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Purpose: This study aims to propose an approach for optimizing equipment suppliers in multi-state
systems. The proposed solution examined in the water supply system (FWS) of heat recovery boiler
(HRSG), manufactured by Mapna Boiler Engineering and Manufacturing Company. The assumed
system consists of two main subsystems, equipped with three and two pieces in the first and second
subsystems. With the failure of any equipment, if spare equipment is available in the warehouse, this
equipment will replace the disabled equipment. Still, the unreplaced equipment decreases the capacity
of the system. The system works until the number of healthy devices in each subsystem is more than
the specific limits; otherwise, the system stops completely.

This research aims to minimize total cost in two phases of construction and operation of an industrial
system. The cost of building the system is the same as the cost of purchasing equipment from
suppliers. The operating cost included maintaining spare equipment, reducing capacity, and shutting
down the system. The quality of installed and spared equipment can vary. The holding cost of spared
equipment sourced from different suppliers may also vary due to the differences in value, insurance
costs, and maintenance conditions. This research aims to provide an approach for selecting suppliers
of leading equipment, extensions, and spare parts. It is important to note that the use of quality
equipment increases the cost of the construction phase. On the other hand, it improves the probability
of failure and, consequently, the cost of reducing capacity and shutting down the system during the
operation phase. This model minimizes the system's total cost in two phases of construction and
operation based on the availability criterion.

Design/methodology/approach: The initial step was drawing the block diagram of system reliability.
This step resulted in the determined failure effect of each component on the state of the system. Then,
the Markov-chain develops a parametric model of the probability of the system under different
situations. The Markov-chain results summarized the likelihood of the system under any full-load,
half-load, or failed states. The mathematical model used the results of the obtained coefficients to
calculate the costs of purchasing and maintaining the major and spared equipment and the expected
costs of reducing the capacity and stopping in the desired period. The final model used such results in
the form of a constraint set in a sizable mathematical programming model solved by GAMS software.

“ Corresponding author

Copyright © 2021, University of Isfahan. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/BY-NC-ND/4.0/), which permits others to download
this work and share it with others as long as they credit it, but they cannot change it in any way or use it commercially.



Production and Operations Management, Vol. 11, Issue 3, No. 22, Autumn 2020

Findings: The model aims to minimize all system costs, including construction cost (purchase) and
operating cost (i.e., maintenance, half-load, and shutdown). The analysis of the results indicated that
considering the total cost of construction and operation phases in a single model more effectively,
optimizes the overall system cost. The model’s solution results implied the cost of capacity reduction
as the highest cost because the system under study would be in a semi-load condition for a long time.
The results also highlighted that the change in equipment maintenance cost did not affect the other
costs of the system, and it only caused a linear shift in maintenance cost and total cost. However,
when the increased cost was too much, the supplier selection strategy changed. The mathematical
model suggested buying some equipment from another supplier to minimize the total cost, which
reduced total maintenance cost instead of increasing it. Change of the hourly cost of the system half-
load working affected the consequence of system capacity reduction only. It had little effect on other
expenses until the cost-per-hour of capacity reduction significantly reduced. In case of an optimal
response, the suppliers of some equipment changed, which resulted in modified additional cost values.
The change in the hourly cost of half-load working had little effect on the optimal response. Only a
significant reduction in this cost changed some equipment suppliers and affected the other expenses.
The change in the hourly cost of downtime resulted in purchasing equipment from other suppliers,
which changed other expenses.

Rearch limitations/implications: The lack of failure information registration system in the country's
power plants was the most critical limitation in collecting necessary information and developing a
computational model. For future research, the resulting model can be closer to the real situation by
considering equipment and uncertainty's repairability and changing the failure rate over time.

Practical implications: Applying the proposed approach reduced the cost of construction and
operation of power plants in the country. Practitioners can use this approach in selecting the system
equipment with different prices and technical specifications from the market.

Social implications: Implementation of research results increases social welfare by increasing
electricity production and reducing pollution.

Originality/value: The proposed mathematical model innovatively integrates construction and
operation phases costs using Markov-chain results and uses the results to optimize a typical industrial
system.
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Psy = (Pyg X Aza52) + (Pa7 X A2752) + (P36 X A3652) oY)
(Pa4 X A2453) + (P32 X A3253) = Ps3 (As37g + As383 + As384) %)
(Pa4 X Az454) + (P25 X Az554) + (P33 X A3354) = P54 (Asag1 + Asaga + Asags) %)
Pss = (P25 X Az555) + (P2g X A28 55) + (P37 X A3755) ©0)
(P25 X A2556) + (P34 X A3456) = Psg (As679 + As684 + As6.86) %)
(P26 X A2657) + (P29 X A3957) + (P3g X A3g57) = Ps7 (As777 + 5787 + A5788) %)
(P26 X A6 58) + (P27 X Az758) + (P3g X A3058) + (P39 X A3958) OA)
= Psg (Asggo + Asg 87 + Asgg9)
(P26 X A6 59) + (Pag X Azgs9) + (P31 X A3159) + (Pag X A4g59) 4)
= P59 (45982 + A5983 + A5989)
(P27 X A27 60) + (P32 X A3260) + (Pa1 X Aa160) = Pso (A0 83 t 26087 + 460 90) )
(Py7 X A3761) + (Pag X A2g 1) + (P33 X A3361) + (Paz X A4261) V)
= Pg1 (Ad6185 T A6189 + A6190)
(P2g X A2g62) + (P34 X A3462) + (Pag X Au362) = Poz (A6286 t+ A6288 + 462 90) ¢Y)
Pg3 = (P29 X A2963) + (P3g X A3063) + (P32 X A3263) (%)
Pey = (P29 X A2964) + (P31 X A3164) + (P34 X A3464) (5%)

Pgs = (P3g X A3065) + (P31 X A3165) + (P33 X A3365) (50)
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Pgs = (P32 X A3266) + (P33 X A3366) + (P34 X A3466) )
(P35 X A3567) + (P3g X A3g67) = Po7 (Ade777 + A67 01 + 67 92) V)
(P35 X A3568) + (P36 X A3668) + (P39 X A3968) = Psg (Adsg g0 T Aeg o1 + A6g93) (M)
(P35 X A3569) + (P37 X A3769) + (Pao X A4069) = Peo (Ade9 82 T 46992 + A6993) ($9)
(P3¢ X A3670) + (Pa1 X A4170) = P70 (27083 + A70 91 t A7094) )
(P3¢ X A3671) + (P37 X A3771) + (Paz X A4271) = P71 (A7185 + 47193 + 171 94) )
(P37 X A3772) + (Pyz X A4372) = P72 (A7286 + A7202 + A7294) vY)
P73 = (P3g X A3g73) + (P39 X A3973) + (P41 X A41 73) Ap)
P74 = (P3g X A3874) + (Pyo X Ag0 74) + (Paz X A4374) v¥)
P75 = (P39 X A3975) + (Pyo X A4075) + (Paz X A4275) Vo)
Pyg = (Pyy X Ag176) + (Paz X A4z 76) + (Paz X 43 76) v$)
Py; = (Pyo X A4977) + (Ps7 X As777) + (Pe7 X Ag7 77) V)
Pyg = (Pyo X A4978) + (Psg X Asg78) + (Ps3 X As375) (VA)
Pyg = (Pyo X A4979) + (P51 X As5179) + (Psg X As5679) (va)
Pgo = (Psg X A50380) + (Psg X Asggo) + (Peg X Aggg0) (A+)
Pg; = (Pso X A5081) + (P51 X A5181) + (P54 X A54.81) ()
Pgy = (P51 X As182) + (Psg X As982) + (Pso X Ag9g2) (AY)
Pg3 = (Ps3 X As383) + (Pso X Agpg3) + (P70 X A7083) (AY)
Pgq = (P53 X As384) + (P54 X A5484) + (Psg X A5684) (AY)
Pgs = (P54 X A3g85) + (Ps1 X A6185) + (P71 X 471 g5) (AD)
Pge = (Psg X Asgg6) + (Po2 X Ag286) + (P72 X A7286) (A$)

Pg; = (Ps7 X As787) + (Psg X Asgg7) + (Peo X A6087) (AY)
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Pgg = (P57 X As7g8) + (Psg X As9gg) + (Pe2 X A62 85) (AA)
Pgg = (Psg X Asggg) + (Psg X Asggg) + (Pe1 X Ag189) (AQ)
Pyg = (Psg X 460 90) + (Ps1 X A61.90) + (Ps2 X 462 90) @)
Py = (Pg7 X Ag791) + (Peg X Aggo1) + (P7g X A70091) @y
Pyy = (Pg7 X Ag792) + (Pog X Agg92) + (P72 X A7292) @v)
Py3 = (Peg X Aeg93) + (Pog X A6993) + (P71 X A7193) @r)
Py = (P79 X A7094) + (P71 X A7194) + (P72 X 472 94) %)
28 @)
z P =1

k=1
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:b‘}ni‘f
2‘1 2, 2‘3 8 2‘4- 9/ 2‘5 10/ 2‘6 11, '112 22, 113 26’ 114 27 115 28 A'16 29, A'17 30 “%)
’ 2’18 31 2’19 32 2’20 33 121 34 1'35 48, 1'36 52, A’35 68, A’37 55/ 138 57, 139 58
’ )'4-0 59, )'4-1 60 )'4-2 61 143 62 167 77 168 80 )'69 82, )'70 83, 2‘71 85/ 2‘72 86 — A’D
Al 3 AZ 8, /14- 13» /15 14 /16 15, A7 22y A() 260 /110 27y All 28y Al6 38 117 39/ 118 40 “av)

» M9 41,420 42, 421 43, 423 48, A24 52, A25 55, 429 57, 430 58, 431 59, 432 60

s A33 61, 434 62, 44977, A50 80, A51 82, A53 83, A4 85, As6 86, = AE

A1 4,42 9,23 13,45 17, A6 18 A7 23, A8 26, A9 29, 410 30- 411 31, 412 35, A14 39 aA)
s A15 40, 419 44, A20 46, A21 45, A24 50, A25 51, 427 58, A28 59, 432 63, 433 65

s A34 64, A36 68) 437 69, 441 73, 442 75, 143 74, A53 78, As4. 81, A56 79, A60 87

A6189 Ae288 470 91,471 93, 47292 = A4

1542 10,43 140 2417, A6 20, A7 240 A8 27, A9 30, A11 33, A2 36: 41339, Ais 42 (19)
s M6 44, M8 a6, A21 47, 423 50, A25 54 A26 58, A28 61 429 63, 431 65, 434 66

s A35 68, 437 71, A38 73, 440 75, 443 76) A49 78, A51 81, A56 84, 457 87, A59 89

s A62 90, 67 91, 46993, 472 04 = Ap

A 642114315, A4 18, 45 20047 25, A8 28, A9 31, 410 33, 412 37, A3 40, A1a 42 (ev)
s M6 45,417 460 419 47, 23 51, A24 540 A26 59, 427 61, A29 64, 430 65, 432 66

s A35 69, 436 71, A38 74 439 75, A41 76, 249 79, A50 81, A53 84, A57 88, A58 89

» 46090, A67 92, A68 93, A70 94 = Ac

Ay 7 /13 12/ 18 22 19 23 /110 240111 25»/113 35»/114 36»/115 37:/126 48, /127 52 (YY)
s A28 55, 420 49, 430 50, 431 51, 432 53, 433 540 434 56, 438 67, 439 68, L4069

s A41 70, Aaz 71, A3 72, 57 77, A58 80, As9 82, A0 83, A61 85, A62 86 = /1Q

A416: 4519, A6 21, 410 32, 411 30 413 38, A1a a1, A15 43, 417 40 Aig 4, A20 47 (\+Y)
s A23 49, A24 53, A25 56, A26 57, 427 60, A28 62, 430 63, 431 64, 433 660 435 67

» A36 70, 437 72, A39 73, A40 74 42 76, A50 78, A51 79, As4 84, A58 87, A59 88

» 46190, 68 91, 46992, 471 94 = Ap



WA 5L Y L F epled ) 65 cSlkes 5 A5 e /5

UL:{LJ&LAW})‘Lg_ij_bj.ﬁWW‘)J&;J}JW\‘J}SJDSWJG@L;M@}b

o b 2alS (S 2 glaas e ol Sl eslitel b e 5 LT s o 0 o3I L 5 baas

4 g ‘JMA.JSAS@).{JL@ JJSWMQ\y&JEJAO)jJJwaJSLSJLEA‘Mﬁw;ﬁf
:J‘i‘&)b J{.J Q)MA.: Lf’al'.") JJ\.A c)jst QL@W‘ )‘ e.}m‘hcam&lﬁ CJL.&_)]M

MinZ=cP+Cch+cC"+Cs (\oF)

Subjected to:

O+
=%, Zj(yzfj Cip;'

(V+0)
= 3. 3,008¢%)

CP = CPO 4 PP (7)

H _ |28 10 Pi(. P ~H Py( . P rH
C —Zk=1PK( j=1(VVk (yljclj)-l'VVk (ijCZj))) (V)
CR =8760 % C" * (/) « (P} + P} +P}) (Ve A)
S = 8760 % €S (1/;) * P (1+9)
Pf=P1+ P2+P3+ P4+P5+P6+P9+P10+P11+P13+P14_+P15 (\\.)

P{ = Pig + P17 + Pig + Pig+Pyg + Py + Pyg + P3g+P3q + P3p + P33 + P3utPsg+  (yyy)
P3g + Pyo + Pyq + Papy + Pz

P} = P; + Pg + Py; + Py3 + Pyy + Pys + Pyg + Py + Pag + P3s + P3g + P35 (OYY)

Py = Pyg+ Psg + Psy + Ps3 + Psy + Psg + Ps; + Psg + Psg + Peg + Pe1 + Pe2 + Ps7 (111

Ps=1—(P'+P] +P} +P}) (Y F)

Paypi=1 Vp € (R, Q) (110)
Z} 1y0] Yo € (4,B,C,E,D) (11$)
yoi Y9 €{0.1} vp € (E,D),Vo € (4,B,C) (1Y)
Ap = 2121 Vhidp; Vp € (R,Q) (V\A)
Ao = Xj21Yeihoj Vo € (4,B,C,D,E) (1)

cP <B° (YY)
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