

installation thermal 

gradients. 

Temperature 

miscompensation; 

phase measurement 

bias; optical 

reflections changing 

response. 

Severe fouling; 

coating 

degradation; 

moisture films 

attenuating 

emission. 

Diagnostics / Proof 

testing 

High potential: 

lifetime plausibility, 

modulation depth, 

SNR. Proof tests 

should validate 

diagnostic 

thresholds and 

representative gas 

checks. 
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3.6 Gas Chromatography (GC) and Multi-Component Methods 

GC measures oxygen as a component of a multi-gas analysis. Sample injection and 

separation enable selective quantification, but cycle time is typically minutes. GC is best for 

specification, auditing, and multi-component quality control rather than fast safety trips. 

 

Fig. 8 – Gas chromatography overview – separation + detector 

 

 

3.7 Mass Spectrometry (MS) for Multi-Gas Analysis 

MS provides rapid multi-gas capability by measuring a mass spectrum. It is powerful for 

diagnostics and optimization, but requires vacuum/inlet integrity and robust calibration. 

 

Fig. 9 – Mass spectrometry overview – ionization + m/z detection 
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3.8 Thermal Conductivity (TCD) as an Indirect Approach 

TCD infers oxygen via bulk thermal conductivity changes and is not inherently selective. It is 

most appropriate for stable, binary-like mixtures and is generally not recommended for 

safety functions in variable matrices. 

 

Fig. 10 – Thermal conductivity (TCD) – indirect measurement concept 
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3.9 Wet-chemistry / Laboratory Reference Methods 

Laboratory reference methods provide validation and calibration support. They are not 

continuous process tools but can be essential in quality assurance and in verifying online 

analyzer drift. 

 

Fig. 11 – Wet-chemistry titration – reference concept 
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4. Dissolved Oxygen (DO) Measurement Technologies 

4.1 Clark-type Electrochemical DO Sensors 

Clark-type DO sensors are amperometric devices where dissolved oxygen diffuses through a 

membrane and is reduced at a cathode. They consume oxygen, so measurement can depend 

on flow and boundary layer thickness. 

 

Fig. 12 – Clark-type DO sensor – membrane + electrochemistry 
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4.2 Optical DO (Luminescence Lifetime / Phase) 

Optical DO uses luminescence quenching on an optode. Because oxygen is not consumed, 

optical DO reduces flow dependence and can provide improved stability for long 

deployments. Lifetime/phase methods improve robustness. 

 

Fig. 13 – Optical DO sensor – optode + reader 
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5. Comparative Decision Tables 

The tables below summarize practical selection criteria. They should be read together with 

the detailed technology sections. In safety-related functions, evaluate the complete loop: 

sensor + sampling/installation + transmitter/logic + proof testing and diagnostics. 

Technology Typical 

range 

Best for Response Cross-

sensitivities 

Maintenance Common pitfalls SIL/Diagnostics 

Electrochemical 

(gas) 

ppm to % Portable / low-

cost, clean gases 

s–min Poisoning, 

humidity, 

pressure/flow 

Consumable 

sensor 

Air ingress 

dominates trace 

O₂ 

Low intrinsic; 

needs proof 

tests 

Zirconia % (and 

some ppm) 

Combustion/flue 

gas, high T 

fast Reducing 

gases, 

condensation 

Heater, cell 

aging 

Thermal shock, 

soot/particulates 

Moderate via 

heater checks 

Paramagnetic % Clean dry gases, 

enrichment 

fast Pressure/flow, 

vibration 

Low/medium Wet/dirty 

sample causes 

bias 

Limited intrinsic; 

rely on stable 

sample 

TDLAS ppm to % 

(path 

dependent) 

In-situ fast 

control, harsh 

conditions if 

optics protected 

very fast Spectral 

interference, 

optics 

Low/medium Window fouling 

and alignment 

High diagnostics 

(signal health) 

Optical 

luminescence 

(gas) 

ppm to % High integrity, 

low 

maintenance 

fast T/P 

compensation, 

fouling 

Low Optical surface 

contamination 

Strong via 

lifetime + self-

checks 

GC ppm to % Multi-

component, 

custody/spec 

minutes Peak overlaps, 

sampling 

High Transport delay, 

calibration 

QA via 

chromatography 

metrics 

MS ppm to % Multi-gas fast 

survey 

seconds Matrix effects, 

drift 

High Vacuum/inlet 

issues 

Diagnostics via 

internal checks 

TCD (indirect) depends Binary-like 

mixtures 

fast Non-selective Low Composition 

changes 

Not 

recommended 

for SIF 
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6. Safety Integrity (SIL) and Failure Modes 

Safety integrity assessment evaluates dangerous failure rates, diagnostic coverage, proof-

test intervals, and common-cause failures across redundant channels. Oxygen analyzers 

used in safety functions should define safe behavior under internal fault and provide 

diagnostics wired into safety logic. 

Fail-high and fail-low mapping depends on the SIF: in inerting, fail-low can be dangerous 

(missed oxygen ingress), whereas fail-high can cause nuisance trips. Therefore, SIL suitability 

is application-specific and must be evaluated per safety requirement specification. 

 

Fig. 14 – Safety Integrity Level 
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7. Commissioning, Calibration, Proof Testing, and 

Diagnostics 

Many oxygen measurement issues originate during commissioning: sampling layouts, leak 

integrity, purge/vent practice, and calibration gases that do not represent the operating 

matrix. For safety-related measurements, proof testing must demonstrate that the complete 

loop detects hazardous oxygen conditions and that diagnostics act as intended. 

Commissioning checklist 

 

Fig. 15 – Commissioning Checklist 
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8. MOD-1040 Optical Oxygen Analyzer 

The MOD-1040 Process Oxygen Analyzer is a high-performance, in-situ measurement 

solution engineered for accurate and reliable oxygen analysis directly in high-pressure gas 

pipelines. Designed for safety-critical and mission-critical applications, the MOD-1040 

eliminates the need for gas sample extraction, conditioning systems, or pressure reduction—

fundamentally changing how oxygen is measured in hazardous and high-integrity process 

environments. 

 

Fig. 16 – MOD-1040 Optical Oxygen Analyzer 

By combining advanced photonics-based sensing with rugged, explosion-proof construction, 

the MOD-1040 delivers precise oxygen measurements across the full concentration range—

from trace ppm levels to 100% O₂—even under extreme pressure, temperature, and 

environmental conditions. This makes the MOD-1040 particularly well suited for hydrogen 

production, hydrogen compression and storage, natural gas and refinery processes, chemical 

production units, and industrial gas systems, where oxygen ingress represents a critical 

safety, quality and reliability risk. 

 

8.1 Advanced Photonics-Based Measurement Principle 

The MOD-1040 is based on advanced photonics technology utilizing luminescence quenching 

of a specially designed sensor dye. The sensing dye is immobilized on a robust support foil, 

forming a stable and highly selective sensing layer. 
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Fig. 17 – Luminescence quenching principle 

 

This optical principle is inherently stable, drift-free, and immune to many of the limitations 

associated with electrochemical, paramagnetic, zirconia or TDL-based oxygen analyzers—

especially under high pressure. 

 The sensing layer is stimulated with red light emitted from an integrated optical 

source. 

 The dye responds by emitting luminescence in the near-infrared (NIR) region of the 

electromagnetic spectrum. 

 When molecular oxygen is present, it interacts with the excited dye molecules and 

quenches the luminescence. 

 This quenching causes a reversible change in both luminescence intensity and 

lifetime, which is directly proportional to the oxygen concentration. 

 The MOD-1040 precisely analyzes these optical changes to determine the true 

oxygen content in real time. 

 

8.2 Field-Replaceable Optical Sensor Architecture 

The sensor technology is implemented as a compact, plug-in optical module, specifically 

designed for industrial field conditions: 

 No electrolyte consumption 

 No membrane degradation 

 Easily replaceable sensor spot 

 No frequent recalibration cycles 
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 An integrated infrared light source excites the sensing layer, while the emitted near-infrared 

luminescence is detected and analyzed internally. The fully reversible quenching mechanism 

ensures long-term stability and consistent performance across a wide range of operating 

conditions. 

8.3 True In-Situ Oxygen Measurement—Without Sample Extraction 

Industrial gas and hydrogen production systems often operate in high-pressure, hazardous 

zones, where minimizing leak paths is a primary safety objective. Traditional oxygen analysis 

technologies are not designed to withstand such conditions and therefore rely on sample 

extraction, pressure reduction, and conditioning systems—introducing additional failure 

points, maintenance burden, and safety risks. 

The MOD-1040 overcomes these limitations by enabling direct, in-situ oxygen measurement 

inside the process pipeline, even at very high pressures. This capability: 

 Eliminates sample systems entirely 

 Reduces potential leak points 

 Simplifies hazardous area classification 

 Lowers installation and lifecycle costs 

 Improves measurement response time and reliability 

As a result, MOD-1040 allows engineers to confidently deploy oxygen measurement even in 

locations previously considered impractical or unsafe. 

  

8.4 Engineered for Hydrogen and Safety-Critical Applications 

In green and blue hydrogen production, oxygen contamination can lead to: 

 Increased explosion risk 

 Catalyst degradation 

 Reduced product purity 

 Accelerated material aging 

The MOD-1040 is specifically engineered to address these challenges. Its optical sensing 

technology is ideally suited for hydrogen service, offering fast response, high selectivity, and 

intrinsic safety, even under pressures reaching hundreds of bar. 

Automatic pressure and temperature compensation ensures that the reported oxygen 

concentration reflects true process conditions, not measurement artifacts caused by 

fluctuating operating parameters. 
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8.5 Key Capabilities and Technical Specifications 

Measurement Performance: 

 In-situ oxygen measurement range: 1 ppm to 100% O₂ 

 Response time (T90): < 5 seconds 

 Automatic pressure and temperature compensation 

Operating Conditions: 

 Maximum operating pressure: up to 350 barg 

 Ambient temperature range: –10 to +60 °C 

 Designed for continuous operation in harsh industrial environments 

Safety and Compliance: 

 Explosion-proof certification: II 2 G Ex db IIC T4 Gb 

 SIL-2 certified in accordance with IEC 61508-2:2010 

 Suitable for ATEX / IECEx Zone 1 installations 

Integration and Connectivity: 

 Modbus communication for DCS, PLC and HMI systems 

 Bluetooth interface for commissioning, diagnostics and maintenance 

 Industrial-standard 4–20 mA analog inputs and outputs, enabling seamless 

integration with pressure and temperature transmitters and direct 

communication with DCS, PLC and safety shutdown systems. 

 Compact, rugged design for direct pipe mounting 

8.6 A New Standard for Oxygen Analysis in High-Pressure Processes 

The MOD-1040 Process Oxygen Analyzer is not simply another analyzer option—it 

represents a step change in how oxygen is measured in high-pressure and hazardous 

environments. By combining photonics-based luminescence quenching, in-situ installation, 

and uncompromising safety certifications, the MOD-1040 enables safer plant designs, higher 

measurement integrity, and lower total cost of ownership. 

For hydrogen production, refinery operations, and advanced industrial gas systems, the 

MOD-1040 sets a new benchmark for precision, safety, and operational efficiency 

8.7 Calibration, Validation and Installation 

Accurate oxygen measurement in industrial processes is not solely a function of sensor 

technology; it is equally governed by calibration philosophy, installation quality, and ongoing 

validation practices. In safety-critical and asset-integrity-driven applications, oxygen 

analyzers must be treated as metrological instruments embedded within a broader process 

system, rather than as standalone devices. 
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Calibration Strategy and Traceability 

For in-situ oxygen analyzers, calibration philosophy differs fundamentally from extractive 

systems. Because the measurement is performed directly at process conditions—pressure, 

temperature, and composition—calibration gases do not need to replicate the full process 

matrix, but must be traceable, stable, and applied in a controlled manner. 

Best practice includes: 

 Zero verification using oxygen-free or oxygen-depleted gases (e.g., nitrogen or 

hydrogen-rich purge streams). 

 Span verification using certified oxygen mixtures selected to bracket the relevant 

operating range rather than full-scale values. 

 Documentation of as-found and as-left values, enabling trend-based assessment of 

sensor drift rather than periodic recalibration alone. 

Optical oxygen measurement technologies, in particular, benefit from calibration 

approaches that decouple sensor physics from gas transport effects, allowing longer 

calibration intervals and reducing dependency on frequent manual intervention. 

Validation and Functional Testing 

Validation extends beyond calibration accuracy and must address whether the analyzer 

continues to perform its intended function under real operating conditions. This is especially 

critical in trace-oxygen and safety-related applications. 

Recommended validation practices include: 

 Verification of response time under representative process dynamics. 

 Monitoring of internal diagnostics such as optical signal strength, excitation source 

health, and temperature stability. 

 Periodic challenge tests aligned with the defined proof-test interval for safety 

instrumented functions (SIFs), where applicable. 

Validation should confirm not only measurement correctness but also fault detectability, 

ensuring that internal failures are identified before they compromise process safety or asset 

integrity. 

Installation and Process Interface Design 

Installation quality often dominates real-world performance, particularly for trace oxygen 

applications. In-situ analyzers eliminate transport delay and many leak paths associated with 

extractive systems, but they require careful attention to the process interface. 

Key installation considerations include: 

 Selection of locations with representative flow and composition, avoiding stagnant 

zones and boundary layers. 

 Mechanical design that prevents air ingress during maintenance, pressure cycling, or 

thermal contraction. 
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 Control of surface finishes and materials to minimize oxygen adsorption and 

desorption, which can distort low-ppm measurements. 

When properly installed, in-situ analyzers provide a more faithful representation of process 

oxygen activity than downstream sampling systems, particularly in high-pressure and 

hydrogen-rich environments. 

Balance-of-Plant (BoP) Perspective: Oxygen, Hydrogen, and Intelligence 

Modern hydrogen and energy systems increasingly rely on integrated Balance-of-Plant 

architectures, where multiple analyzers and sensors feed higher-level optimization and 

safety logic. Within this context, oxygen measurement plays a pivotal role. 

A coordinated BoP approach typically integrates: 

 Oxygen analysis for inerting, safety, and corrosion control. 

 Hydrogen analysis for purity, leak detection, and process efficiency. 

 Advanced analytics or AI-based models that correlate sensor data with operational 

outcomes. 

In such architectures, oxygen is often the leading safety variable—its presence defines 

ignition risk, material compatibility, and allowable operating envelopes. High-integrity, in-

situ oxygen measurement therefore becomes a cornerstone of system-level intelligence, 

enabling faster response, reduced uncertainty, and more resilient operation. 
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9. Applications of Oxygen Measurement in Industrial 

Processes 

Oxygen measurement is a foundational safety, quality, and reliability function across a wide 

range of process industries. While the physical measurement principle may be similar, the 

role oxygen plays, the acceptable limits, and the consequences of failure vary significantly by 

application. This chapter reviews key industrial use cases, emphasizing how process 

conditions, safety objectives, and system design requirements shape oxygen analyzer 

selection and deployment. 

9.1 Natural Gas Processing and Transmission 

Role of Oxygen Measurement 

In natural gas production, processing, and transmission systems, oxygen is considered a 

contaminant. Even trace concentrations can introduce multiple risks: 

 Corrosion acceleration, particularly in the presence of moisture and acid gases (CO₂, 

H₂S) 

 Degradation of pipeline materials and compressor components 

 Increased explosion risk during maintenance, purging, or upset conditions 

 Catalyst poisoning in downstream processing units 

Oxygen may enter natural gas systems through: 

 Air ingress during maintenance or pigging 

 Leaks in compressor seals or sampling systems 

 Inadequate purging during startup or shutdown 

 Interface with atmospheric storage or blending operations 

Measurement Challenges 

Natural gas environments are technically demanding: 

 High pressures (often >100 barg) 

 Variable composition (methane, ethane, heavier hydrocarbons) 

 Presence of CO₂, H₂S, and water vapor 

 Risk of adsorption/desorption effects at trace oxygen levels 

In such systems, sample system integrity often dominates overall measurement uncertainty, 

particularly when oxygen limits are in the low ppmv range. 

Implementation Considerations 

 Oxygen is typically monitored continuously at critical points such as compressor 

discharge, dehydration outlets, or custody-transfer interfaces. 

 Measurement ranges often span from ppmv to low % v/v, depending on system 

function. 

 Analyzer installations must comply with hazardous-area requirements (Zone 1 / 

Class I Div 1). 
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 Diagnostics are essential to distinguish true oxygen ingress from analyzer or 

sampling faults. 

Optical in-situ or high-integrity extractive analyzers (e.g., MOD-1040 used as an example of 

this class) are often selected because they minimize sample handling and reduce air ingress 

risk. 

9.2 Hydrogen Production, Processing, and Storage 

Safety Context 

Hydrogen presents one of the most demanding safety environments for oxygen 

measurement. Its: 

 Extremely low ignition energy 

 Wide flammability range 

 High diffusivity 

mean that even small oxygen concentrations can create hazardous mixtures. 

Hydrogen is produced through multiple pathways: 

 Steam Methane Reforming (SMR) 

 Water electrolysis (alkaline, PEM, SOEC) 

 Biomass gasification 

 Reforming of renewable feedstocks 

Across all routes, oxygen control is essential to maintain concentrations well below the 

Limiting Oxygen Concentration (LOC). 

Measurement Objectives 

Oxygen monitoring in hydrogen systems serves to: 

 Prevent formation of flammable or detonable mixtures 

 Verify inerting effectiveness 

 Detect air ingress in high-pressure systems 

 Support safe startup, shutdown, and maintenance procedures 

Applications include: 

 Hydrogen dryers and purifiers 

 High-pressure hydrogen compressors 

 Storage vessels and tube trailers 

 Distribution pipelines 

 Fuel cell supply systems 

Technical Challenges 

 Pressures commonly exceed 200 barg 

 Hydrogen’s low molecular weight complicates extractive sampling 

 Traditional electrochemical sensors may be unsuitable due to cross-sensitivity or 

lifetime limitations 



P a g e  | 31 

 

 

 Fail-safe behavior is critical: fail-low can be dangerous if oxygen ingress goes 

undetected 

System Design Implications 

 Analyzer selection must consider failure direction, diagnostic coverage, and proof-

test strategy. 

 In many hydrogen safety functions, analyzers are part of a Safety Instrumented 

Function (SIF) rather than purely operational monitoring. 

 Technologies that do not consume oxygen and that operate without pressure 

reduction are often preferred. 

In this context, advanced optical analyzers (such as MOD-1040-type systems) are frequently 

deployed as part of integrated hydrogen safety architectures. 

9.3 Chemical and Petrochemical Processing 

Process Role of Oxygen 

In chemical and petrochemical plants, oxygen measurement supports: 

 Explosion prevention in reactors and storage vessels 

 Inerting verification during batch operations 

 Protection of flammable solvent systems 

 Compliance with safety and environmental regulations 

Oxygen limits are often defined by: 

 Material safety data 

 Process hazard analysis (PHA) 

 Layer of Protection Analysis (LOPA) 

 Insurance and regulatory requirements 

Typical Applications 

 Reactor headspace monitoring 

 Nitrogen inerting systems 

 Solvent storage tanks 

 Polymerization units 

 Distillation columns handling flammable feeds 

Measurement Requirements 

 Rapid response during transient events 

 Reliable operation across wide temperature ranges 

 Resistance to solvent vapors and process contaminants 

 Integration with control and safety systems 

In many chemical applications, oxygen analyzers are used in dual roles: 

 As control inputs for inert gas flow 

 As independent safeguards triggering alarms or trips 
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The ability to clearly diagnose sensor health and distinguish process upsets from analyzer 

faults is essential. 

9.4 High-Pressure Gas Production and Processing 

Importance of Pressure Capability 

Many modern gas-processing applications operate at elevated pressures to: 

 Improve energy efficiency 

 Reduce equipment size 

 Enable downstream compression or storage 

However, pressure significantly influences: 

 Oxygen partial pressure 

 Gas density and diffusion behavior 

 Mechanical stress on analyzer components 

Design Implications 

 Pressure reduction prior to measurement introduces: 

o Transport delay 

o Additional leak paths 

o Potential oxygen enrichment in trapped volumes 

 High-pressure-capable analyzers allow: 

o Direct measurement at process pressure 

o Improved safety integrity 

o Faster response times 

Systems designed for operation up to 200 barg and beyond (as exemplified by MOD-1040-

class analyzers) address these challenges by eliminating pressure letdown and minimizing 

sample-system complexity. 

9.5 Cross-Application Considerations 

Regardless of industry, several principles apply universally: 

 Oxygen analyzers must be evaluated as complete systems, not standalone sensors. 

 Trace oxygen applications are often limited by: 

o Air ingress 

o Adsorption/desorption 

o Sample transport delay 

 Safety relevance depends on: 

o Failure mode (fail-high vs fail-low) 

o Diagnostic capability 

o Integration with safety logic 
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 Technology selection should follow the Safety Requirement Specification (SRS), not 

vice versa. 

10. Glossary and Terms 

Accuracy 

The closeness of agreement between a measured oxygen value and the true or reference 

value, typically expressed as a percentage of reading or span. 

Adsorption / Desorption 

Surface phenomena in which oxygen molecules temporarily adhere to (adsorption) or are 

released from (desorption) internal surfaces of sample lines, regulators, and fittings, often 

dominating bias and response time in trace oxygen systems. 

Air Ingress 

Unintended entry of ambient air into a process or sample system through leaks, permeation, 

or pressure imbalance, representing a primary error source for low-ppmv oxygen 

measurements. 

Analyzer System 

The complete measurement assembly including the sensor, sample probe, sample 

conditioning, transport lines, analyzer electronics, utilities, and interfaces—evaluated as a 

whole rather than as a sensor alone. 

As-Found / As-Left 

Documentation of analyzer performance before (as-found) and after (as-left) calibration or 

maintenance, essential for traceability and safety integrity verification. 

Calibration 

Adjustment of analyzer output to match known reference points, typically zero and span, 

using traceable calibration gases or solutions. 

Common Cause Failure (CCF) 

A failure mechanism that simultaneously affects multiple redundant channels due to a 

shared cause, such as environmental stress, design flaw, or maintenance error. 

Diagnostic Coverage (DC) 

The fraction of dangerous failures detected by internal diagnostics, expressed as a 

percentage and used in Safety Integrity Level (SIL) calculations. 

Dissolved Oxygen (DO) 

Oxygen present in liquid media, commonly expressed in mg/L or ppb, governed by solubility, 

temperature, pressure, and mass-transfer kinetics. 

Fail-High / Fail-Low 

Defined analyzer behavior under fault conditions: 

 Fail-high: output drives to a higher oxygen indication. 
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 Fail-low: output drives to a lower oxygen indication. 

The dangerous direction depends on the Safety Instrumented Function (SIF). 

Gas Chromatography (GC) 

A separation-based analytical technique that quantifies oxygen as one component of a gas 

mixture, offering high selectivity but slower response and higher system complexity. 

Hazardous Area Classification 

Designation of areas where flammable gases or vapors may be present, determining 

requirements for explosion protection (e.g., ATEX, IECEx). 

In-Situ Analyzer 

An analyzer measuring oxygen directly in the process without sample extraction, minimizing 

transport delay but requiring robust process interfaces and fouling control. 

Limit of Detection (LOD) 

The lowest oxygen concentration distinguishable from background noise with a defined 

statistical confidence. 

Mass Spectrometry (MS) 

An analytical technique measuring ionized species based on mass-to-charge ratio, providing 

multi-component analysis with high sensitivity but significant complexity. 

Measurand 

The specific quantity intended to be measured, such as oxygen volume fraction, partial 

pressure, or dissolved concentration. 

Optical (Luminescence / Fluorescence) Oxygen Measurement 

A technique based on oxygen-dependent quenching of luminescent materials, offering drift-

free behavior, fast response, and minimal consumables. 

Paramagnetic Oxygen Measurement 

A method exploiting the strong paramagnetism of oxygen molecules relative to other gases, 

commonly used for percent-level measurements. 

Partial Pressure 

The pressure contribution of oxygen in a gas mixture, equal to the total pressure multiplied 

by the oxygen mole fraction. 

Proof Test Interval (PTI) 

The maximum allowable time between functional tests intended to reveal dangerous 

undetected failures in safety-related analyzers. 

Response Time (T90 / T95) 

The time required for an analyzer to reach 90% or 95% of a final value following a step 

change in oxygen concentration. 
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Safety Integrity Level (SIL) 

A discrete level (SIL 1–4) specifying the required risk reduction for a Safety Instrumented 

Function, as defined in IEC 61508 / IEC 61511. 

Safety Instrumented Function (SIF) 

A safety function implemented by sensors, logic solvers, and final elements to reduce 

process risk to a tolerable level. 

Sample Conditioning 

Processes applied to extracted samples—such as filtration, pressure reduction, temperature 

control, and drying—to ensure compatibility with the analyzer. 

Span Gas 

A calibration gas with a known oxygen concentration near the upper end of the 

measurement range. 

Trace Oxygen 

Oxygen measurement typically below 100 ppmv, where contamination, adsorption, and 

system integrity dominate measurement uncertainty. 

Zero Gas 

A calibration gas with negligible oxygen content, used to establish the analyzer zero 

reference. 


