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Abstract

The research article outlines the architecture of IoT-Enabled Distributed Intelligent
Measurement Systems (DIMS), focusing on the transition from qualitative detection to quantitative,
continuous metrology.

The "Methane Point Instrument" is built around Tunable Diode Laser Absorption
Spectroscopy (TDLAS), which measures the physical quantum properties of methane rather than
relying on chemical reactions.

Systems utilize 32-bit ARM Cortex-M (e.g., STM32) or ESP32 dual-core SoCs. In ESP32
designs, one core is often dedicated to the network stack while the second core handles real-time
signal processing.

Calculating a leak rate (Q) from point concentration (C) is an "inverse problem" solved at the
server level.

To achieve parts-per-billion (ppb) sensitivity, the system uses Multi-pass Optical Cells (like
Herriott cells) to fold the laser beam, creating an effective path of 10-30 meters within a compact 20
cm device.

Key sectors responsible for emissions include agriculture (livestock and rice), energy (oil, gas,
and coal leaks), and waste (landfills). Current global efforts focus on improving detection
technology—such as satellites and advanced sensors—to identify and stop leaks in real-time.

Introduction

The paradigm shift in environmental metrology. The global energy sector stands at a critical
juncture where the imperative for environmental sustainability intersects with the rigorous demands
of industrial safety and operational efficiency.

Methane (CHas), the primary component of natural gas, has emerged as a focal point in the global
climate discourse due to its potent greenhouse gas properties. With a Global Warming Potential
(GWP) approximately 80 to 84 times that of carbon dioxide over a 20-year horizon, methane is
responsible for nearly one-third of the anthropogenic warming experienced to date.! Unlike carbon
dioxide, which persists in the atmosphere for centuries, methane is a short-lived climate pollutant
(SLCP) with an atmospheric lifetime of about 12 years. This characteristic presents a unique leverage
point: rapid reductions in methane emissions can yield immediate and significant deceleration in the
rate of global warming, a strategy increasingly prioritized by international bodies and climate accords.

However, the quantification of methane emissions from the oil and gas supply chain—spanning
upstream production, midstream transmission, and downstream distribution—has historically been
plagued by metrological uncertainty. Traditional methodologies have relied heavily on "bottom-up"
inventory estimates based on emission factors (e.g., assuming a specific valve leaks a specific amount
per year) rather than empirical measurement. When empirical measurements were taken, they were
often sporadic, utilizing handheld Optical Gas Imaging (OGI) cameras or Flame Ionization Detectors
(FID) during periodic Leak Detection and Repair (LDAR) surveys.

These "snapshot" techniques suffer from severe temporal blindness; they fail to capture the
intermittent, stochastic nature of fugitive emissions and "super-emitter" events that may occur the day
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after a survey is completed.

Consequently, studies utilizing "top-down" atmospheric measurements have consistently
revealed a massive discrepancy, with actual emissions often exceeding reported inventories by 60%
or more.’

To bridge this gap, the industry is transitioning toward loT-Enabled Distributed Intelligent
Measurement Systems (DIMS). These systems represent a fundamental evolution in "Computerized
Information-Measurement technologies," moving from manual, qualitative detection to continuous,
automated, and quantitative measurement. A DIMS is not merely a collection of sensors; it is a
sophisticated information channel that integrates high-precision physics (Tunable Diode Laser
Absorption Spectroscopy), edge computing, wireless telemetry, and advanced probabilistic inversion
algorithms to reconstruct the emission state of a facility in real-time. This report provides an
exhaustive technical analysis of the architecture, algorithms, and metrological principles
underpinning these systems, with a specific focus on meeting the stringent 2026 regulatory mandates.’

2. The Regulatory and economic landscape (2026 Mandates). The adoption of DIMS is no
longer purely voluntary; it is being driven by a formidable "compliance cliff" approaching in 2026.
The regulatory environment has shifted from prescriptive (telling operators what equipment to install)
to performance-based (telling operators what results to achieve), necessitating measurement systems
with proven accuracy and traceability.

2.1 The EU Methane Regulation (2024/1787)

As of February 5, 2026, the European Union's Methane Regulation enters its full enforcement
phase, radically altering the compliance landscape for any operator selling gas into the EU market.
This regulation bans routine venting and flaring for all existing onshore sites, a practice that was
previously a standard operational bypass.

- Quantification vs. Estimation: The regulation explicitly mandates source-level quantification.
Operators can no longer rely on generic emission factors. They must deploy measurement systems
capable of determining the leak rate (in kg/hr) with defined uncertainty bounds.

- Venting Notification: A critical component is the requirement to notify competent authorities
of any "significant venting event" within 48 hours. This imposes a real-time latency constraint on the
measurement system; data cannot be batch-processed monthly but must be analyzed continuously to
trigger immediate alarms.’

- Lifecycle Liability: By May 2026, the mandate extends to inactive and temporarily plugged
wells. This vastly expands the geographical scope of monitoring, requiring low-power, autonomous
IoT solutions capable of operating in remote, off-grid locations for years.’

2.2 US EPA Subpart OOOOb and the Super-Emitter Program

In the United States, the Environmental Protection Agency (EPA) has finalized the New Source
Performance Standards (NSPS) Subpart OOOOb and Emissions Guidelines OOOOc.

- Zero-Emission Controllers: The rule mandates a transition to zero-emission pneumatic
controllers, necessitating measurement systems to verify that retrofitted equipment is indeed leak-
free.’

- The Super-Emitter Program: Perhaps the most technically demanding aspect is the "Super-
Emitter Program," which empowers certified third parties to use remote sensing (satellites, aircraft)
to identify leaks exceeding 100 kg/hr. If a third party detects such a leak, the operator is legally
obligated to investigate and remediate it. This creates a "defensive monitoring" requirement:
operators need their own continuous DIMS to validate or refute third-party claims and to detect leaks
before they are flagged by regulators or NGOs.®

2.3 The Waste Emissions Charge (WEC).

Under the Inflation Reduction Act (IRA), the financial stakes of measurement error have
skyrocketed. The Waste Emissions Charge imposes a fee on methane emissions that exceed specific
intensity thresholds (e.g., 0.20% of natural gas sent to sale). The charge ramps up to $1,500 per metric
ton of methane in 2026.

- Metrological Implication: A measurement system with high positive bias (overestimating
leaks) could cost an operator millions in unnecessary fines. Conversely, a system with negative bias
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(underestimating leaks) risks regulatory non-compliance. Therefore, the Uncertainty Budget of the
DIMS becomes a financial instrument. The accuracy of the "Methane Point Instrument" directly
correlates to the financial liability of the asset.’

3. Theoretical Foundations of Computerized Information-Measurement Systems. To
understand the design of a DIMS, one must first establish the theoretical framework of the
information-measurement process. In this domain, a measurement system is modeled as a chain of
transformations that maps a physical quantity (the measurand) to an information signal.

3.1 The Measurement Pipeline Model

The process of quantifying a methane leak involves a sequence of energetic and informational
transformations. We can define the pipeline as follows:

1. The Measurand (X): The spatio-temporal distribution of methane concentration, C(x,y,z,?),
and the wind vector field, U(x,y,z,¢). This is a stochastic process governed by turbulent atmospheric
transport.®

2. Primary Transduction (Sensing): The interaction between the physical quantity and the
sensing element. In a TDLAS system, this is the absorption of photons by methane molecules,
described by quantum mechanics (specifically, rotational-vibrational transitions). The output is a
modulation of optical intensity.’

3. Secondary Transduction (Conversion): The conversion of optical intensity into an electrical
current by a photodetector (photodiode), followed by transimpedance amplification to a voltage signal
V(t).ll

4. Analog Processing: Signal conditioning, including band-pass filtering to isolate the
modulation frequency and anti-aliasing filtering prior to digitization.

5. Quantization (ADC): The Analog-to-Digital Converter transforms the continuous voltage
V() into a discrete digital sequence D [n] . The fidelity of this step is governed by the Shannon-
Nyquist theorem and quantization noise theory.!?

6. Digital Processing (DSP): The extraction of the "information parameter" (concentration)
from the "carrier signal" (laser modulation). This involves algorithms like Fast Fourier Transform
(FFT) or digital lock-in amplification executed on an edge microcontroller.'?

7. Data Transmission: The coding of the measurement value into a communication protocol
(e.g., MQTT payload) and transmission over a physical channel (RF medium).

8. Reconstruction (Inversion): The central server combines multiple point measurements D;
[1n] D> [n], . .. .to estimate the source parameter Q (emission rate). This is an "inverse problem" where
the goal is to recover the cause (leak) from the effects (concentrations).'*

3.2 Information Theory and Entropy

From an information-theoretic perspective, the goal of the DIMS is to reduce entropy
(uncertainty) regarding the state of the facility.

Let S be the state of the facility (Leak vs. No Leak, or the value of leak rate ). The initial
uncertainty is the entropy H(S). The sensor network provides a set of observations Z. The reduction
in uncertainty is quantified by the Mutual Information 7 (S;Z):

[S12) = H(S) - H(S|Z)

Where H(S|Z) is the conditional entropy of the state given the measurements.

- Sensor Placement Optimization: The optimal configuration of sensors is the one that
maximizes /(S|Z). If sensors are placed too close together, their measurements are highly correlated
(redundant), providing little additional information. If they are placed without regard to prevailing
wind directions, H(S|Z) remains high. Advanced DIMS design uses genetic algorithms or greedy
approaches to place sensors in locations that maximize the information gain for specific wind roses. '

- Detection Limit: The minimum detectable leak is defined by the point where the information
contained in the signal exceeds the entropy of the noise. In TDLAS, signal processing techniques like
Wavelength Modulation Spectroscopy (WMS) are essentially methods to suppress noise entropy to
reveal the signal information. '8

4. Physics of Optical Sensing: Tunable Diode Laser Absorption Spectroscopy (TDLAS).
The heart of the "Methane Point Instrument" is the TDLAS sensor. Unlike electrochemical or metal-
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oxide sensors (MOX) which rely on surface chemical reactions—and are thus prone to poisoning,
drift, and cross-sensitivity to humidity—TDLAS is a direct physical measurement of the molecule's
quantum properties.’

4.1 Molecular Absorption Physics

Methane (CHa) is a tetrahedral molecule. It absorbs infrared radiation at specific frequencies
corresponding to its vibrational-rotational energy transitions.

e Fundamental Band: Strong absorption occurs in the mid-infrared (MIR) region
(~3,3um), corresponding to the C-H stretching mode. While highly sensitive, lasers and
detectors in this range are expensive and require cooling.'

e Overtone Band: Industrial IoT sensors typically utilize the near-infrared (NIR) overtone
band around 1654 nm. Although the absorption cross-section is weaker than in the MIR, this
wavelength allows the use of telecommunications-grade Indium Gallium Arsenide (InGaAs)
detectors and Distributed Feedback (DFB) or Vertical-Cavity Surface-Emitting Lasers
(VCSEL), which are robust, uncooled, and cost-effective.!!

4.2 The Beer-Lambert Law. The fundamental principle of measurement is the Beer-Lambert
Law, which relates the attenuation of light to the properties of the material through which the light is
traveling:

1(v)=1Io(v) - exp (- S(T) - g(v-vo) - N- L

Where:

- I(v) is the transmitted light intensity at frequency v.

- Ip(v) is the incident light intensity.

- 8(7) is the line strength of the absorption transition (dependent on temperature 7).

- g(v-vp) is the line shape function (typically a Voigt profile, combining Doppler and collisional
broadening).

- N is the molecular concentration (density) of methane.

- L is the optical path length.

Implication for Design: To maximize sensitivity (detecting small N), one must maximize the
path length L. However, a physical device cannot be 30 meters long. This leads to the use of Multi-
pass Optical Cells (such as Herriott or White cells), where mirrors fold the laser beam back and forth
within a small chamber (e.g., 20 cm physical length) to achieve an effective optical path length of
10-30 meters. This amplification of L allows for parts-per-billion (ppb) detection limits.!°

4.3. Wavelength Modulation Spectroscopy (WMS). Direct absorption measurement (simply
measuring I/ Iy) is limited by "1/f noise" (flicker noise) in the laser and electronics. To achieve high
precision, DIMS sensors employ Wavelength Modulation Spectroscopy.

- Modulation: The laser injection current is modulated with a high-frequency sine

wave (on,typically 1 kHz — 50 kHz). This causes the laser wavelength to scan back and forth
across the absorption line peak.

- Harmonic Detection: Due to the non-linear curvature of the absorption line shape g(v), the
output intensity signal contains harmonics of the modulation frequency (1@m, 2@m, 3@m).

- The 2f Signal: The second harmonic (2m) 1s of particular interest. Its amplitude is directly
proportional to the gas concentration N and effectively proportional to the curvature of the absorption
line. Because the measurement takes place at a high frequency (2@.), it is removed from the low-
frequency noise regime. The "2f/1f" normalization technique is often used, where the second
harmonic is divided by the first harmonic (or DC component) to cancel out variations in laser power
due to dust or optical misalignment. '

5. Hardware Architecture of the Methane Point Instrument. The realization of a TDLAS
sensor node within an IoT framework requires a sophisticated hardware architecture that balances
processing power, precision, and energy consumption.

5.1 Laser and Optical Subsystem

The optical bench is a rigid, temperature-stabilized assembly.

- Laser Driver: The laser diode (VCSEL/DFB) requires an extremely stable current source.
Current noise directly translates to frequency noise, widening the laser linewidth and reducing
sensitivity. The driver must also provide the modulation signal.
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- Temperature Control (TEC): The emission wavelength of the laser shifts with temperature (

~ 0. lnm/ ’ C‘). To lock the laser to the 1654 nm methane line, a Thermoelectric Cooler (TEC) and
a PID controller are used to stabilize the laser die temperature to within millikelvins.’

- Reference Cell: To ensure the laser stays locked to the correct wavelength (and hasn't drifted
to a water vapor line), a small sealed reference cell containing a known concentration of methane is
often placed in the optical path (or a split path). The system periodically checks the "2f" signal peak
position against this reference.!”

5.2 The Processing Core: Microcontroller Implementation

The signal processing demands of WMS—specifically the need for real-time demodulation or
FFT—exceed the capabilities of simple 8-bit microcontrollers. Modern DIMS nodes typically utilize
32-bit ARM Cortex-M architectures or dual-core SoCs.

5.2.1 STM32 (ARM Cortex-M4/M7) Implementation

The STMicroelectronics STM32 family is a dominant choice due to its rich peripheral set and
DSP instructions.

Analog-to-Digital Conversion (ADC): The photodiode signal is conditioned and fed to the
STM32's internal 12-bit or 16-bit SAR ADCs. Critical parameters include:

- Sampling Rate: Must be sufficiently high to capture the modulation waveform. For a 10 kHz

modulation, a sampling rate of Z 100 kSps is typical to prevent aliasing and allow for digital filtering.

- Simultaneous Sampling: 1f "2{/1f" normalization is used, voltage and current signals must be
sampled synchronously.'?

Direct Memory Access (DMA): The CPU cannot service an interrupt for every ADC sample at
100 kHz. DMA is configured to automatically transfer blocks of ADC data (e.g., 1024 samples) into
a circular buffer in RAM. This allows the CPU to sleep or perform other tasks while data is acquired.

Digital Signal Processing (DSP): Once a buffer is full, the CPU processes it.

- FFT Approach: Using the CMSIS-DSP library, the microcontroller performs a Fast Fourier
Transform (arm_cfft {32) on the block. The magnitude of the spectral bin corresponding to 2@
represents the methane concentration.

- Lock-in Approach: Alternatively, the CPU multiplies the input buffer by pre-computed sine
and cosine reference tables (mixing) and then applies a digital low-pass filter (integration) to extract
the component at the modulation frequency.'?

5.2.2 ESP32 and Edge Al

For nodes requiring Wi-Fi connectivity or lower cost, the Espressif ESP32 is widely used.

- Dual-Core Architecture: The ESP32's Xtensa LX6 dual-core architecture allows one core to
handle the Wi-Fi/Bluetooth protocol stack (maintaining connectivity) while the second core is
dedicated to the real-time ADC sampling and DSP tasks.

- Edge Al: The ESP32 can run lightweight machine learning models (using TensorFlow Lite for
Microcontrollers). This enables "Smart" sensing: the node can distinguish between a methane leak
and a transient event (like a diesel truck passing by) based on the temporal signature of the plume,
reducing false alarms transmitted to the cloud.'

6. Wireless Sensor Network Architecture. A DIMS is defined by its distributed nature. The
connectivity layer must ensure data integrity from the edge to the cloud, often in environments with
significant RF challenges (steel infrastructure, remote canyons).

6.1 Comparison of Connectivity Protocols
The selection of protocol involves a trade-off between range, bandwidth, and power.

Feature LoRaWAN NB-IoT WirelessHART

Spectrum Unlicensed (ISM Licensed (Cellular) Unlicensed (2.4 GHz)
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Band)
Topology Star-of-Stars Cellular Star Mesh
Range Long (up to 15 km) Long (Cellular Short (Hop-to-hop)
footprint)
Penetration Excellent (High Excellent (ECL Poor (2.4 GHz)
Spreading Factor) levels)
Bandwidth Very Low (< 50 Medium (~200 Medium (250 kbps)
kbps) kbps)
Power Efficiency High (5+ years Medium (Network Medium
battery) dependent)
Deployment Rural/Remote Urban/Peri-urban Plant/Refinery
Fields

- LoRaWAN: Ideal for upstream well pads without cellular coverage. A single gateway can
cover an entire field. However, the low bandwidth means the node must perform all processing
locally; transmitting raw spectral data is impossible. Only the calculated concentration value is sent.*°

- NB-IoT: Preferred for midstream and distribution monitoring where cellular infrastructure
exists. It offers higher reliability and Quality of Service (QoS) guarantees than unlicensed bands. It
allows for Over-The-Air (OTA) firmware updates, which are critical for maintaining security and
algorithm improvements.>*

- WirelessHART / ISA100: Standard in process plants (refineries). The mesh topology provides
path redundancy—if one node fails, data routes around it. This deterministic behavior is preferred for
control-loop integration but is less power-efficient than LPWANs.

6.2 . Data Transport and Security

Protocol: MQTT (Message Queuing Telemetry Transport) is the standard application layer
protocol. It is lightweight, publish-subscribe based, and handles intermittent connectivity well (using
"Last Will and Testament" features to flag offline sensors).>*

Security: Methane data is sensitive operational information. Encryption is mandatory.

- Link Layer: AES-128 encryption is standard in LoORaWAN and WirelessHART.

- Application Layer: TLS/SSL is used for MQTT over TCP (in NB-IoT/Wi-Fi) to secure the
channel to the cloud broker.

- Device Identity: Secure Elements (crypto-chips) are often integrated into the sensor node to
store private keys, ensuring that a spoofed device cannot inject false data into the emission map. '3

7. Multi-Sensor Data Fusion: Synthesizing the Emission Map. A single sensor provides a
point measurement (C at location x). To quantify a leak rate (Q from source x;), we must fuse data
from multiple stationary sensors and, increasingly, mobile sensors.

7.1 Stationary Sensor Networks

Stationary sensors form the backbone of the DIMS, providing continuous temporal coverage.

- Triangulation: By placing sensors around the perimeter of a facility (fence-line monitoring)
or near key equipment groups (wellheads, separators), the system can triangulate the source.

- Wind Dependence: Methane detection is entirely dependent on wind transport. A sensor can
only detect a leak if the wind blows the plume towards it. Therefore, accurate 3D Ultrasonic
Anemometers are integral to the network. Data fusion algorithms combine the concentration vector
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C with the wind vector U to calculate the flux vector.'*
7.2 Integration of Drone (UAV) Data

Stationary sensors may miss leaks that rise vertically (thermal buoyancy) or are shielded by
obstacles. Drone-mounted sensors fill this gap.

- Payloads: Specialized lightweight TDLAS sensors (e.g., SeekIR, Laser Falcon) are integrated
into enterprise drones. These sensors typically bounce the laser off the ground (backscatter) or use a
retroreflector for path-integrated concentration (ppm-m).2°

- Fusion Strategy:

1. Alert: The stationary network detects an anomaly and estimates a rough sector (e.g., "Leak
suspected in North-East quadrant").

2. Verify: The drone is automatically or manually dispatched to that sector.

3. Refine: The drone flies a "raster scan" or "cylinder" pattern around the suspect equipment.

4. Fusion: The high-spatial-resolution drone data is fused with the high-temporal-resolution
ground data to construct a high-fidelity plume model.?

Advanced Fusion Algorithms

The combination of heterogeneous data (point sensors, column sensors, wind) requires
sophisticated mathematical frameworks.

- Kalman Filtering: Used to track the state of the plume over time. A Kalman filter predicts the
plume position based on wind physics and corrects the prediction with new sensor measurements. It
is particularly effective for fusing data from sensors with different update rates (e.g., | Hz TDLAS
vs. 10 Hz Anemometer).”’

- Deep Learning (Transformers): Emerging research applies Transformer architectures
(similar to those in Large Language Models) to sensor fusion. The "attention mechanism" allows the
model to dynamically weight the importance of different sensors based on the context (e.g., "Ignore
Sensor A because it is upwind, pay attention to Sensor B and Wind Speed"). This approach has shown
superior performance in complex environments where traditional Gaussian models fail due to
turbulence or obstacles.*®

8. Information Measurement: Inversion Modeling and Quantification. The "Intelligent"
aspect of DIMS is the ability to invert the measurement. The forward problem is: "Given a leak Q,
what is the concentration C?" The inverse problem is: "Given concentration C, what is the leak Q7"

8.1 Gaussian Plume Inversion

The most common model used in industrial DIMS is the Gaussian Plume Model. It assumes
the time-averaged concentration field from a point source follows a Gaussian distribution in the cross-

wind (y) and vertical (z ) directions:

2 _HZ H2
C(may’z) - 27TUC(27 o exp (;7) [eXp ( (Z 252 ) )+exp ( (z _2:.2 ) )}

Yy

Where:
e () is the emission rate (mass/time).
e U is the mean wind speed.

o 9419z are the dispersion coefficients (functions of downwind distance x and

atmospheric stability class).
e H is the source height.

Inversion Technique (MCMC):

Simple algebraic inversion is impossible due to noise and the presence of multiple potential
sources. Instead, Markov Chain Monte Carlo (MCMC) methods are used.

1. Prior: Define prior distributions for source locations and rates (e.g., "Sources are likely at
valves," "Rate is positive").

2. Sampling: The algorithm generates millions of potential "leak scenarios" (Q, xs, s).

3. Likelihood: For each scenario, it runs the forward Gaussian model and compares the result
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to the actual sensor data (calculating the residual).

4. Posterior: Scenarios that match the data well are kept. The result is a Probability Density
Function (PDF) for the leak rate. This allows the system to report not just a number, but a confidence
interval: "Leak Rate = 5,2 = 0,8 kg/hr (95% CI)".*

8.2 Gaussian Puff and CFD Models

The Gaussian Plume model assumes steady-state conditions (constant wind), which rarely exist
for long.

- Gaussian Puff Model: Treats the release as a series of discrete "puffs" emitted at time steps.
Each puff advects (moves) and diffuses (spreads) independently according to the instantaneous wind
field. This model, when driven by high-frequency wind data, significantly outperforms the Plume
model in localizing leaks in variable wind conditions.*

- CFD (Computational Fluid Dynamics): In complex facilities with large tanks and buildings,
"downwash" and "canyon effects" distort the plume. CFD solves the Navier-Stokes equations to
model these flows. While too computationally expensive for real-time running on the edge, CFD is
often used to generate a library of "fingerprints" (response factors) that the DIMS can look up during
operation.*

9. Metrological Traceability and Uncertainty Budgets. For DIMS data to be accepted by
regulators (EPA/EU), it must be defensible. This requires a rigorous metrological framework.

9.1 The Traceability Chain

Metrological traceability links the field measurement to the SI unit (the mole).

1. SI Unit: The definition of the amount of substance.

2. Primary Standard: Gravimetrically prepared gas mixtures maintained by National
Metrology Institutes (e.g., NIST in the US, VSL in Europe).’!

3. Certified Reference Materials (CRM): Gas cylinders produced by specialty gas
manufacturers, calibrated against Primary Standards.

4. Working Standards: Portable calibration gases used in the field.

5. Field Instrument: The IoT sensor node.

o Field Verification: The system must include a protocol for periodic in-situ verification (e.g.,
releasing a "bump test" gas or an automated internal reference cell check) to prove it has not drifted.>

9.2 Uncertainty Budget (GUM Framework)

According to the Guide to the Expression of Uncertainty in Measurement (GUM), the
uncertainty budget for a flux estimate includes:

Uncertainty Type Description Contribution
Source Magnitude
N A Random noisp in the Low (™ ppb)
Sensor Precision TDLAS signal
(electronic/optical
noise).
Sensor Bias B Calibration drift, Low-Medium (™~ 1-
temperature effects 2%)
on line strength. 0
Wind Speed B Error in the High (20-40%)
Measurement anemometer, or
difference between
measured wind and
actual plume wind.
Dispersion Model B Inability of Very High (30-
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Error Gaussian model to 100%)
represent turbulence
perfectly.
Source Location B Uncertainty in the Medium
Error exact (T> U» Z of
the leak origin.

Key Insight: The dominant source of uncertainty in quantification is not the methane sensor
itself (which is extremely precise), but the wind measurement and the atmospheric model.
Improving the DIMS requires better wind sensing (e.g., 3D anemometers, LIDAR wind profilers)
more than better gas sensors.?’

9. Safety Engineering in Explosive Atmospheres. The deployment of electrical equipment in
environments containing methane involves life-critical safety considerations. Methane is flammable
between 4.4% (Lower Explosive Limit - LEL) and 15% (Upper Explosive Limit - UEL) by volume.

Hazardous area classification

Facilities are zoned based on the probability of gas presence:

- Zone 0: Explosive atmosphere present continuously. (Sensors inside tanks).

- Zone 1: Likely to occur in normal operation. (Immediate vicinity of vents/valves).

- Zone 2: Unlikely to occur, and only for short periods. (General facility areas).*®

Intrinsic Safety (Ex i) Design

IoT nodes in Zone 0 or 1 usually employ Intrinsic Safety (IS) protection. This limits the thermal
and electrical energy available in the circuit to levels below what is required to ignite a methane-air
mixture (< 280uJ).

- Design Constraints: This severely restricts power. Large batteries or high-power radio
transmitters are difficult to certify.

- Optical Safety (Ex op is): TDLAS lasers must also be certified "Op Is" (Optical Inherently
Safe). The laser power density must not be sufficient to heat a surface (e.g., dust on the lens) to the
ignition temperature of methane.*®

- Implication for IoT: This drives the need for ultra-low-power electronics (like the STM32L
series) and efficient protocols (LoRaWAN) to stay within the IS power envelope.’

11. Conclusion. The "loT-Enabled Distributed Intelligent Measurement System" represents the
convergence of advanced optical physics, edge computing, and statistical inference. It transforms the
measurement of methane from a manual, qualitative art into a continuous, quantitative science. As
demonstrated in this analysis, the efficacy of such a system relies on:

1. Precision Transduction: Utilizing TDLAS and WMS to achieve ppb-sensitivity with high
selectivity, immune to environmental interferents.

2. Distributed Intelligence: Leveraging Edge Al to process high-bandwidth spectral data
locally, conserving network resources and enabling real-time responsiveness.

3. Probabilistic Inversion: Acknowledging the stochastic nature of the atmosphere and utilizing
Bayesian frameworks to provide quantification with rigorous uncertainty bounds.

4. Metrological Integrity: Ensuring every data point is traceable to national standards, a
prerequisite for compliance with the 2026 EU and EPA mandates.

For the field of "Computerized Information-Measurement technologies," the DIMS is a prime
example of a modern cyber-physical system. It does not just measure; it perceives the environment,
infers the state of hidden sources, and communicates actionable intelligence to prevent catastrophe
and mitigate climate change. As regulations tighten and technology matures, these systems will
become the standard, ubiquitous nervous system of the global energy infrastructure.
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