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Preface 
 

The 10th International Conference on Sustainable Energy and environmental Protection – 

SEEP 2017 was organised on June 27th – 30th 2017 in Bled, Slovenia, by: 

 

 Faculty of Chemistry and Chemical Engineering, University of Maribor, 

Slovenia,  

 University of the West of Scotland, School of Engineering and  

 

The aim of SEEP2017 is to bring together the researches within the field of sustainable 

energy and environmental protection from all over the world. 

 

The contributed papers are grouped in 18 sessions in order to provide access to readers 

out of 300 contributions prepared by authors from 52 countries. 

 

We thank the distinguished plenary and keynote speakers and chairs who have kindly 

consented to participate at this conference. We are also grateful to all the authors for their 

papers and to all committee members. 

 

We believe that scientific results and professional debates shall not only be an incentive 

for development, but also for making new friendships and possible future scientific 

development projects.  

 

 

 

General chair 

Emeritus Prof. dr. Jurij Krope 
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Composite Storage Systems for Compressed Hydrogen - 

Systematic Improvement of Regulations for More 

Attractive Storage Units 
 

GEORG W. MAIR, BEN BECKER, SEBASTIAN JOHN & ERIC DUFFNER6 

 
Abstract Hydrogen is an attractive energy carrier that requires high effort 

for safe storage. For ensuring safety they have to undergo a challenging 

approval process. Relevant standards and regulations for composite 

cylinders used for the transport of for on-board storage of hydrogen are 

currently based on deterministic (e.g. ISO 11119-3) or semi-probabilistic 

(UN GTR No. 13) criteria. This paper analysis the properties of such 

methods in regards to the evaluation of load cycle strength. Their 

characteristics are compared with the probabilistic approach of the BAM. 

Based on Monte-Carlo simulations, the available design range (mean value 

and scatter of strength criteria) of current concepts were exemplarily 

estimated. The aspect of small sample sizes is analysed and discussed with 

respect to the evaluation procedures. 

 

Keywords: • probabilistic • hydrogen • composite • cylinder • regulations 
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1 Introduction 

 

Hydrogen is an attractive energy carrier that needs to be compressed (CGH2) or liquefied 

(LH2) for storage and transport. The high storage pressure bares a risk of rupture with 

high consequences. Therefore H2-storage systems have to undergo an extensive approval 

process.. Relevant assessment criteria for approval and definition of retest periods of 

composite cylinders are intended to ensure a safe use over its entire service life. The 

overall aim is to avoid a critical failure during service. The risk of such a failure can never 

be completely eliminated but have to be reduced to an broadly accepted level In this case, 

the residual risk is accepted as a function of consequence. 

 

The usual methods for the approval of composite cylinders for compressed hydrogen are 

based on determined minimum performance criteria. They follow the concept of a 

deterministic approach, i.e. the proof of minimum values with regards to burst pressure 

and load cycle strength. 

 

The approval of composite cylinder for CGH2 storage systems for vehicles needs to 

follow the criteria from the UN GTR No. 13 [1]. In regards to burst pressure, this GTR 

13 is based on an extended semi-probabilistic approach. This means, there is a specific 

minimum burst pressure as usual. But in addition to that the maximum scatter of the 

single burst test results is also limited. In regards to load cycle strength it is required to 

demonstrate a minimum number of load cycles (e.g. 11,000) without failure by testing 

just 3 specimens resisting.  

 

BAM (Bundesanstalt für Materialforschung- und prüfung) has developed a probabilistic 

approach (PA) that could be developed to an alternative to the GTR 13.The BAM-PA 

[2], [3] is based on sample testing and statistical assessment on combination with 

reliability criteria. Sample means here always a group of nominal identically 

manufactured and used composite cylinders The approach is currently used by the BAM 

to determine retest periods for composite cylinders according to ADR / RID P200 (9) [4] 

and for service life tests for UN composite cylinders according to section 6.2.2.1.1 of 

IMDG Code [5] and ADR / RID. 

 

The comparison of these different assessment methods leads to the question: Which level 

of safety do they ensure and how much potential do they offer for further optimization of 

composite cylinders? 

Concerning burst pressure, this has been already investigated in [6] by using Monte-Carlo 

simulation. In the following, the Monte-Carlo simulation is extended to the statistical 

analysis of test results created by cycle testing with respect to the GTR 13 and the BAM-

PA. 
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2 Monte-Carlo Simulation 

 

The concept of a Monte-Carlo simulation [7] is based on a large number of computer 

generated samples. These samples result from a basic population following an assumed 

distribution function with defined properties. Due to a limited sample size n, mean value 

and scatter of a single sample deviate from the true characteristics of the original basic 

population. 

 

This concept can be adopted to burst pressure and load cycle strength of composite 

cylinders. Corresponding studies on the statistical distribution of both performance 

parameters are presented in [8] and [9]. 

 

Figure 1 shows for example the variety of sample properties from burst tests according 

to GTR 13. Mean value and scatter of the samples are distributed around the true (but 

unknown) characteristics of the basic population. Each individual point in Figure 1 was 

generated by a Monte-Carlo simulation and represents burst values of a sample of 3 

cylinders. The comparatively small sample size of n = 3 creates a wide range of possible 

sample properties out of the same basic population. The challenge of an approval 

requirement is to identify potentially unsafe design types despite the high variability of 

the test results. 

 

Figure 1 uses the sample performance chart (SPC) developed and applied by the BAM 

since 2012. The combined representation of mean value and scatter in relation to the test 

pressure PH enables the display of both properties relevant for a safety assessment. The 

shown scatter of sample properties results from the basic population with a mean burst 

pressure Ω50% of 2.6 PH and a scatter Ωs of 10% of PH. 

 

When these generated samples are combined with an assessment criterion, they can be 

divided into two groups: Samples that meet the criterion (black) and those, which do not 

meet it (red). Figure 1 is based on the criterion according to GTR 13. Each of the three 

burst pressure values within a sample must exceed the test pressure PH by 1.5 times, i.e. 

the nominal working pressure (NWP) by 2.25 times. Additionally, each burst pressure 

needs to be within a range of ± 10% of the mean value Ω50%. 
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Figure 1. Monte-Carlo simulation of sample properties for a cylinder population 

Ω50% = 2.6 PH; Ωs = 10% PH, assessed by UN GTR No. 13. 

 

As shown in Figure 2, around 93% of the generated samples include adequate test results 

and fulfill the burst criterion of the GTR 13. That means that the underlying basic 

population of composite cylinders would be accepted with a probability 93 %. This 

probability is called Acceptance Rate (AR). Conversely, the basic population would not 

meet the criterion with a probability of about 7%. 

 

The example shows that the evaluation of a small sample with n = 3 leads to considerable 

uncertainties. These uncertainties are always present and are usually covered by 

appropriate safety margins and additional tests. However, the decisive point of an 

assessment criterion should be the risk that an unsafe design type could be accepted - or 

even not. 

 

To evaluate this it is necessary to clearly define the term “unsafe” respectively "safe". 

In the case of burst pressure, “safe” can be defined by the reliability or survival rate (SR) 

against a sudden rupture at a certain pressure [3], [4], [8]. A comparable criterion for load 

cycle strength can be defined based on the reliability against a leakage or sudden rupture 

after N further additional load cycles. In case of a composite cylinder at its end of service 

life N corresponds to just one (the very last) residual load cycle. 
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3 Evaluation of un GTR 13 

 

The adoption of Monte-Carlo simulation to generate load cycle values requires a suitable 

assumption of the distribution function for the load cycle strength of composite cylinders. 

The average load cycle strength N50% and scatter Ns are obtained by a combination of 

Log-Normal and Weibull distribution [9] as shown in an adapted sample performance 

chart in Figure 2. 

 

A high number of Monte-Carlo simulations for different combinations of N50% and Ns 

allows to calculate acceptance rates (AR) over the entire range of the SPC. Points from 

basic populations (Ns; N50%,) with same AR are linked together to isolines of a constant 

acceptance rate. 

 

 
Figure 2. Iso-lines of acceptance rates for GTR 13 in comparison to statistically unsafe 

cylinder populations. 

 

Figure 2 shows the distribution of AR for the load cycle criterion of GTR 13. For a better 

understanding: if the properties of a basic population of composite cylinders are located 

e.g. on the iso-line AR = 50%, there will be a probability of 50% that this basic population 

meets the requirement of GTR 13. Figure 2 combines the calculated isolines for AR with 

the safety criterion of a reliability of 1-10-6 (99.9999%) against failure at the next load 

cycle (red line). 
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Two main questions arise in this context: 

 

1. What is the acceptance rate for a potentially unsafe population of composite 

cylinders? 

2. Which range of N50% and Ns can be used for designing composite cylinders acc. to 

GTR? 

 

Concerning the first question, Figure 2 shows at very high scatter values of Ns = 2 the 

general possibility to accept a basic population with a mean load cycle strength of N50% 

< 11.000 LC. The probability to accept a potentially unsafe cylinder population below 

the red line is less than 5% and consequently practically irrelevant. 

For the second question, it can be assumed that an acceptance rate of above AR = 50% 

should be relevant in practice. Otherwise a design type would be conspicuous due to too 

many rejected batch tests and becomes therefore uneconomical. Acceptance rate of AR 

= 95% appears to be realistic from experience. The range between the line of AR = 95% 

and the red line of minimum reliability can be considered as a range of permissible 

reduction in load cycle strength during service life. 

 

4 Evaluation of BAM-PA 

 

A similar application of the Monte-Carlo simulation to the BAM-PA for the probabilistic 

assessment of load cycle strength is shown in Figure 3. 

 

A cylinder population with reliability of less than 1-10-6 against failure (red line, compare 

[3], [6], [10]) is regarded as unsafe for further use. The already explained uncertainty of 

sample testing is covered in the PA by operating a confidence level of 95%. Therefore, a 

sample needs to demonstrate at least an average strength for load cycles and a scatter 

value above the dotted line. Aim of this approach is to ensure that the acceptance rate of 

a potentially unsafe cylinder population is not significantly higher than 5%. The shown 

example is based on a sample size of n = 5 test results. 

 

Figure 3 shows that in case of a cylinder population which is located on the line of the 

minimum requirement, a sample would be accepted by slightly more than 50%. 

 

The isoline of AR = 95% limits the range of the de facto required properties for a cylinder 

population as otherwise the requirement would not be fulfilled very often. 

 

5 GTR 13 compared with BAM-PA 

 

Figure 4 shows the AR iso-lines for the GTR 13 and the BAM-PA. For the BAM-PA 

with n = 5 the scatter Ns of a cylinder population should be lower than 1.25 for reaching 

an acceptance rate of AR = 95%. In comparison, the GTR 13 allows to accept cylinder 

populations with a much higher scatter value. On the other hand, the BAM-PA allows 

accepting cylinder populations with very low mean load cycle strength in case of a scatter 
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Ns < 1.2. A low scatter value of load cycle strength leads to an increased reliability against 

failure. This is considered in the BAM-PA and demonstrates the general potential of 

weight and cost savings by probabilistic assessment criteria. A high production quality 

ensures a high reliability against failure even at lower mean load cycle strength. 

 

 
Figure 3. Isolines of acceptance rates for BAM-PA in comparison to statistical unsafe 

cylinder populations. 

 

 
Figure 4. Requirements and of areas of acceptance for GTR 13 and BAM-PA. 
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ven if the iso-line AR = 95% of the BAM-PA seems to reduce the scatter to a relatively 

small range this requirement is far less limiting the freedom for design in practical terms. 

In contrast to the GTR 13 and other standards based on deterministic requirements, a 

probabilistic assessment does not require fixed minimum values. It is important to look 

at the characteristics of the entire sample. 

 

Therefore, it is possible within the BAM-PA to increase the sample size if necessary. This 

offers additional and more accurate information about a cylinder population. In practical 

use of the BAM-PA, an increased sample size often proves that the minimum requirement 

for the sample is met despite a critical first impression. 

 

An increased sample size reduces the statistical uncertainty. Regarding Figure 3, this 

means that the dotted black line moves further right and allows higher scatter values. 

 

The dependencies between sample size n, scatter Ns and mean load cycle strength N50% 

are shown in Figure 5 for an acceptance rate of AR = 95%. 

 

The required load cycle strength which ensures a minimum reliability against failure for 

a sample scatter of Ns = 1.2 is reduced from 10,000 LC (n = 5) to 300 LC (n = 10). This 

effect is directly related to reduced statistical uncertainties in case of a sample size of 10 

test specimens versus a sample size of only 5 test specimens with otherwise similar 

properties. 

 

Additional tests to increase the sample size for a statistical assessment cannot be 

compared with the very questionable praxis of retesting induvial results in deterministic 

procedures. In case of a statistical assessment all previous test results are still part of the 

sample. In contrast, retests procedures for deterministic requirements are ignoring 

previous test results. 

 

5 Conclusions 

 

It was shown that deterministic and probabilistic requirements are very different in terms 

of the acceptance of samples with high scatter values and potentially unsafe cylinder 

populations. 

 

The used method of operating the Monte-Carlo simulation offers detailed analyses of 

approval criteria. Monte-Carlo simulation can be used to identify under which conditions 

minimum requirements could be reduced or changed without critical safety losses.  

 

Especially probabilistic approval requirements would allow considerable improvements 

regarding the avoidance of critical cylinder populations.  A probabilistic safety 

assessment offers a high potential for future optimization of cylinders designs. The 

consideration of scatter values provides additional information about production quality 
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and reliability and an optional increase of sample size allows immediate reactions on 

potential problems, too. 

 

 
Figure 5. Required load cycle strength for BAM-PA to achieve an acceptance rate of 

95% for specific scatter values of basic populations. 
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