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Abstract 
 

A comprehensive hydrogen processing unit 

(HPU) is presented for uninterrupted supplying of it 

at desired pressure rate. The pressurized Hydrogen 

is used for the cooling of large size generators in 

integrated gasification combined cycle power plants. 

It can also be seen as one of the future sources of 

fuel for automobile applications. Thereby, it reduces 

the chances of green house gases emission. Equally, 

Hydrogen can be utilized as a future source of 

energy for the automobiles. A novel HPU clubbed 

with highly reliable and efficient process automation 

system is proposed. The work includes a comparison 

between the proposed and the existing systems in 

terms of system reliability. The algorithm for system 

reliability is developed on MATLAB platform. The 

effectiveness of real-time featured proposed HPU is 

validated by computer simulation. The entire process 

automation system is designed and simulated on FT-

View32 Works. It meets the specifications guided by 

IEEE C37.1-2007, IEC 61131-3 and IEEE 1413-

2010. 

 

1. Introduction 
 

In recent scenario, Reliability is a main impact 

index for performance quality of a plant / process. 

The designer’s prime objective is to carry out the 

process with utmost overall efficiency of the system 

having maximum availability at minimum cost. The 

system reliability of control and instrumentation 

(C&I) for HPU is of prime importance at the plant 

level primarily due to the inadequacies of component 

reliability. The system presented has enhanced 

system reliability of the process that reduces the 

chances of system failure. It requires less time for 

maintenance and providing higher availability. 

Further, reduction in maintenance duration of the 

process allows it to be kept in active mode for longer 

durations. In turn, the efficiency of overall system 

gets improved. Improved efficiency has its direct 

impact on reduction in emission of green house gases 

[1], [2], [3].  

Now-a-days, the operations of fossil-fuel power 

plants require sophisticated automation system called 

supervisory control and data acquisition (SCADA) 

systems as they provide highly productive, reliable, 

and safe power generation. The SCADA systems 

have the capability to handle highly dynamic and 

composite structure like load distribution centers. 

Kawai et al. discussed about advanced methods and 

technologies involved in automated power-

generating plants [4]. Improvement in system 

reliability of plant processes is one of the areas of 

concern [5], [6]. 

The importance of maintenance function has 

increased because of its role in keeping and 

improving system availability and safety, as well as 

product / process quality. To support this role, the 

development of communication and information 

technologies has allowed the emergence of the 

concept of optimal maintenance [7]. Large size 

generating sections of a power plant are one of the 

critical components. For such components, SCADA 

operated highly reliable process C&I system is 

necessary. Bannister et al. observed that efficiency of 

power plants can be enhanced by using generating 

energy from the combustion of hydrogen and oxygen 

[8]. Hydrogen is an excellent cooling agent for the 

cooling of large generators because of low density, 

high specific heat, and high thermal conductivity 

properties [9]. It is also known as a green gas [10]. It 

is a usual practice to store hydrogen in liquid form. 

Liquid hydrogen takes up less storage volume than 

gas but requires cryogenic vessels. It is expected that 

future LH2 storage systems will have shaped 

geometries made of lightweight materials [11]. In 

present paper, Weibull distribution function has been 

considered to evaluate the chances of system failure 

in such cases (like hydrogen cooling systems). Fault 

tree analysis (FTA) is a logical and structured 

process in industrial applications that can help to 

identify potential causes of system failure before the 

failures actually occur [12], [13]. In view of the need 

for greater system reliability and customer’s 

satisfaction, the emphasis has been placed on cost 

reduction. 

A digitally operated hydrogen cooling system was 

proposed by Hargrove et al. [14]. It is composed of 

an indirect heat exchanger for bringing cooling water 

into heat exchanger with hydrogen leaving the 

generator. In the follow up, Blatter et al. has also 

proposed a three stage cooling circuit for the cooling 

of generators [15]. Brosnihan et al. has furthered the 

work by proposing a modular system of air, 

hydrogen, and carbon dioxide through a gas 
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manifold for monitoring of hydrogen cooled 

generators, where various modules employed are gas 

dryer, gas purity, overheat, and gas/generator 

monitoring modules [16]. The cost reduction issues 

are implicitly focused on reducing operation and 

maintenance expenses, and minimizing investment in 

new plant set up. Here, FTA plays a key role to 

analyze system design and reliability of a dedicated 

process model. Biswal et al. proposed a process 

model of hydrogen which is reliable for the units of 

capacity up to 120-300 MW of a generating station 

[2], [3]. Such complex systems require redundant 

schemes which ensure reliable and uninterrupted 

operations. 

Recent optimization techniques are implemented 

to develop the hydrogen supply chain for the 

transport sector. These techniques are used to 

determine the optimum infrastructure and operational 

costs [17]. While considering hydrogen as an 

alternative vehicle fuel, is gaining increasing 

attention internationally, one significant aspect of its 

introduction has been given less attention than 

others; the public acceptance of such a new 

technology and fuel. The importance of 

understanding public acceptance for the successful 

introduction of new products and technologies has 

been demonstrated by Schulte et al. [18]. In the 

follow up, Xiao et al. developed an optimization 

algorithm for the hydrogen production schedule and 

the strategy of power trading to optimize the 

production costs of a station [19]. 

 

2. Processing of Hydrogen 
 

Weibull’s distribution described in equations (1)-

and-(2) is considered for all the systems; proposed 

and the existing, for resolving the design issues and 

evaluating the system reliability and bring out 

comparison between the proposed and the existing 

methods. For carrying out comparison at common 

platform, all the existing models and the one 

proposed are simplified with hot redundancy concept 

based on (3). Typical hazard rate ( )h t  as given by 

equation (1) below is considered for the evaluation 

of system reliability based on philosophy of 

:k out of n G   with 1k  (hot unit) and 2n 
 

(total number of units). Equations (1)-and-(2), 

represent relationships between reliability functions

( )t and the hazard rate ( )h t . ( )t and ( )s t are the 

component and system reliability respectively, of the 

process model with hot redundant unit(s), in days. In 

the present paper, ( )s t  is the overall system 

reliability of the processing model of hydrogen. ‘  ’ 

is the slope parameter and ‘ ’ is the scale parameter 

of the two-parameter Weibull distribution function. 
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Here onwards, R5, R2, R3, and R4 are the 

corresponding system reliabilities of the systems 

proposed by the authors, Hargrove et al. [14], Blatter 

et al. [15], and Brosnihan et al. [16]. The major 

components of the processing units such as, heat 

exchangers, cold-converters, and reservoirs are 

considered to draw the reliability diagram for 

keeping the mathematical evaluations simple using 

Network Reduction Technique. Reliability is always 

an implicit function of time, however, values 

obtained of system reliability are the collection of 

samples at different instants of time, and thus, these 

values are discrete in nature. Heat exchangers are 

represented by 1( HE AR to 4 )HE BR , reservoir ( )TAR , 

processing tanks ( TBR and TCR ). 
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Serial system 
 

It is the simplest system in terms of system 

reliability. The reliability model of the system is 

expressed in Eq. (4).  

1 1 2( ) 1TA TB HE HEt R R R R R     
                

(4) 

 

Hargrove et al. system 
 

Hargrove et al. introduced a system relating to the 

H2 cooled generators in an electrical power station 

[14]. The reliability model of the system is provided 

in (5). 

2 1 2( ) 2

||

X TB HE HE

X TA SIVL

t R R R R R

R R R

      


               

(5) 

 

Blatter et al. system 
 

Blatter et al. introduced a three stage hydrogen 

cooling system with a typical matrix of storage tanks 

for providing redundancy which acts as a reservoir to 

feed hydrogen [15]. The reliability model is 

expressed by: 

3( ) 3

|| ,1 , 2 0 1

TA TB

HExk HEyk

t R R R R R

R R R R x y and k

 

 

      


      

(6) 

 

Brosnihan et al. system 
 

Brosnihan et al. proposed a modular system for 

the monitoring of hydrogen-cooled generator [16]. 

Reliability model of the system is provided in (7). 
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4 1( ) 4TA TB HEt R R R R    
                           

(7) 

 

Proposed processing system of hydrogen 
 

The proposed method is designed and supported 

with hot redundant module for uninterrupted supply 

of H2. The reliability of the system improves with 

increasing number of redundant components. Thus, a 

careful evaluation is done on determining 

redundancy for designing process models. Fig. 1 

depicts the processing unit presented in the paper. 

The final and intermediate steps are given in 

equations (8) and (9). 

' '

1 1

1 {(1 ) (1 )}, ||

|| ,

TA SIVL TA SIVLX X

Y HE A HE B Y Z

R R R R R R

R R R R R
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(9) 

In order to provide a required level of system 

reliability, overall equipment effectiveness (OEE) 

are included. Usually engineers try to achieve this 

level with minimal cost. The problem of total 

investment cost minimization, subject to reliability 

constraints, is well known as the redundancy 

optimization problem. The redundancy optimization 

problem for a multi-state system, which may consist 

of elements with different performance rates and 

reliability, is addressed as a problem of System 

Reliability Optimization (SRO). It is backed by 

bidirectional / two stage analyses approach, namely, 

system reliability evaluation and fault tree analysis in 

the scheme presented in this paper. 
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Figure 1. The schematic diagram of the proposed processing unit. 
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Figure 2. Histogram showing improvement in system reliability. 
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TABLE I 
PERCENTAGE IMPROVEMENT IN SYSTEM PERFORMANCE  

(A) 

No. of 

tests 

sample

s  

(B) FS(t) of Test I (%) (C) FS(t) of Test II (%) (D) RS(t) of Test I (%) (E) RS(t) of Test II (%) 

 F5 - F2 F5 - F3 F5 - F4 F5 - F2 F5 - F3 F5 - F4 R5 - R2 R5 - R3 R5 - R4 R5 - R2 R5 - R3 R5 -R4 

1 89.8 98.8 76.5 83.0 98.2 88.4 10.1 1.2 23.4 16.9 1.73 11.5 

2 95.1 97.0 95.5 92.1 97.8 98.0 4.86 2.96 4.5 7.89 2.11 1.92 

3 97.9 98.0 98.5 98.9 98.9 90.9 2.1 1.95 1.45 1.01 1.06 9.09 

4 84.1 94.5 85.5 82.2 99.6 88.2 15.8 5.44 14.46 17.8 0.34 11.7 

5 91.7 96.3 78.7 90.2 96.4 96.3 8.24 3.7 21.2 9.76 3.6 3.7 

6 79.1 99.3 86.3 73.5 93.3 93.6 20.8 0.61 13.6 26.4 6.69 6.37 

7 84.1 91.5 90.7 59.4 96.7 96.5 15.8 8.49 9.24 40.5 3.27 3.48 

8 64.8 99.8 92.5 91.7 96.0 84.2 35.1 0.17 7.46 8.26 3.98 15.7 

9 88.4 99.2 98.3 87.3 95.5 74.8 11.5 0.72 1.63 12.6 4.44 25.1 

10 67.1 92.4 74.3 67.1 92.4 74.3 32.8 7.51 25.6 32.8 7.51 25.6 

 

 

3. System Reliability and System failure 

Analysis 
 

It is well known that ‘system failure’ is nothing 

but it is ‘one minus system reliability’, thus

( ) 1 ( )s sF t t  as depicted in Fig. 2; for example, 

5 1 5F R  and so on. It includes system generated 

values (samples 1-9) and threshold value (10
th

 

sample) as shown in Table I and Fig. 2. 

Table I illustrates percentage improvement in 

system performance of R5 in terms of Fs(t) system 

failures, Col. B-and-C and Rs(t) system reliability, 

Col. D-and-E vis-à-vis systems R2, R3, and R4. Col. 

A represents the number of samples collected at ten 

different instants of time. 10
th

 Test of RS (t) gives the 

difference between the system reliability of R5 and 

the system reliability of R2, R3, and R4 at the upper 

limit of threshold value. RS (t) at this threshold value 

is unique. Whereas, Test 1 – 9 all are randomly 

generated values within the range of threshold 

values. From Table I; (a) Col. 4 represents Rs(t) of 

Test I, and (b) Col. 5 represents Rs(t) of Test II 

Similarly, Fig. 2 shows improvement in system 

reliability of R5 over R2, R3, and R4. (a)-and-(b) 

represent two different test sets Test I and Test II. To 

solve component failure issue, there are two 

approaches: improving mean time between failures 

(MTBF) and providing redundancy. 
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Figure 3. Histogram showing comparison between R5, R2, R3, and R4 models in terms of small 
variation in β on the T= TRmin (in days) of these models. 
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MTBF cannot change once a device is 
manufactured. Thus, in the proposed method, 
emphasis is given on hot redundancy, and considered 
the fault tolerance method for the analysis of system 
failures. In the present paper, Weibull’s minimum 
reliable life (TR) which defines minimum reliable 
time required for maintenance is considered for 
evaluating the chances of system failure. The 
parameter is governed by (10). 

1

( / )

*{ ln[ ( )]} , ( ) 0.5;

( ) 1 , *{ln[1 ( )]}

R R R R

t MTTR

T R T if R T T T

h t e T MTTR h t










    


     

(10) 

The characteristic of R5 versus the existing 

systems in terms of TRmin is given in Fig. 3. The 

results of Test 5 as depicted in Fig. 3 indicate that the 

R5 needs minimum time for the maintenance than 

needed by the existing systems. 
In general, fault avoidance methods prove to be 

less expensive than fault tolerance methods to 
evaluate system reliability. The fault avoidance 
methods and fault tolerance methods are used to 
evaluate the modal life of components and 
redundancy based improvement in system design, 
respectively. In case of fault avoidance methods, the 
cost increases exponentially with respect to linear 
improvement in reliability performance of the 
system. Also, it is observed that the behavior of 
components used as a part of the system can be 
different than the characteristics of components used 
as an individual. Thus, in industrial applications, one 
of the fault tolerance based methods is preferred to 
evaluate the system reliability of the present and the 
already existing systems. 

There are three kinds of redundancy schemes, 
which can be used at system level integration. These 
are: standby redundancy; warm redundancy and hot 
redundancy.  
 Standby (cold) redundancy: is for those 

processes where response time is of minimal 

concern, and may require operator intervention.  

 Warm redundancy: is used where time is 

somewhat critical but a momentous outage is 

still acceptable. In this scenario, a momentary 

bump can be expected. During this bump, the 

valves, motors, and other devices might 

shutdown temporarily, and the sensors may not 

report back to the PLC systems during the 

bumps.  

 Hot redundancy: is used when the process must 

not shut down for even a brief moment under 

any circumstances. In case of ‘warm 

redundancy’ or ‘hot redundancy’, two 

dedicated processors are connected in primary 

and standby configuration.  

After initial and intermediate level simulation 

studies, model is designed with hot-redundancy 

features. 

 

4. Result and Discussions 

 

This section is divided into two sub-sections, 

namely, system reliability performance and 

experimental analysis of system failure. The 

algorithms are developed on MATLAB platform, is 

dedicated for testing system reliability and analyzing 

fault tree parameter, TRmin of the proposed method. 

Process instrumentation of the proposed method is 

designed and developed using FT-ViewSE, a real-

time industrial automation platform/simulator [2], 

[3]. 

 

System Reliability Analysis 
 

Figs. 2(a) and 2(b) depict the two different sets of 
tests performed to evaluate system reliability 
performance of the proposed method vis-à-vis the 
other methods. The abscissa represents the samples 
collected at different within range threshold values of 
the component reliability. For example, the 10

th
 

sample is at the highest limit of threshold value of 
component reliability of various components. The 
ordinate represents the system reliability 
performance of the proposed method (R5) over the 
methods (R2, R3, and R4). Figs. 2(a) and 1(b) are as 
well read in Table I. In Table I, the Col. A tabulates 
test samples 1 through 10 of Test I and Test II. Cols. 
B and C tabulate the system performance as a 

function of ( )sF t , the system failure of R5 versus R2, 

R3, and R4. Similarly, the Cols. D and E show the 

system performance of R5 as a function of ( )sR t , the 

system reliability as against system performance of 
R2, R3, and R4. The most important observation is at 

the 10
th

 test sample, where ( )sR t  is unique at the 

upper limits of the threshold values of various 
components. This unique observation can be seen in 
bold figures in the table. The relative difference 
between the reliability of R5 versus that of existing 
systems (R2, R3 and R4) shows improvement in R5 
in terms of overall system reliability. This is 
established clearly that the system reliability of R5 is 
always better than that of R2, R3, and R4 as seen in 
histogram form in Fig. 2(a) and 2(b). 

At upper limits of threshold values, the R5 has 

shown 32.8% ( (0.9045 0.5760) 100)  
 

improvement in system reliability as against R2. 
Similarly, R5 has obtained 7.51% and 25.6% 
improvement as against that of R3 and R4 
respectively. However, maximum improvement in 
system reliability of R5 when compared with that of 
R2 has varied from 35.1% to 40.5% as depicted in 
Table I and also in Fig. 2. Similarly, these values 
corresponding to improvement in reliability of R5 
with respect to R3 and R4 have varied from 6.69% to 
8.49% and 23.4% to 25.1% respectively. These 
values are highlighted in Table I. Thus, it can be 
summarized that the proposed S

2
HRS-HCS model 

exhibits superiority over all other existing models in 
terms of system reliability. 
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Evaluation of Chances of System Failure 
 

Here, TRmin which depends on β is considered for 

evaluating system availability. It is observed that 

TRmin of the R5 increase, and h(t) decreases with 

increase in β. Fig. 3 shows that the TRmin of R5 has 

attained the lowest values for all the β’s between 1 to 

2.4. TRmin is examined extensively and found that, for 

system R5, the time required for repair is minimum 

compare to the time required for repair by the other 

systems. However, TRmin by itself varies with 

different values of β as shown in Fig. 3. For 

example, at β = 1, the values of TRmin are 31 days, 

172 days, 71 days and 135 days for systems R5, R2, 

R3 and R4 respectively. For this, value of β as 1, 

TRmin required for R5 is also minimum that is of 31 

days in comparison to TRmin of R2, R3 and R4. It is 

observed that the R5 has much lesser chances of 

failures as against chances of failure of the existing 

systems due to more if-else conditions. 

 

5. Conclusion 
 

Process C&I model of the proposed HPU is 

designed with enhanced system reliability. The 

model can be extended its applications in automobile 

fuel stations by making appropriate changes in the 

design. At upper limits of threshold values, the 

proposed model (R5) has shown (32.8%, 7.51%, and 

25.6%) significant enhancement in system reliability 

as against that of the existing systems R2, R3 and R4 

respectively. It has been shown that the proposed 

model has much lesser chances of failures than that 

of the existing systems due to more if-else 

conditions. The time required for repair (TRmin) is 

examined extensively and found that, for system R5, 

TRmin is the minimum in comparison with the one of 

the existing systems R2, R3, and R4. Hence, the 

proposed model exhibits superiority over all other 

existing models in terms of system reliability. In this 

way, the R5 enhances the gainful application of the 

integrated gasification combined cycle power plants, 

and will have its direct impact on plant performance. 
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