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Abstract: In many desalination plants, multi stage flash desalination process is normally 
used for sea water purification and the reliability analysis of such a complex system with 
standby support mechanism is of great importance to avoid big loses. Thus, the aim of this 
paper is to present a reliability analysis of evaporators of a desalination plant. The 
desalination plant operates round the clock and during the normal operation; six of the 
seven evaporators are in operation for water production while one evaporator is always 
under scheduled maintenance and used as standby. The complete plant is shut down for 
about one month during winter season for annual maintenance. The water supply during 
shutdown period is maintained through ground water and storage system. Any major 
failure or annual maintenance brings the evaporator/plant to a complete halt and the plant 
goes under forced outage state. For the present analysis, seven years failure data has been 
extracted from operations and maintenance reports of a desalination plant in Oman. 
Various measures of the plant effectiveness have been obtained probabilistically. Semi-
Markov processes and regenerative point techniques are used in the entire analysis.  

Keywords: Desalination plant, maintenance, failures, shutdown, semi-Markov, 
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1. Introduction 

Desalination is a water treatment process that removes the salt from sea water or brackish 
water. It is the only option in arid regions, since the rainfall is marginal. In many 
desalination plants, multi stage flash desalination process is normally used for water 
purification which is very expensive and involves sophisticated systems. Since, 
desalination plants are designed to fulfil the requirement of water supply for a larger 
sector in arid regions, they are normally kept in continuous production mode especially 
during summer except for emergency/forced/planned outages. It is therefore; very 
important that the efficiency and reliability of such a complex system is maintained in 
order to avoid big loses. 

Many researchers have spent a great deal of efforts in analysing industrial systems to 
achieve the reliability results that are useful for effective equipment/plant maintenance. 
Bhupender and Taneja [1] analysed a PLC hot standby system based on master-slave 
concept and two types of repair facilities, and many such analyses could be seen in the 
references therein. Mathew et al. [2] have recently presented an analysis of an identical 
two-unit parallel CC plant system, using the real data. For general reference, a book 
authored by Kuo and Zuo [3] may be consulted. Thus, the methodology for system 
analysis under various failure and repair assumptions has been widely presented in the 
literature and the novelty of this work lies in its case study. Desalination being commonly 
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used industrial processes in arid regions; the numerical results of various reliability 
indices could be helpful in understanding the significance of these failures/maintenances 
on plant availability and assess the impact of these failures on the overall profitability of 
the plant. 

Thus, the paper is an attempt to present a case analysis using the failure data of seven 
years from operations and maintenance reports of the desalination plant in Oman. 
Component failure, maintenance, and plant shutdown rates, and various maintenance costs 
involved are estimated from the data. The situation considered in this analysis is the same 
as that of the plant. The desalination plant operates round the clock and during the normal 
operation; six of the seven evaporators are in operation for water production while one 
evaporator is always under scheduled maintenance and used as standby evaporator. This 
ensures the continuous water production with minimum possible failures of the 
evaporators. The complete plant is shut down for about a month during winter season 
because of the low consumption of water for annual maintenance; the water supply during 
this period is maintained through ground water and storage system. Any major failure or 
annual maintenance brings the evaporator/plant to a complete halt and goes under forced 
outage state. The unit/evaporator is then repaired or maintained on FCFS basis.  

Using the data, following values of rates and various costs are estimated:  
• Estimated rate of failure of any component of the plant (λ) = 0.00002714 per 

hour 
• Estimated rate of Maintenance (γ) = 0.0014881 
• Estimated rate of shutting down of the plant (γ1) = 0.0001142 per hour 
• Estimated rate of winter to summer change (β1) =0.0002315 per hour 
• Estimated rate of summer to winter change (β2) = 0.0002315 per hour 
• Estimated rate of recovery after shut down during winter (γ2) = 0.0069444 per 

hour   
• Estimated value of repair rate (α) = 0.001577 per hour 
• Estimated costs: Co = OMR 596, C1 = OMR 2.054, C2 = OMR 0.063, C3 = 

OMR 0.673, C4 = OMR 0.124 
The plant is analysed by using semi-Markov processes, and regenerative point techniques; 
and the measures of plant effectiveness in terms of reliability indices such as; the mean 
time to shut down the system, mean time to failure of one evaporator, evaporators 
availability, the expected busy period for maintenance, busy period for repair, expected 
busy period during shut down and the expected number of repairs need replacement are 
estimated numerically. The impact of failures and outages on the plant availability could 
be assessed through these indices, and the overall profitability of the plant. 

Acronym 

FCFS  First Come First Served 
OMR  Omani Riyal 

Notation 

O 
Ums 

Operative state of evaporator 
Under maintenance during summer 

Umwb Under maintenance during winter before service 
Umwa Under maintenance during winter after service 
F 
Frs 

Failed state of one of the evaporator 
Failed unit is under repair during summer 

Frwb Failed unit is under repair during winter before service 
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Frwa 
FRS 
 
FRWB 
 
FRWA 
 

Failed unit is under repair during winter after service 
Repair of failed unit under repair during summer, is continued from  
the previous state 
Repair of failed unit under repair during winter before service, is  
continued from the previous state  
Repair of failed unit under repair during winter after service, is  
continued from the previous state 

β1  Rate of summer to winter change  
β2 Rate of  winter to summer change 
λ Rate of failure of any component of the evaporator 
γ Rate of maintenance 
γ1 Rate of shutting down  
γ2 Rate of recovery after shut down during winter 
α Rate of repair 
© 
pij 

Symbol for Laplace Convolution 
Transition probability from regenerative states i to a regenerative state j qij(t), Qij(t) 

 
p.d.f. and c.d.f. of first passage time from a regenerative state i to  
a regenerative state j in (0, t] 

g(t), G(t) 
gm(t), Gm(t)  
C0 
C1 
C2 
C3 
C4 
A0 
B0

M 

B0
R 

B0
S 

R0 

p.d.f. and c.d.f. of repair rate 
p.d.f. and c.d.f. of maintenance rate 
Revenue per unit up time 
Cost  per unit up time for which the repairman is busy for maintenance 
Cost  per unit up time for which the repairman is busy for repair 
Cost  per unit up time for which the repairman is busy during shutdown  
Cost per unit repair require replacement 
Steady state availability of the system 
Expected busy period of the repairman for maintenance 
Expected busy period of the repairman for repair 
Expected busy period of the repairman during shutdown 
Expected number of repairs require replacement 
(All costs in examples have been reckoned in Omani Riyal) 

2. Model Description and Assumptions 

1. There are seven evaporators in the desalination plant; of which 6 operate at any 
given time and one evaporator is always under scheduled maintenance.  

2. The plant goes into shutdown state for annual maintenance during winter season 
for one month.  

3. The various states of the evaporator are categorized under summer (states 0, 2, 5, 
and 8), winter (states 1, 4, 7, 10), complete shutdown for overhaul/major service 
(state 3), and after major service (states 6, 9, 11, 12).  

4. The failed units are repaired or maintained on FCFS basis.    
5. If a unit of an evaporator is failed in one season, it gets repaired in that season 

only. 
6. Maintenance of no evaporator is done if the repair of some other evaporator is 

going on. 
7. The cost of plant maintenance is high during summer due to more requirement of 

water than winter where the requirement goes down. 
8. Not more than two evaporators fail at a time. 
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9. All failure times are assumed to have exponential distribution whereas the other 
times have general distributions. 

3. Transition Probabilities and Mean Sojourn Time 

 
 

Figure 1: Transition states of the system 
 
A state transition diagram showing the possible states of transition of the plant is shown in 
Figure 1. The epochs of entry into states 0, 1, 2, 3, 4, 5, 6, 7 and 11 are regeneration points 
and hence these states are regenerative states. States 8, 10 and 12 are non-regenerative 
states. The transition probabilities are given by: 
dQ00 =  γe−(6λ+ β1+γ )t  dt,  dQ01 =  β1 e−(6λ+ β1)t  Gm����(t)dt,  
dQ02 = 6λe−(6λ+ β1)t  Gm����(t)dt; 
dQ11 =  γe−(6λ+ γ1+γ )t  dt,  dQ13 =  γ1 e−(6λ+ γ1)t  Gm����(t)dt,  
dQ14 = 6λe−(6λ+ γ1)t  Gm����(t)dt;  
dQ24 =   β1e− β1t  Gm����(t)dt,  dQ25 = e− β1t  gm(t)dt,  dQ36 =  γ2e− γ2t  dt;  
dQ43 =   γ1e− γ1t  Gm����(t)dt,  dQ47 = e− γ1t  gm(t)dt; 
dQ50 =  e−(6λ+ β1)t  g(t)dt,  dQ57 =  β1 e−(6λ+ β1)t  G�(t)dt, 
dQ55

(8)�6λe−(6λ+ β1 )t © e− β1t �g(t)dt ,  
dQ53

(8,10) = �6λe−(6λ+ β1 )t © β1 e− β1t ©γ1 e− γ1t �G�(t)dt 

dQ57
(8,10) =  �6λe−(6λ+ β1 )t © β1 e− β1t © e− γ1t �g(t)dt; 

dQ60 =  β2 e−(6λ+ β2)t  dt,  dQ66 =  e−(6λ+ β2)t  gm(t),  



Reliability Analysis of a Seven Unit Desalination Plant with Shutdown During   527 
Winter Season and Repair/Maintenance on FCFS Basis 

dQ69 = 6λ e−(6λ+ β2)t  Gm����(t)dt; 
dQ71 =  e−(6λ+ γ1 )t  g(t)dt,  dQ73 =  γ1e−(6λ+ γ1)t  G�(t)dt,   
dQ73

(10) = (6λ e−6λt © γ1 e− γ1t ) G� (t)dt,       
dQ77

(10) =  �6λe−(6λ+ γ1 )t © e− γ1t �g(t)dt;                                                    
dQ92 =   β2e− β2t  Gm����(t)dt,  dQ9,11 = e− β2t  gm(t)dt; 
dQ11,5 = β2 e−(6λ+ β2)t  G�(t)dt,  dQ11,6 =  e−(6λ+ β2)t  g(t)dt, 
dQ11,11

(12) =  �6λe−(6λ+ β2 )t © e− β2t �g(t)dt,                                                      
dQ11,5

(12,8) =  �6λe−(6λ+ β2 )t ©  β2e− β2t © e− β1t�g(t)dt.                                                                            
  The non-zero element pij can be obtained as: 
pij = lims→0 ∫ qij

∞
0 (t) dt 

The mean sojourn time ( iμ ) in the regenerative state ‘i’ is defined as the time of 
stay in that state before transition to any other state. If T denotes the sojourn time in the 
regenerative state ‘i’, then µi = E(T) = P(T > t); 
 µ0 = 1

(6λ+ β1+γ )
 , µ1 = 1

(6λ+ γ1+γ )
 ,   µ2 = 1

( β1+γ )
,   µ3 = 1

γ2
,   µ4 = 1

( γ1+γ )
 , 

 µ5 = 1
(6λ+ β1 )

,  µ6 = 1
(6λ+ β2+γ),µ7 = 1

(6λ+ γ1+α) ,    µ9 = 1
( β2+γ )

, µ11 = 1
(6λ+ β2+α)                                                                                    

The unconditional mean time taken by the system to transit for any regenerative 
state ‘j’ when it (time) is counted from the epoch of entry into state ‘i’ is mathematically 
stated as: 

mij =  � tdQij(t) =  − qij∗
′(0),   �mij =  µi

j

∞

0
 

m00 + m01 + m02 =  µ0  
m11 +  m13 + m14 =  µ1  
m24 + m25 =  µ2  
m36 = µ3 
m43 + m47 =  µ4  
m50 + m57 + m55

(8) +  m53
(8,10) +  m57

(8,10) =  µ5   
m60 + m66 + m69 =  µ6    
m71 + m73 + m73

(10) + m77
( 10) =  µ7 

m92 + m9,11 =  µ9  
m11,5 + m11,6 + m11,11

(12)+ m11,5
(12,8) =  µ11  

Regarding the failed states as absorbing states, and employing the arguments used for 
regenerative processes, we obtain the recursive relations for the reliability indices; the 
mean time to shut down the plant, mean time to failure of one evaporator, availability 
analysis of the plant, expected busy period for maintenance, expected busy period for 
repair, expected busy period during shut down, and the expected number of repairs. By 
taking the Laplace or Laplace Stieltje’s transforms of recursive relations, whichever is 
applicable; the steady-state solutions for these measures of plant effectiveness are 
obtained.  
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4. Profit Analysis 

One of the main objectives of the reliability analysis is to have cost-effective and 
profitable maintenance strategies. In order to reflect this, the overall profit of the system 
could be defined; by incorporating the steady-state solutions and various costs: 

   
M R S

0 0 1 0 2 0 3 0 4 0P = C A - C B - C B - C B - C R   

5. Particular Case: Let us assume that: 

     g(t) =  αe−αt , gm(t) =  γe−γt,      gs(t) =  γ1e−γ1t,   gr(t) =  γ2e−γ2t 
Using the data as summarized in section 1, the following values of measures of plant 
effectiveness are obtained:  

• Mean time to shut down the plant = 14064 hours 
• Mean time to failure of one evaporator = 7752 hours 
• Availability (A0) = 0.993617698  
• Expected Busy period for Maintenance (B0M) = 0.846027504 
• Expected Busy period for repair (B0R) = 0.147590194 
• Expected Busy period during shutdown (B0S) = 0.007629698 
• Expected number of repairs (R0) = 0.000114791 
• Profit (P) = RO 591 per unit time. 
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