[ Downloaded from jhsw.tums.ac.ir on 2026-03-20 ]

JHSW

OPEN ACCESS

Journal of Health and Safety at Work 2025; 15(4): 780-806
TUMS

ORIGINAL RESEARCH PAPER

Reliability Assessment of Gas Pressure Reduction Stations Based
on Monte Carlo Markov Chain and Continuous-Time Markov Chain
Methods: A Case Study of a City Gas Pressure Reduction Station

Ali Karimi*, Esmaeil Zarei?®, Rajabali Hokmabadi*

1Department of Occupational Health, School of Public Health, Tehran University of Medical Sciences, Tehran,
Iran

2Department of Safety Science, College of Aviation, Embry-Riddle Aeronautical University, Prescott, AZ
86301, USA.

3Robertson Safety Institute (RSI), Embry-Riddle Aeronautical University, Prescott, AZ, 86301, USA
“Department of Occupational Health Engineering, School of Public Health, North Khorasan University of
Medical Sciences, Bojnurd, Iran

Received: 15-9-2025 Accepted: 3-12-2025

ABSTRACT

Introduction: A gas pressure reduction station is an important facility in gas transmission systems. These
systems consist of various sections, the reliability of each section affecting the station’s overall reliability.
Therefore, this study aimed to assess the reliability of station sections using Markov chain Monte Carlo
(MCMC) and the continuous-time Markov chain (CTMC) method.

Material and Methods: Equipment failure and repair rates were simulated using the MCMC method in
WinBUGS14. Then, based on the failure and repair rates, the station reliability was evaluated using the
CTMC. The results of the equipment failure rate simulation were validated using two criteria: MC Error
and the Goleman-Rubin test. Also, the results of station reliability evaluation were validated using Reality
Check and Partial Benchmark Exercise methods.

Results: Failures in the filtration and pressure reduction sections were more frequent than in other
sections of the station. Therefore, these sections were considered the most critical sections in the
reliability assessment. The posterior standard error was less than 0.01, indicating good convergence of the
data for the parameter posterior distribution. The results of the Goleman-Rabin test showed values less
than 1.2, indicating proper convergence of the chains. For all sections and stations, a systematic approach
was determined using the Markov model. The results showed a strong correlation between the CTMC and
the block diagram method (R2=0.9499).

Conclusion: The proposed approach combines failures of system components and can display multiple
failures. It also accounts for time factors in its calculations and minimizes subjective expert evaluations.

Keywords: Reliability; Continuous Time Markov Chain (CTMC) Method; Markov Chain Monte Carlo (MCMC)
Method, National Gas Pressure Reducing Station
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1. INTRODUCTION after-the-event to a before-the-event approach.

The development of important, highly complex The new approach is based on identifying and
technologies across industries, especially in process controlling the root causes of accidents before
systems, has shifted the safety philosophy from an they occur. Process systems used in the oil,

* Corresponding Author Email: abi.hse2006@gmail.com gas, and petrochemical industries, and in most
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manufacturing units, play a very important role
in the economies and employment of most
countries. One important facility in natural gas
transmission systems is the city gas gate (CGS)
pressure-reduction station. These stations perform
several important operations, including removing
pollutants, reducing pressure, increasing gas
temperature, and adding odor. These stations are
always the site of catastrophic accidents due to their
specific operating conditions .

Pressure-reducing stations play a crucial role in
providing timely, safe gas to residential, commercial,
and industrial customers. Given the proximity
or presence of natural gas transmission systems,
especially CGS in urban areas, the consequences
of any damage (accidental or intentional) to
these systems can be catastrophic. In this respect,
public safety and welfare largely depend on their
safe operation, including CGS pressure-reducing
stations. Therefore, it is important to assess the
reliability of CGS stations to create safe conditions,
prevent the occurrence of various failure modes
and their consequences, and update maintenance
programs.

Reliability has become more important in the
design of engineering systems than ever before,
as system satisfaction depends on it. Reliability
assessment and failure analysis are challenging
aspects of studying complex systems. Modeling
techniques commonly used in reliability problems
include reliability block diagram (RBD), failure
mode and effects analysis (FMEA), fault tree
analysis (FTA), event tree analysis (ETA), Petri
nets, Bayesian networks, and Markov chains. For
a complex repairable system that has a system
structure and consists of many components and has
complex interactions, including inputs, outputs,
subsystems, and boundaries, it is logical that all
these system components interact with each other
directly or indirectly. Therefore, to estimate the
probability of failure and evaluate the reliability of
such systems, the interactions must be represented
mathematically. The Markov model is a powerful
and flexible technique for assessing system
reliability. This model is a mathematical model that
is performed by drawing state transition diagrams
of the system and examining these diagrams to
understand how undesirable states (failures) are
reached and their relative probabilities. This model
is a suitable tool for modeling complex systems
that involve scheduling, sequencing, repair, and
redundancy. Therefore, these models are widely
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used to determine availability and reliability.

Uncertainty parameters are usually introduced
as random variables in reliability models, and their
distribution must be specified. Typically, real data
are used to estimate the distribution parameters.
Real data between failures can be used to infer
model parameters using the Markov Chain Monte
Carlo (MCMC) simulation method. This method
allows any statistical inference by generating
random samples from statistical distributions and
using MCMC methods.

Considering the mentioned points, the present
study offers a systematic approach to the Markov
model using simulated equipment failure rates for
reliability analysis. In this approach, equipment
failure rates were estimated using the MCMC
method, and the failure rates of sections and
stations were subsequently estimated using the
CTMC method.

2. MATERIAL AND METHODS

In this research, the CGS station sections were
first identified through consultation with designers,
manufacturers, engineers, and gas company
experts, review of operational drawings (PFD and
P&ID), and field visits. Then, based on existing
references, the probability density distribution
function of equipment failure for each section
was determined as an exponential function. Then,
the station equipment failure rate was calculated
via MCMC simulation in WinBUGS14, and the
reliability of the sections and the CGS station was
evaluated using the CTMC method. Generating
random samples from statistical distributions
through the Markov chain can be done in various
ways. Since the Gibbs method is the best known,
with an acceptance rate of 1 among these methods,
and is more limited and simpler, it was selected
as the desired method for simulation. Also,
WinBUGS14 was used for simulation as one of the
software packages that generates random samples
using Gibbs sampling. This software calculates the
full conditional distributions and generates random
samples from the parameter posterior distributions
using appropriate sampling techniques . The steps
for determining the equipment failure rate were
carried out using WinBUGS14, following the
procedure outlined in Fig. 1.

For a given system, a Markov model consists
of a list of possible states, possible transition paths
between them, and rate parameters (failure and
repair rates) for each transition. When graphically
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Fig. 1: Steps to determine equipment failure rates based on WinBUGS14 software

representing a Markov model, each state is usually
depicted as a circle, with arrows denoting the
transition paths between states (Fig. 2).

In Fig. 3, \ (failure rate) represents the rate
parameter for the transition from state 0 to state 1,
and p (repair rate) represents the rate parameter for
the transition from state 1 to state 0.

Pj (t) shows the probability of the system being
in state j at time t. It is usually assumed that the
device is in the normal state at the initial time
t=0, and therefore the initial probabilities of the
two states (PO(0) = 1 and P1(0) = 0). Then, the
probability of state 0 decreases at a constant rate of
A. In other words, if the system is in state 0 at any
given time, the probability of transitioning to state
1 during the next time increment dt is Adt.

Similarly, if the system is in state 1, the
probability of transitioning to state 0 during the
next time increment dt is udt. Therefore, the
incremental change P is the sum of the products
P, and Adt and the products P and udt, as given

[ DOW!

by Eq. (1):

dP,(t)=—P,(t)Adt+ B () udt (1)

Consider a system that is either operating or
failing. If the device is operating at time t, then
X(t)=1, and if it is failing, then X(t)=0. In this
case, the random variable X is not a discrete-time
random variable because. The explanation is that
it stays there and then transitions to another state
after entering a state for a period of time that is
itself a random variable. Such processes are called
continuous-time Markov chains (CTMCs). A
continuous Markov chain is a transition rate matrix
Q with dimensions equal to the state space, defined
by a finite space or numerator. For i#j, each element
q; is nonnegative and describes the transition rate
of the process from state i to state j. There are three
definitions for continuous-time Markov processes:

Based on the transition probability, for each
value of n=0,1, 2, and times t, t , t,, with states i, i,
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Fig. 2: Systematic approach for urban gas pressure reduction stations based on the Markov model
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Fig. 3: Correlation between the station reliability based on the results of the proposed approach and operational conditions data
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Table 1: Results of station reliability parameters in operational conditions in different years

=

Year

approach
1 2012 0.9765
2 2013 0.9865
3 2014 0.9886
4 2015 0.9937
5 2016 0.9842
6 2017 0.9808
7 2018 0.9915
8 2019 0.9916
9 2020 0.9853
10 2021 0.9829
11 2022 0.9878

i,, we have Eq. (2):

P (Xn+1 = ln+1|Xt0 =losXe, = l1g oXp, = ln) =

pinin+1(tn+1 - tn)

where p_ applies to two sets of differential
equations called Kolmogorov forward equations
and Kolmogorov backward equations.

This study examines the validation of the
obtained data in two stages, which are:

To validate the data calculated in the simulation
using WinBUGS14, parameters such as Monte
Carlo error and the Goleman-Robin test were used
. To validate the proposed Markov model approach,
there are various methods in the field of safety
and reliability; one or more of these can be used.
The results of the station reliability assessment
were validated with Reality Check and Partial
Benchmark Exercise methods.

3. RESULTS AND DISCUSSION

The main function of the CGS station is to
reduce gas pressure to suit subsequent uses. This
station has specific physical and geometric details
in its components due to the amount of gas pressure
reduction (inlet-to-outlet pressure) and its capacity.
However, in general, all these stations are the same
in terms of appearance and type of components,
which include the following main sections:

- Filtration section

- Heating section

- Pressure reduction section

- Deodorizing section

The systematic approach for the urban gas
pressure reduction station was developed based
on a Markov model for four non-corresponding
sections: filtration, heater, pressure reduction, and
odorizer, as shown in Fig. 2.

[ DOW!

Station reliability based on the proposed

Station reliability based on a block diagram

0.9733
0.984
0.992021
0.995682
0.982081
0.975764
0.990826
0.992117
0.983757
0.981394
0.988051

After determining the equipment’s failure and
repair rates, the station’s reliability is assessed using
the CTMC method in different years. Based on the
space diagram of the city gas pressure reduction
station and on the rates of failure and repair of
the systems, the station’s reliability was calculated
in different years. The station’s reliability was
calculated using the equipment failure rate and the
CTMC and block diagram methods; the results are
shown in Table 1. The results showed that there was
a strong correlation between the results calculated
based on the proposed approach and the block
diagram method (R?=0.9499) (Fig. 3).

The Partial Benchmark Exercise method was
also used to validate the proposed approach.
Although it was difficult to find a similar study, a
relatively similar investigation conducted in 2019
was selected, and the results obtained using this
approach were compared with those of the study
in question. The station reliability rate in the study
in question, which used a Bayesian network, was
0.9743. The proposed approach in this study
calculated a station reliability rate of 0.9759,
indicating consistency with the results of the study
in question.

4. CONCLUSIONS

The proposed approach combines failures
of system components and can display
multiple failures. It also accounts for time
in its calculations and minimizes subjective
expert evaluation. Using the MCMC stochastic
simulation method, the failure rate of equipment
can be estimated from its failure times, thereby
minimizing uncertainty. Based on the calculated
failure rate, an appropriate maintenance plan
can be developed for the CGS city gas pressure
reduction station equipment. The Markov model
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is a suitable tool for assessing system reliability.
This study presents a systematic approach to
building a Markov model for city gas pressure
reduction stations, based on the failure rates of
the station subsections. This approach reduces
the need to build Markov models for the target
system and provides an accurate solution for
reliability assessment.
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