
SMSI 2025 Conference – Sensor and Measurement Science International 167

Fig. 1b shows a 3D visualization of the DFOS re-
sults after drilling six holes of a depth and diam-
eter of 8 mm and 4 mm, respectively. DFOS 
measurements were conducting using the com-
mercial interrogator LUNA ODiSI 6100 (Luna In-
novations Inc., Roanoke, VA, USA). Further de-
tails about the sensing technique can be found
in [4]. We observe that DFOS are able to detect, 
localize and quantify the damage in terms of
strain residuals. The strain residuals result from 
the difference between the measured strain and
the expected one under normal (undamaged)
conditions. The expected strain arises from a 
simple regression model that outputs strain 
based on pressure data [5]. 

Results from previous experiments show that 
DFOS are also capable of providing early indica-
tions of damage through strain residuals, even a
few thousand of pressure cycles before failure
[2]. These results, combined with the real-time
sensing capabilities, can clearly open the way for
the development of digital twins, such as the one
shown in Fig. 2.

Fig. 2. The concept of a digital twin enabled by dis-
tributed fiber optic sensors (DFOS). DFOS and pres-
sure data are sent in real-time from the physical to the
digital domain. In the digital domain, the data are pro-
cessed, anomalies are detected, remaining lifetime is
predicted, and commands are sent back to the physi-
cal object.

The physical object is the real COPV instru-
mented with DFOS. The DFOS data along with
pressure data are sent to a cloud. The digital rep-
lica is updated in real-time using the data stream 
from the physical object. In the digital domain, 
the data are processed and anomalies, like the 
one shown in Fig. 1b are detected. Then feed-
back is sent to the physical domain to determine
whether to continue or terminate the operation. 

While our system is able to detect early signs of 
damage in COPVs, it is currently unable to relia-
bly assess the severity of the detected damage. 

Future work will focus on developing machine
learning methods to classify damage severity
and estimate the COPV remaining service life-
time. The estimation of the remaining lifetime is
expected to reduce maintenance costs, enable 
more timely inspections, enhance the sustaina-
bility of the technology, and yield positive eco-
nomic impacts overall. To achieve this, we will 
make use data from previous experimental cam-
paigns as well as data to be collected from
planned future experiments. However, we need
to mention that due to the time-consuming and
expensive nature of such experiments, simula-
tions and probabilistic machine learning algo-
rithms that can generalize well even with limited
data should be employed.

Conclusions
We have reported to the best of our knowledge
for the first time on a digital replica of a hydrogen 
pressure vessel enabled by DFOS data. Up to 
now, the digital replica allows for anomaly detec-
tion based on DFOS and pressure data. In the 
future, we will also include data from other
COPVs that have already been tested and in
combination with probabilistic machine learning,
we will incorporate remaining lifetime prognosis.
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Summary:
Hydrogen is under discussion as a potentially clean energy source, but its safe usage and handling in 
enclosed environments remains a critical challenge due to the properties of hydrogen. This work focuses 
on detecting and monitoring hydrogen concentration in closed spaces to improve safety by developing 
a sensor network-based leak detection system to prevent of the accumulation of hazardous mixtures.
Furthermore, the study details the implementation of a hydrogen sensor network within a container, 
analysing sensor placement, data collection, and safety improvements. The findings contribute to better 
risk assessment and enhanced safety protocols in hydrogen storage and usage facilities. 
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Background
In recent years, strategies for using hydrogen for 
decarbonisation have been proposed. An inter-
esting example is the National Hydrogen Strat-
egy of Germany [1]. These strategies also in-
clude increased research into the safety aspects 
of hydrogen to ensure public acceptance and re-
duce the risk of financial and human losses due 
to unforeseen hazards. This paper deals with the 
analysis of hydrogen release dynamics in an en-
closed space and the use of sensor technology 
to detect a leak at an early stage and implement 
safety measures before potentially hazardous
conditions are reached.

Introduction
Safe handling of hydrogen in enclosed spaces 
presents challenges due to its low molecular 
weight, high diffusivity, and wide flammability 
range [2]. A common practice in Europe is using 
containers to divide the hydrogen usage area 
with containers. As these areas are smaller and 
closed, a sensor network to find leaks is neces-
sary [3]. Knowing the influence of ventilation on 
the dynamics of hydrogen in closed areas is es-
sential to determine the placement of the sen-
sors.

Figure 1 shows the flammability diagram for H₂-
AIR-N₂ mixtures, which provides a critical frame-
work for assessing hydrogen-related explosion 
hazards in enclosed environments. It graphically 
defines the flammable region where combustion 
can occur based on the volumetric composition 
of hydrogen (H₂), Air (Oxidizers in air), and nitro-
gen (N₂). The area is bounded by the lower flam-
mability limit (LFL) and upper flammability limit 

(UFL), outside of which ignition is not sustainable
[4].

In closed spaces, inert gases like nitrogen signif-
icantly influence flammability by suppressing 
flame propagation and altering the minimum ig-
nition energy requirements. In less-ventilated ar-
eas, hydrogen accumulation can create flamma-
ble mixtures.

Understanding the flammability limits in confined 
spaces is essential for designing effective sensor 
networks, implementing ventilation strategies, 
and ensuring safe hydrogen storage and han-
dling in industrial and energy applications.

Fig 1: The flammability diagram for H₂-AIR-N₂ mixture.

The main goal of this experiment is to find the 
hydrogen dynamics in the container, exemplary
for a hydrogen electrolyser unit. The time to dis-
perse the hydrogen after a leak is determined to 
make a safety protocol.

Experimental Setup and Sensor Network 
The experiment was conducted in different 
phases. Initially, a database of commercially 
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available sensors developed during the project 
H2-Sense [5] was updated to a Microsoft -Ac-
cess based system. The sensor XEN-5320 from 
Xensor was selected for its fast response, mak-
ing it suitable for leak detection.  

The sensors are distributed across the container 
at different levels to determine the hydrogen vol-
ume fraction. As soon as the controlled release 
of hydrogen is stopped, the escape of the hydro-
gen in the containment is determined without ex-
ternal airflow. This will help continuously monitor 
the hydrogen concentration and help find the for-
mation of potential explosion mixtures. 

The two corresponding equations are: 
𝜙𝜙𝐻𝐻2(𝑡𝑡) = 𝛽𝛽 · 𝑡𝑡 + 𝑎𝑎 (1) 
𝜙𝜙𝐻𝐻2(𝑡𝑡) = 𝜙𝜙𝐻𝐻2−𝐶𝐶𝐶𝐶𝐶𝐶 · 𝑒𝑒−𝑡𝑡·𝜏𝜏 (2)

where 𝛽𝛽 is the rate of increase of hydrogen con-
centration, φH2 is the hydrogen concentration in 
Vol-%, a is the axis intercept, 𝜙𝜙𝐻𝐻2−𝐶𝐶𝐶𝐶𝐶𝐶 is the vol-
ume fraction of the used certified reference ma-
terial in Vol-% (“MXC-Mixture” with 5.55 Vol-% ± 
0.11 Vol-% Hydrogen in Nitrogen, AirLiquide, i.e. 
this mixture can be mixed with any amount of air 
and will never form an explosive mixture), t is the 
time in min and τ is the loss constant / min. 

Results 
In this study, uncertainty was evaluated using 
the GUM (Guide to the Expression of Uncertainty 
in Measurement) framework, incorporating both 
Type A (statistical) and Type B (systematic) un-
certainties. The expanded uncertainty for hydro-
gen concentration (𝜑𝜑H₂) was determined to be 
0.017% at a 95% confidence level, indicating the 
precision of the sensor measurements. Contrib-
uting factors include uncertainties in container 
volume (Vcon = 26.16 m³ ± 0.02 m³), gas ex-
change rate (n = 0.72 h⁻¹ ± 0.05 h⁻¹), and reten-
tion time (𝜏𝜏 = 5020 s ± 370 s). The discrepancy 
between theoretical and measured concentra-
tions (Δ𝜑𝜑H₂ = -0.121% ± 0.080%) highlights the 
impact of sensor response variations and envi-
ronmental conditions. Characterisation of these 
uncertainties ensures reliable hydrogen safety 
monitoring in closed spaces and supports the 
development of more robust detection strate-
gies. 

Figure 3 (a) shows the increase in the concen-
tration during the hydrogen release and various 
alarm levels. Figure 3 (b) shows the distribution 
of hydrogen within the container by natural dis-
persion. The sensors closer to the windows 
show lesser concentrations, showing faster dis-
sipation near the windows even when closed. 
The accumulation of hydrogen is first seen at the 
top of the container, with maximum accumulation 
near the leak source. 

(a) 

(b) 

Fig 3: (a) shows the concentration increase in the 
container during the controlled release of hydrogen. 
(b) Shows the dispersion of hydrogen as detected by

different sensors without any external ventilation

The findings validate the effectiveness of a sen-
sor network for real-time leak detection and pro-
vide critical insights for optimising sensor place-
ment and improving hydrogen safety strategies 
in closed environments. 
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