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ABSTRACT

Production continuation highly depends on maintenance and repair operations that justify supporting
the supply of spare parts for these purposes, especially in strategic industries. The integration of
forward and reverse spare part logistics network can help optimize total costs. In this paper, a
mathematical model is presented for designing and planning an integrated forward-reverse repairable
spare parts supply chain (RSPSC) to make optimal decisions. The model considers the uncertainty in
demand during the lead-time and the optimal assignment of repairable equipment. A METRIC (Multi-
Echelon Technique for recoverable Item Control) model is integrated into the forward-reverse supply
chain to handle inventory management decisions. A case study of the National Iranian Oil Company
(NIOC) is presented to validate the model. The non-linear constraints are linearized by using a
linearization technique; then the model is solved by an iterative procedure in GAMS. A prominent
outcome of the analyses shows that the same policies for repair and purchase of all the equipment and
spare parts do not result in optimal solutions. Also, considering all the supply, repair, and inventory
management decisions help decision-makers enhance the supply chain's performance by applying well-
balanced repairing and purchasing policies.

KEYWORDS: Supply chain management, Network design; Inventory management, Logistics, Repairable
spare part.

1. Introduction
Reusing and recycling materials have a long
history.  These  decisions  increase  the
manufacturer's responsibility not only during
production but also after production [1]-[5].
Forward and Reverse supply chains are essential
parts of any business that must be implemented
effectively throughout the economy. The closed-
loop supply chain integrates the forward and
reverse flow. These supply chains can be ranked
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similarly to forward supply chains to measure
performance [6], [7].

Maintenance is an inseparable part of operations
in industries which constitutes 15-40 percent of
total production costs [8]. Maintenance and repair
operations (MRO) require several resources, such
as human resources, material, budget, and time.
Spare parts are the essential materials used in
MRO, which absorb major capital. As a tangible
example, spare part inventory management costs
include salaries, orders, and fixed costs (buildings
and utilities), which add up to about %20 per year
to purchase cost as inventory management costs
can be generalized to other spare parts.

The essence of spare parts necessitates holding
safe stuck in warehouses, which additionally
consume storeroom, time, cost, and energy.
Therefore, well-organized inventory management
can save money to a significant degree of the
extent [9]. Since companies' financial resources
are limited, integrating forward and reverse spare
part supply chain can reduce total costs through
repairing, reusing, and remanufacturing [10].
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In this research, a mathematical model is
presented for network design and planning of a
forward-reverse repairable spare parts supply
chain that considers strategic and tactical
decisions.  The decisions involve the flows
between facilities, inventory planning of spare
parts in repair centers, and order assignment to
suppliers. The proposed model also integrates the
forward and the reverse supply chain considering
inventory management decisions in warehouses
following a two-echelon model. Since repairable
spare parts are discussed in this paper, METRIC
model is the common framework used in the
literature.

The paper involves the following sections: First,
a literature review of the related researches is
provided in section 2. Then, the problem is stated
in section 3. The model formulation is presented
in section 4. A detailed case study is presented in
section 5. The results and sensitivity analyses are
presented in sections 6 and 7. Finally,
conclusions and future research opportunities are
expressed in section 8.

2. Literature Review

In this section, we review the researches relating
to the forward-reverse supply chain over the
recent years to investigate the research gaps in
the closed-loop supply chain regarding the
possible inventory management, repair, and
supply decisions for low-demand products. We
focus on the spare part as its demand
characteristics subordinate the recent field.
Jayaraman et al. (1999) proposed a closed-loop
logistics model for remanufacturing. In this
network, there are facilities such as
remanufacturing,  distribution  centers, and
collection centers. The objective function of the
proposed model is to minimize total costs [11].
Chung & Wee (2008) addressed saving resources
due to the importance of environmental
considerations. For this purpose, a network
design of disassembly, inspection, repair, modern
production, and recycling centers is considered.
Inventory planning is also under focus in the
proposed model [12]. These researches do not
consider supply planning decisions.

Sasikumar et al. (2010) proposed a model for the
multi-tier reverse logistics network for recycling.
The nonlinear programming model maximizes
total profit [13]. Vahdani et al., (2012) presented
a model for minimizing cost in a supply chain
including, remanufacturing, recycling,
distribution, collection, and processing centers.
M/M/c  queuing model is considered in
processing centers [14]. He & Hu (2015)
investigated the emergency supply chain and

presented a mathematical model. In this supply
chain, depot, distribution, and rescue centers are
considered. A queuing model is formulated for
minimizing response time. M/M/1 queuing model
is considered for each node. To solve the model,
a genetic algorithm is used [15]. Choudhary et al.
(2015) examined a closed-loop logistics network
and proposed a model that focuses on reducing
carbon dioxide. Facilities in this network include
production, distribution, collection, recycling,
and disassembly centers. The mixed-integer
linear programming model aims to minimize total
costs. Heuristic and meta-heuristic algorithms
have been used to solve the model [18]. Sarratha
et al. (2015) proposed a bi-objective model for an
integrated production-distribution supply chain
that includes manufacturers, distribution centers,
retailers, and customers. The multi-product,
multi-period model minimizes the total cost of
the supply chain and the lost sale amount. The
multi-objective  Particle Swarm Optimization
Algorithm (MOPSO) solves the model [19].
None of these researches considered inventory
management decisions such as ordering, storing,
and other related decisions besides the other
decisions.

Hatefi et al. presented an uncertain model for the
forward and reverse logistics  network
considering facility disruption. The products are
collected from the customer and moved to the
inspection centers then they are divided into two
types of recyclable and non-recyclable [16]. The
model optimizes the total costs. Mirakhorli
(2014) presented a fuzzy multi-objective model
for a closed-loop logistics network. This paper
considers the forward and reverse logistics and
defines the facilities such as production,
distribution, collection-inspection.  Recyclable
products are used, and the rest is disposed. The
customer’s demand and the amount of returned
products are uncertain [17]. Zohal & Soleimani
(2016) proposed a multi-objective mathematical
model for a closed-loop supply chain that
minimizes costs and amounts of released carbon
dioxide and maximizes revenue. The supplier,
manufacturer, distributor, collection centers,
recycling, and disassembly centers are defined in
this network. The ant colony optimization
algorithm is used to solve the model, and its
performance is compared with the exact approach
[20]. Pedram et al. (2017b) proposed a mixed-
integer linear programming model. The model
considers the uncertainty in demand, returned
products, and the quality of returned products.
The scenario-based approach is used to deal with
this uncertainty. The model aims to maximize
profit and minimize negative environmental
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effects [21]. These researches focus on different
decisions, but procurement decisions such as
lead-time and replenishment time are not
examined. Different analyses on these decisions
can be helpful in performance assessment
especially when uncertainty comes to the light.
Ahmadi kurd et al. (2017) presented a robust
optimization model in a reverse logistics
network, including locating treatment plants,
storages, deciding on establishing the canals, and
optimal flows. The deterministic model
determines the locations and allocation. Finally,
the model is validated by analyzing the case
study of Tehran province [22]. Yadollahinia et al.
(2018) examined a forward-reverse supply chain
and developed a linear multi-objective, multi-
period, and multi-product linear = model
considering uncertainty. They wused robust
optimization to deal with the uncertainty [23].
Kim et al. (2018) declared that production
planning is affected by customers’ demand
uncertainty and reverse logistics issues. They
presented a robust model to maximize the total
profit that outperforms the deterministic one [24].
Doan et al. employed a fuzzy approach to deal
with uncertain parameters in a model for the
electronics reverse supply chain. The model aims
to minimize total costs [25].

Tosarkani & Amin (2019) proposed an
optimization model for a forward-reverse supply
chain under uncertainty. In this research, a
closed-loop multi-tier supply chain network for
the acidic battery is designed in uncertain
conditions. Fuzzy and stochastic programming
are integrated to maximize profit under different
scenarios. Also, the environmental considerations
of the supplier, factory, and recovery centers
have been considered. The proposed model is
solved using CPLEX solver [26]. Sadeghi et al.
(2020) developed a closed-loop supply chain
model in the automotive spare parts
manufacturing industry. The multi-period, multi-
product model aims to minimize total costs. This
model covers facility location and routing
decisions [27].

Table 1 shows the comparison of reviewed
papers from the objective function, case study,
decisions, uncertainty, and the structure of the
supply chain. The research gap is presented in the
following:

e This study discusses repairable equipment
and spare parts that are inherently different
from other products regarding low
demands and expensive values

e Inventory management decisions are not
considered with others such as supply and
repair in reviewed works

e In other researches that discuss repair
decisions, they did not focus on inventory
planning and repair capability. Also, we
consider the capacity of repair centers
which make the model more realistic

e To the best of our knowledge, previous
researches just focused on separate
deterministic or stochastic models, but we
consider an integrated model that can

enhance the results; additionally,
performance assessment is examined in this
paper

e Papers that discussed stochastic demand,
used a constant parameter for the mean
value, but we consider it as a variable that
makes the model more realistic.

3. Problem Statement

Industries impose high maintenance costs to
ensure the proper performance of the equipment.
Spare parts are a must in supporting the
maintenance and repair operations in strategic
industries. Therefore, companies hold essential
spare parts to achieve high responsiveness in
maintenance and repair operations, but holding
the low-demand rate and expensive spare parts
declines  the liquidity.  Thus, inventory
management can reduce excess inventory and
increase the liquidity while maintaining the
service level. High inventory levels would be
futile and it can impose huge costs on the
companies. Since many years ago, companies
have decided to deal with this problem in various
industries through an integrated forward-reverse
supply chain.

In this paper, we discuss the process of repairing
the repairable spare parts and supplying the spare
parts. The suppliers supply equipment and spare
parts used in repairing the equipment. An
equipment involves some spare parts that should
be repaired or replaced when becomes defective.
Integrating the supply and repair decisions leads
to optimal decisions in all parts of the supply
chain. The proposed supply chain is shown in
Figure 1.

Defective equipment moves from end-users to
inspection centers where repairable or non-
repairable equipment is specified. Repairable
equipment is assigned to the repair center
according to capability, repair time, and capacity,
and non-repairable equipment is disassembled in
disassembly centers. Repair centers need spare
parts for repairing equipment, supplied from
disassembly centers or central warehouses.
Unusable spare parts from non-repairable
equipment in disassembly centers are destined to
raw material manufacturers. New branded
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equipment and spare parts are supplied from
suppliers. A two-echelon inventory model,
formulated using METRIC, is integrated into the
forward-reverse supply chain, which handles
inventory management decisions to minimize
total costs. The integrated mathematical model
makes optimal decisions as the following:

e Order assignment to suppliers considering
purchase cost, defect rate, and the supplier
capacity;

e Determining the optimal stock in central and
local warehouses;

e Inventory planning in repair centers;

Optimal assignment of equipment and spare
parts to facilities.

e Average replenishment time in
warehouses;

local

4. Mathematical Formulation
In this section, first, the model's assumptions are
described, then the indices, parameters, and
decision variables are presented. Spare part as a

unique terminology can mean equipment or spare
part (sub-component of equipment)

4.1. Assumptions

e Repairable spare parts are discussed in this
study;

e All the usable spare parts of the repairable
equipment are stocked in repair centers;

e The locations of the facilities are predefined;

e Travel time between central and local
warehouses is a constant;

e Demand rates of spare parts during the lead
time are stochastic and follow a Poisson
distribution;

Each SRU is only found in one LRU;

e Replenishment policy in warehouses follows
the base stock policy (s-1, s);

e Shortage never happens in
warehouses;

e Repair costs of spare parts involve human
power, material, tools, and energy

central

Tab. 1. Comparison of present paper with the reviewed researches

Facilities Decisions Objective function
=) _ A 3] 5 C
g c £ ¢ fz:f§ :E
Author year 3 s = = g O »® ¢ 8 %_ -~ » B & & & 3z
5 2 8 @ % £ & g2 < g &5 g £ 2 & 2 & B
£ o < @ & & = & = Q R N - =
2 &8 5 % & & ¢ &8 £ 5 g & < = 2z 5 g <
& & 5 5 g E & % 2 & =z ¢ ® g 3 B
= 7 - = & 8 % & = &g s = % ¢
= g R 2 2 g =2 2
& g E
Jayaraman etal. 1997 * * * * *
Chung and Wee 2008  * * * * *
Sasikumar et al. 2010 * *

Vahdani et al. 2012 * * * * *

He and Hu 2015 * *
Mirakhorli 2014 * * * *
Choudhary etal. 2015 * * * *
Sarrafha et al. 2015 * *
Zohal et al. 2016 * * * * *

Pedram et al. 2016 * * * * *
Zhalechianetal. 2016 * * * * * * * *
Ahmadi kurdetal. 2017 * * * * * *
Yadollahinia etal. 2018 * * * * * * *

Tosarkani et al. 2019 * * * *

Sadeghi et al. 2020 * * * * *

Present paper 2021 * * * * * * * *
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|
Suppliers } N
> |
[—— || End Users
° Locgl vendors || | "3 Repair centers EEE - E-8-8, e
e Foreign vendors } i ! | Central - Local |
| : ! | Warehouses | Warehouses :
Raw material || 1! - == |
Manufacturers || 1L ___________| Inspection |alo———______
i | =T centers :
L l_ 7777 Disassembly S :
\ centers |
I q
| supply chain under study :
Forward flow of equipment (New or Repaired) ~** * * Flow of new branded spare parts -
Forward flow of Repaired equipment = Reverse flow of usable spare parts -—— -
Forward flow of new branded equipment —_— Reverse flow of defected equipment -———
Fig. 1. The forward-reverse spare part supply chain
4.2. Indices and sets
5,51,5, €ES Equipment and Spare parts
wew Warehouses
w, €W, whereW, € W Central warehouses
w, € W, whereW, € W Local warehouses
re€R Repair centers
i€l Inspection centers
cecC End-users
deD Disassembly centers
meM Raw Material Manufacturers
s'es Suppliers
s, €S, whereS; € S’ Local Vendors
s, €S, whereS, € S’ Foreign vendors
4.3. Parameters
d Demand of end-user ¢ from equipment/spare part s
scC
tCss Transportation cost of spare part s from supplier s'to central warehouse w,
tc Transportation cost of spare part s from central warehouse w; to local warehouse w,
SWiw>
tc Transportation cost of spare part s from warehouse w, to end-user ¢
swapc
tc Transportation cost of spare part s from repair center r to central warehouse w
STw
tc Transportation cost of spare part s from repair center r to end-user ¢
src
tc Transportation cost of spare part s from disassembly center d to repair center r
sdr
oo Transportation cost of spare part s from end-user ¢ to inspection center i
ScL
te.. Transportation cost of spare part s from inspection center i to repair center »
Sir
tc Transportation cost of spare part s from inspection center i to disassembly center d
sid
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Transportation cost of spare part s from disassembly center d to raw material manufacturer m

tcsdm
A Order cost of spare part s from central warehouse w; to supplier s’
ss'wq
re The repair cost of spare part s in repair center
ST
rd The disassembly cost of equipment s in disassembly center d
sd
rt The amount of work (Man-Hour) required for repairing spare part s in repair center »
ST
cap Available capacity (Man-Hour) in repair center »
N
cp 1, if repair center r has the capability of repairing spare part s, 0 otherwise
s
SC.r The capacity of supplier s'for spare part s
SS
Price of spare part s from supplier s’
PCss!
p 1,if s, € s is a sub-component of spare part s, € s, 0 otherwise
5152
sv Average salvage value of unrepairable spare part s
N
h Holding cost of spare part s in warehouse w
SwW
hr, Holding cost of spare part s in repair center
d Defect rate of spare part s from supplier s’
fss'
pu Probability of using spare part s, for repairing equipment s,
S1S2
md Maximum acceptable defect rate of spare part s
N
10 Initial inventory of spare parts s in warehouse w
sw
T Travel time of spare part s from central warehouse w, to local warehouse w,
SW1Wp
be Backorder cost of spare part s in warechouse w,
swy
! Leadtime of spare part s from supplier s’ to central warehouse w;
sS'wq
gy 1, if spare part s in disassembly center d is usable, 0 otherwise
G.. The proportion of repairability of equipment s in inspection center i
St
_ Leadtime of spare part s from central warehouse w,
Tswy, = Hss"wy
Sl

4.3. Decision variables
' Amount of spare part s transfers from End User ¢ to inspection center i

Xsci

Vieir Amount of spare part s transfers from inspection center i to repair center

Veid Amount of spare part s transfers from repair center i to disassembly center d

Zegr Amount of spare part s transfers from disassembly center d to repair center »

Zogm Amount of spare part s transfers from disassembly center d to raw material manufacturer m
x® ss'wy Amount of spare part s transfers from supplier s’ to the central warehouse w;

x@® — Amount of spare part s transfers from repair center r to the central warehouse wy
y(l)swlw2 Amount of spare part s transfers from the central warehouse w;to the local warehouse w,
y(z)srw2 Amount of spare part s transfers from repair center r to the local warehouse w,

zM swac Amount of spare part s transfers from local warehouse w, to End User ¢

z@.. Amount of spare part s transfers from repair center » to End User ¢
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Wsw, r Amount of spare part s transfers from warehouse center w; to repair center »
I, Expected inventory of spare part s in warehouse w

I, Expected on-hand inventory of spare part s in warehouse w

I, Expected shortage of spare part s in warechouse w

s9. Stock position of spare part s in warehouse w

sty Stock level of spare part s in repair center r

way,, Average waiting time of replenishment spare part s in the central warehouse w;
o, Expected lead-time time for spare part s in the local warehouse w,

D() Stochastic demand during lead time

Ao Demand of spare part s in warehouse w

The two-echelon model formulates the inventory management system using METRIC. Each spare part is
substituted based on the stock replenishment policy. The demand of each spare part in each warehouse
during lead-time follows Poisson distribution and the mean of demand is as the following:

— €Y}
Aswl - Z yswlwz (1)

Average on-hand inventory and shortage in central and local warehouses are computed in (2,3) and (5-7)
[28]. It is worth pointing out that the average shortage is computed for the central warehouse.

stl

-1 T SOw.—j
f = jox S e on) viw, @
=1 w _]s)'
Iswl I;wl Is_wli
Iswl = Ssowl - Aswl Tswy Vs, wy 3)
Is_wl sw1 ( N2 swlTswl)

Little law is presented in (4) to obtain the average waiting time.

I

_ lswy
Wy, = 7= Asy, #0 Vs, wy (4)
SWyq
T = T +wa
swy & ( SWqWwp swl) Vs, w, (5)
wy, stlwz >0
Sdw 0 i
_Aswzfswz (/‘1 )stz —IJs
SWo swz
It Z Js % : Vs, w, (6)
=l —Js)!
je=
+ - 0o _
Iswz Iswz Isw2 ’ Isw2 SSWz Aswz Tsw, Vs, w, (7)

[ 0 -
Isw2 - Isw2 - (stz - Asszswz)

4.4. Objective function and constraints

MinZ= Z ZZ tCss, X XM (8-1)
N s' w1
+Z Z Z tcsrwl X x(Z)Sr‘Wl
s r wp
+ZZZ s, X VD 0, (8-2)
s r wy
2
YN e x 28
N r c
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+ZZZ s XYV,
W1 W3
1

PN e x5

s wy, ¢
DR PR
+ZZZ tcstr X ystr +Z ZZ tcstd X ystd
DR NI ZZZ

DY PRI

s
DI
s T
# 2, 0. Ve,
s wy
YN e
s i r
# 2,02t Vi
s i d
=20, X
s d m

Terms (8-1) through (8-7) present the
transportation costs between facilities. Ordering
cost is expressed in Term (8-8). Term (8-9)
shows the purchase cost of spare parts and
equipment from suppliers. Term (8-10) and (8-
11) show the holding costs in warehouses and

(8-3)
(8-4)
(8-5)
(8-6)
(8-7)
(8-8)
(8-9)
(8-10)
(8-11)
(8-12)
(8-13)
(8-14)

(8-15)

repair centers. Term (8-12) represents the
shortage costs in the local warehouse. Term (8-
13) and (8-14) computes the repair and
disassembly costs. Term (8-15) is the salvage
value.

(1)
sw1 Z Vs SW1Wo
— D
swz - Z ysw1w2

SSW1 0 i
Z Aswlfswl (Aswl swy )SSW1 —Is
sw1 Js X
=l —Js)!
Js=

- —Jt 0
Iswl - Iswl - (SSW1 - Aswl Tswl)

_ Iswy
Wi, =7 Asw, #0
SWq
Tsw, = § (Tswlwz + Waswl)
wq, y_gW)IWZ >0
stz
—Asw, T S, —J
swy Tswy (ASWZ SWZ) swp s
sw s
? I —Js)!
js—l sw2 s
Iswz swz ( swy sszswz)

Vs,c 9
Vs, wy (10)
Vs, w, (11)
Vs, wy (12)
Vs, wy (13)
Vs, wy (14)
VSI WZ (15)
Vs, w, (16)
VSI WZ (17)
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0 1 2 — cO0 1
Isw2 +Zy( )SW1W2 +Zy( )srwz - SSWz +ZZ( )sw c
wy r ¢
I?wl + Z x(l)ss'wl = SSOW1 + Z Wsw,r + Z y(l)swlwz
s r wa
w2

Z ysl.d Z(l - Sl.) X xSCl

Z ysir = Z Gsi X xsci

Z ySI.T‘ - Z x( )srwl + Z y(Z)srwz + Z Z(Z)src
Wy

Z Wswlr + Z Zsar = pusls X Zy;ir + STsr

Z sldr Z aszd X p3132 X yszld

Z Zsldm = Z(l szd) X pslsz X yszld

m i

@ .
Zx SS Wy SScss

w1

Z Xsci = dsc

i

Z y;ir SMX CDrs

Z Z rtST‘ X ySLT‘ Capr

Zs'zwl dfss'x ss'wq
Zwlz ‘X 1)ss'wl
Xsci = 0,int
Veir = 0,int
ys”id 20, int
Zsar 2 >0,int
Zsgm = 0,int

x D > 0,int
SS w-

xg‘),v = 0,int

< mdy

1
ys(w)lw2 0, int

(2)

Srwy = 0,int
zs(‘}v)zc > 0,int

(2)

Zg. 20,int
S8, =0, mt

Constraint (9) ensures the demand to be met.
Constraint (10) calculates the shipments from
each central warehouse, and constraint (11)
presents each local warehouse's demand.
Constraints (12)-(17) show the METRIC model.
Constraints (12) and (13) express expected on-
hand inventory and shortage. The average
waiting time of replenishment in the central
warehouse is calculated using little law in
constraint  (14). The waiting time of

Vs, w, (18)

VS, Wl' Z pSS
= (19

>0

Vs, wy (20)
Vs, i (21)
Vs, i (22)
Vs, r (23)

Vs, 8,1 (24)

VSl, S2, d' pslsz

>0 (25)
vsl' S2, d' p3132 (26)
>0

27)

VS, C' Z pssl
- (28)

Vs, r (29)
vr (30)

Vs (31)

Vs,c, i
Vs, i, r
Vs,i,d
Vs, d,r
Vs, d,m

vs,s,w;

Vs, r,wy (32)
Vs, wy, w,
Vs, r,w,
Vs, w,,c
Vs,r,c

Vs, w
Vs, w

replenishment for local warehouses is represented
in constraint (15). Expected on-hand and shortage
inventory in local warehouses are calculated by
Equations (16) and (17). Constraints (18) and
(19) ensure the balance of flows in local and
central warehouses, respectively. Eq. (18)

related to the balance of flows of the spare parts.
It ensures that the output of repair centers be
equal to the number of spare parts entered.
Constraint  (19) expresses the balance of
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equipment, and constraint (20) is the balance of
spare parts in central warehouses. Constraints
(21) and (22) show the balance of flows in
inspection centers. Constraint (23) expresses the
equality of input and output flow of the
equipment in repair centers. Constraint (24)
expresses the amount of spare parts needed for
repairing equipment in repair centers. The
balance of flow in disassembly centers is
represented in constraints (25) and (26). The
maximum capacity of suppliers is expressed in
constraint (27). Reverse flow comes from end-
user to inspection shown in constraint (28), that is
the flow of defective equipment. Constraint (29)
ensures the assignment of equipment to the repair
center considering repair centers' capability.
Then, constraint (30) and (31) specifies the
maximum capacity of repair centers and defect
allowed for each spare part. Finally, constraint
(32) shows the domain of the decision variables.

5. Case Study

Oil is a strategic product, especially in Iran,
which composes a prominent part of overall
revenues. Iran owns about 9.5% of the global
reserves, which equals 45.7 Billion dollars, about
4% of the total world oil revenue. Therefore,
well-organized maintenance and repair planning
is vital in such an industry to enhance the
production level. Several resources are utilized to
perform operations, such as human resources,
material, and tools. Spare parts are essential
materials used for repair and maintenance
operations (MRO) of equipment. Proper
inventory and supply planning can improve the
reliability of the systems by supporting MRO.

The National Iranian South Oilfields Company
(NISOC), as the largest subsidiary of the National
Iranian Oil Company, spreads over more than
400,000 square kilometers from Bushehr

IRAQ "

province to northern Khuzestan, which includes
about 80% of the total crude oil and 16% of the
total gas production. In this territory, there are
vast fields such as Ahwaz, Gachsaran, Marun,
Aghajari, Kranj, and Bibi Hakimeh, and Rag
Sefid, which are presented in Figure 2.

This territory is considered the under-study field,
including two central warehouses, five local
warehouses, and ten installation bases (end-
users). Central warehouses are considered to exist
in Ahwaz and Gachsaran. Also, local warehouses
exist in all the provinces. Three inspection
centers, three repair centers, and three
disassembly centers are specified in this area.
Repair centers are located close to the central
warehouses. Additionally, end-users are near the
local warehouses.

Gas turbines are used in a significant portion of
the oil industry and provide mechanical energy
from the chemical energy of the combustion
process. They are too expensive and need precise
maintenance planning. Two types of low-
demand, expensive equipment of Gas turbines are
selected, including turbine burner and stator,
shown in Figure 3. The spare parts may be
different in various turbines.

Burner or combustor is equipment in which the
fuel is combined with high-pressure air and
burned. The process generates high-temperature
exhaust gas resulting in thrust. Stator and burner
are repairable equipment that are composed of
other spare parts that can be repairable or non-
repairable. The repairability of the equipment is
examined in the inspection center.

The repairable equipment is heading to repair
centers according to the capability and capacity
of repair centers, and the rest of the equipment
moves to disassembly centers. The components
(i.e. the spare parts) of the equipment are
presented in Table2.

IRAN
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Knwait city®m st
§
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»
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Fig. 2. The territory of the National Iranian‘South Oilfields Company
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Ol ©
Fig. 3. (a) Gas turbine, (b) Turbine Stator blades & (c) burner

Tab. 2. Spare parts of the equipment
Turbine Burner Turbine Stator

1 Panel pak filter Flexible joint

2 Solenoid valve Filtometer

3 Washer Solenoid switch

4  Swirler cone  Multiduty air filter

5 Flame tube
The available capacity of the repair centers is Also, the expected repair time is 50 and 30 Man-
3000 Man-hour, which limits the number of hour for the turbine burner and stator,
repairs. Each repair and disassembly operation respectively. All the repair centers are qualified
charges a specific cost, including material, human for the repair operations of the turbine burner and
resources, tools, and energy. The expected repair stator.

and disassembly costs can be seen in Table 3.

Tab. 3. Repair & disassembly costs (USD)
Equipment Repair center Disassembly center

Turbine Burner 75,000 7,500

Turbine Stator 87,500 5,000
The equipment and spare parts are supplied from the maximum defect rates for equipment and
various suppliers that differ in capacity, price, spare parts are respectively 0.05 and 0.1.

and defect rate, shown in Table 4. Additionally,

Tab. 4. Suppliers and the details

© Supplier 1 Supplier 2 Supplier 3

g“ ~~~ ~~~

Q@ a 2 2 2
S R z @ = 2 2 = oz 9 2
Z o g o B - o B - 15} B -
ENS g & < |5} < 15} I~ 153

& & 8 < ) 3 £ g 3 <
1 Turbine Burner 20 290,000 0.01 20 300,000 0.01 10 500,000 0.01
2 Panel pak filter 100 757.5 0.1 50 800 0.1 50 750 0.1
3 Solenoid valve 50 7627.5 0.05 20 7532.5 0.05 20 7550 0.05
4 Washer 500 85 0.01 500 112.5 0.01 500 125 0.01
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5 Swirler cone 50 2075 0.01
6 Flame tube 10 15,000  0.01
7 Turbine Stator 10 875,000 0.01
8 Flexible joint 250 500 0.01
9 Filtometer 1000 250 0.02
10 Solenoid 500 50 0.1
switch
1 Multiduty air 500 75 0.1
filter

20 2250 0.01 20 2500 0.01

5
5

22850  0.01 5
750,000 0.01 5

22850 0.01
1000,000 0.01

100 625 0.01 100 750 0.01
500 500 0.01 500 525 0.02

100 0.1 300 0.1

42.5 55

500 0.1 500 0.1

75 75

Initial inventory of central and local warehouses
and the holding costs can be seen in Table 5.
Also, holding costs in repair centers are the same
as the warehouses. There is no initial inventory

available in repair centers. The demands for the
equipment and spare parts make the flow
throughout the forward and reverse supply chain.
Demands of installation bases are presented in
Table 6.

Tab. 5. Initial inventory and holding costs in warehouses

Warehouses

Initial inventory

HCPU" (%)

Central warehouses

Local warehouses

B W =N
coococo o~ =
cocoocococofr

5

SO OO

Ju—
OOM

N

85

13
15

5.6 7 8 9 10 11

2 13 18 16 0 4 2 0.15
0o 0 0 0 0 0 O 0.15
0 3 0 0 0 0 O 0.15
o 0 0 3 0 0 O 0.15
o 0 0 1 0 0 O 0.15
o 0 0 2 0 0 O 0.15
0 0 0 0 0 0 o 0.15

"Holding Cost Per Unit (%)

Tab. 6. Demands of end-users (installation bases)

Equipment/ Spare

End-users (installation bases)

parts 1
Turbine Burner 3
Panel pak filter 1
Solenoid valve 1

Washer 1
Swirler cone 0
Flame tube 0
1

0

0

0

1

Turbine Stator
Flexible joint
Filtometer
Solenoid switch
Multiduty air filter

2

SO PO OO OO OoOo

SO OO O OO OO M~ W

4 5 6 7 8 9 10
0 2 0 1 1 1 1
0 0 010 0 O
01 0 00 1 1
0 0 0 00 0 O
0 0 0 01 0 O
0o 1 0 00 O O
0 1 2 00 0 1
0 0 1 00 0 O
0 0 0 00 0 O
01 0 0 0 0 1
0 0 1 00 0 O

The proportion of repairability for the equipment
determines the amount of output in inspection
centers. The parameters in Table 7 depends on

the lifetime of equipment and spare parts, repair
expertise, and company policies.

Tab. 7. Proportion of equipment repairability

Inspection centers

Equipment 1 5 3
Turbine Burner 0.8 0.8 0.8
Turbine Stator 0.5 0.5 0.5
Raw material manufacturers purchase non- Table 8. Usable spare parts of disassembled

repairable spare parts at salvage value shown in

equipment are specified in Table 9.
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Tab. 8. Salvage value (USD)
Equipment/ Spare part Salvage value

Turbine Burner 29000
Panel pak filter 7.575
Solenoid valve 76.275
Washer 0.85
Swirler cone 20.75
Flame tube 150
Turbine Stator 87500
Flexible joint 5
Filtometer 2.5
Solenoid switch 0.5
Multiduty air filter 0.75

Tab. 9. Usable spare parts
Disassembly centers

Spare part

1 2 3

Panel pak filter 0 0 0
Solenoid valve 1 1 1
Washer 0 0 0
Swirler cone 1 1 1
Flame tube 0 0 0
Flexible joint 1 1 1
Filtometer 1 1 1
Solenoid switch 1 1 1
Multiduty air filter 0 0 0

Repairable equipment proceeds to repair centers,
which may be serviced in different ways, such as
repairing or substituting spare parts. These
services include other operations, including

lubrication, cleaning, and the like. The
probability of demand for the spare parts in each
equipment can be seen in Table 10.

Tab. 10. Probability of demand for the spare parts

Equipment
Spare parts Burner Stator
Panel pak filter 0.20 -
Solenoid valve 0.30 -
Washer 0.30 -
Swirler cone 0.10 -
Flame tube 0.10 -
Flexible joint - 0.4
Filtometer - 0.1
Solenoid switch - 0.4
Multiduty air filter - 0.1

6. Computations and Results
To solve the mathematical model, we should first
simplify the non-linear constraints  that
complicate the model. Egs. (12) and (16)
compute the average on-hand inventory, but the
variable upper bound increases the complexity.
The method described in the following simplifies
these equations. Eq. (33) is the summation of
some terms over a variable. This method adds
Egs. (34)-(37) to decrease the complexity of Eq.

(33) by substituting a parameter instead of the
variable on the upper bound. Also, We present a
procedure in the following as shown in Figure 4,
that uses an initial value for the upper bound to
solve the model. We change this value until the
desired results are obtained. The case study data
is used to solve the model using Baron solver in
GAMS 24.7.4 on a Laptop with Intel Core i5
CPU @ 2.5 GHz and 16 GBs Ram.
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X
y= Z f@ (33)

i=0
x = 0,int
x—i+1<MXxb, (34)
i—x<Mx(1-b) (35)

n
y=) hif@) (36)

i=0
x = 0,int
b, € {0,1} 37
Considering the method, we substitute Eqgs. (12)- parts are presented in Table 11. The stock level
(16) with (38)-(41). depends on the initial inventory and the demand
The solution method results in total costs of for equipment and spare parts, as is clear.

1.26 x 108. Stock levels of equipment and spare

Tab. 11. Stock levels in warehouses

§ Stock levels
=
o
=
%1234567891011
B
§1070150000000
=]
(]
© 20 0 0 0 0 0 O O 0 O O

1 0 0 213 0 3 2 0 0 0 O

5015 0 151 0 0 142 1 O
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Fig. 4. Solution methodology
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Non-repairable equipment is disassembled in the repair operation of the defective equipment.
disassembly centers then the usable spare parts The stock level of spare parts in repair centers
are sent to be stocked in repair centers for use in can be seen in Table 12.

Tab. 12. Stock levels in repair centers

= Sy 9 & Z?‘ =
. 2 < 8 <7 g S 2
Repair center 2 ISERS] X3 5 + =
= Z o 8.2 = R
=3 i S'w
1 1 0 2 0 0
0 0 3 2
3 36 0 1 0 0
Order assignment to the suppliers considering The assignment of equipment from inspection
criteria (such as defect rate, price, and capacity of centers to repair centers subordinates from the
suppliers) are given in Table 13. repair capability and capacity of repair centers,
which is shown in Table 14. The rest of the
Tab. 13. Supplier selection equipment is moved to disassembly centers,
Supplier Central warehouse 2 shown in Table 15.
upphe Turbine burner
1 1
Tab. 14. Assignment of equipment to repair centers
Inspection centers Equipment —Relp it cen‘;ers
1 Turbine burner 0 8
Turbine stator 1 0
2 Turbine stator 2 0
Tab. 15. Assignment of equipment to disassembly centers
. disassembly centers
Inspection centers Spare parts 1
1 Turbine burner 2
Turbine stator 1
2 Turbine stator 2
The results also show the amount of non- the amount of usable and unusable spare parts,
repairable equipment that will be disposed or respectively.

moved to repair centers. Tables 16 & 17 presents

Tab. 16. Usable spare parts
Repair centers

Spare parts Disassembly center

1 2 3

Solenoid valve 1 0 0 2
Swirler cone 1 0 2 0
Flexible joint 1 3 0 0
Filtometer 1 0 3 0

1 1 2 0

Solenoid switch

Tab. 17. Unusable spare parts
Raw Material Manufacturers

Spare parts Disassembly center 1
Panel pak filter 1 2
Washer 1 2
Flame tube 1 2
Multiduty air filter 1 3

International Journal of Industrial Engineering & Production Research, December 2021, Vol. 32, No. 4


https://ijiepr.iust.ac.ir/article-1-1314-en.html

[ Downloaded from ijiepr.iust.ac.ir on 2025-07-18 ]

16 A Forward-Reverse Repairable Spare Part Network Considering Inventory Management

7. Sensitivity Analysis

In this section, we discuss the effect of changes in
the parameters such as the proportion of
equipment  repairability, lead-time, repair,
shortage, and holding costs.

The fluctuations in the repairability proportion
impact the total cost that is illustrated in Figure 5.
It can be deduced that the total cost is minimum,
where the proportion of repairability is one, i.e.,
all the burners are repaired. Additionally, Table
18 presents the fluctuation of the total cost. The

uptrend in costs starts where 20% of equipment is
repaired and continues up to 60%.

In this range, by increasing the repairability
proportion, the total cost increases due to repair
cost, but the more the equipment is repaired, the
less the flow of disassembled spare parts will be.
To supply spare parts, more orders from the
central warchouse are released, which affect the
increasing trend of the total cost. The decreasing
trend begins after the proportion of 0.6, which
means it is economical to repair more than 60%
of burners.

Tab. 18. Total costs (USD) vs. change in the repairability proportion for the burner

Repairability proportion 0 0.2 0.4 0.6 0.80 1
(2] (2] (2] (2] (2] >

S S S S S o

¥ ¥ ¥ ¥ ¥ ¥

Total cost &= = & &= & =

=) ) IS o~ N N

— — o v — Vel

Changing the proportion of repairability also
affects the stock levels of repair centers,
presented in Table 19. Repair centers use spare
parts to repair equipment, which reduces the
stock level. Additionally, the more equipment is
assigned to repair centers, the less the flow of
spare parts from disassembly centers is.

Figure 6 shows the decreasing trend of the stock
level of spare parts 3 (solenoid valve) and 5
(swirler cone) in repair centers. The stock level of
the washer increases for the proportion of more
than 0.8. It can be interpreted that the demand for
this spare part is insignificant.

Tab. 19. Stock level in repair centers along with the proportion of repairability of burner

. . Spare part
Proportion of repairability
3 4 5
1 10 39 10
0.8 8 39 8
0.6 6 39 6
0.4 3 39 4
0.2 0 37 2
0 0 64 0
7.00E+08
6.00E+08
é 5.00E+08
% 4.00E+08
§ 3.00E+08
é 2.00E+08
1.00E+08
0.00E+00
0 0.2 0.4 0.6 0.80 1

Proportion of repairability of equipment 1 (Turbine burner)

Fig. 5. Total cost when the proportion of repairability of burner changes
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Fig. 6. Stock level in repair centers when the proportion of repairability of burner changes

Tab. 20. Order from suppliers vs. change in the proportion of repairability of burner

Proportion of repairability of burner burner
0.8 8
0.6 5
0.4 4
0.2 1
0 0

Figure 7 illustrates the order from suppliers,
which fluctuates with the proportion of
repairability. When all the burners are repaired,
the amount of orders from suppliers is minimum,
which justifies the importance of repairing
instead of purchasing new-branded equipment.
Increasing the proportion of repairability reduces
the total order quantity. Table 20 presents the
details of total orders from suppliers regarding
the various proportion of repairability for the

burner. Figure 8 illustrates the change in Holding
Cost Per Unit (HCPU) and its effect on the total
cost. By increasing HCPU, total cost almost
increases, and vice versa. The total cost's
maximum value can be observed at 0.6, while the
total cost decreases in other points. Table 21
presents the fluctuation of the HCPU in other
points. As total cost reached the maximum point,
the stock level starts to decrease to avoid higher
holding costs.

Tab. 21. Total cost vs. fluctuation in HCPU

HCPU 0 0.15

04 06 038

[

Total cost

5.25E+07

1.26E+08

1.39E+08
1.68E+08
1.40E+08
1.39E+08

12

10

o]

Total amount of order from suppliers
~ IS ) o

Proportion of repairability of equipment 1 (burner)

Fig. 7. Total orders vs. the fluctuation in the proportion of repairability of burner
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;:: 1.00E+08
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g 6.00E+07
4.00E+07
2.00E+07
0.00E+00
0 0.15 0.4 0.6 0.8 1
HCPU(Holding Cost Per Unit)
Fig. 8. Total cost vs. HCPU
Fluctuation in the proportion of repairability of stator is repaired. Repairing all the stator causes
stator is shown in Figure 9, and the details are the maximum total cost. The jumps happen due
presented in Table 22. The minimum value of the to changes in stock level and orders from
total cost is obtained, where one-third of the suppliers.

1.40E+08

1.20E+08
1.00E+08
8.00E+07

6.00E+07

Total cost (USD)

4.00E+07
2.00E+07
0.00E+00

0.16 033 0.5 0.83 1
Proportion of repairability of equipment 7 (Turbine stator)

Fig. 9. Total cost vs. HCPU

Tab. 22. Total costs vs. change in the proportion of repairability of equipment 7 (Stator)

Proportion of repairability of Stator — : ] —_
Y P y = < S S

&8 3 g 3B

Total cost (USD) m m 24 <a] 4

(] o~ \O [oN] ~

S <+ N O -~

— [o%e) — [e%e) —
The stock level of the spare parts of the stator are used to repair the equipment by increasing the
decreases as the proportion of repairability proportion, which causes a decrease in the stock

increases, shown in Figure 10. More spare parts level.

Tab. 23. Stock level vs. change in the proportion of repairability of equipment 7 (Stator)

Proportion of repairability of stator Flexible joint Filtometer Solenoid switch
0.16 5 5 5
0.33 4 4 4
0.5 3 3 2
0.83 0 1 0
1 0 0 0
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Fig. 10. Stock level in repair centers when the proportion of repairability of stator changes

Repair cost constitutes a prominent part of the original value. On other points, total costs
total cost; Therefore, any repair cost changes can decrease while repair cost changes. The behavior
significantly affect the total cost, as shown in of the total cost and expected shortage are
Figure 11. This figure illustrates that the total demonstrated in Figure 12.

cost is maximum when the repair cost takes the

1.40E+08
1.20E+08
1.00E+08
8.00E+07

6.00E+07

Total cost (USD)

4.00E+07
2.00E+07

0.00E+00
-0.70 -0.40 0.00 0.40

Change in repair cost

Fig. 11. Total cost vs. change in repair cost

2.00E+08 20
1.80E+08 77N 7 S 18
1.60E+08 ¢ - 16
~ m
QO 1.40E+08 / 14 %
@\ E
2 1.20E+08 12 8
Z 1.00E+08 10 =
o =
= 8.00E+07 8 S
8 g
& 6.00E+07 6 dg
4.00E+07 4
2.00E+07 2
0.00E+00 0
5% -50%  -25% 0% 25% 50%

Change in lead-time

e Total coOSt = Expected shortage

Fig. 12. Total cost and expected shortage along with lead-time

Tab. 24. Total cost vs. change in the repair cost
Repair cost ~ Repair cost of

Repair cost change of burner stator Total cost (USD)
-0.70 22500 26250 5.64E+07
-0.40 45000 52500 8.53E+07
0.00 75000 87500 1.26E+08
0.40 105000 122500 5.73E+07
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Lead-time and expected shortage change in the
same way. As lead-time decreases, there are
some slight changes in the expected shortage, but
it finally decreases. Since the lead-time reduces,
the waiting time and the average shortage
decrease. The lower lead-time imposes a lower

waiting time, which causes higher costs. Since
the shortage imposes incredible costs, increasing
lead-time generally results in an upward shortage
due to a decrease in inventory level. Accordingly,
total cost decreases since consuming the
inventory is more economical than ordering.

Tab. 25. Total cost & expected shortage vs. lead-time

Change in lead-time

%SL-

Total cost (USD)

80+d68°1

Expected shortage  12.8

%085~

LO+HOL'S

18.6

%ST-
0
%S¢
%08

80+d1¥°1
80+d9C'1
LO+d8T'S
90+dvL’l

157 18.7 16.3

—
(9,
[®)

The analyses help obtain managerial insights,
which are listed as follows:

e The policies for inventory management
of various equipment and spare parts
should not be the same due to differences
in demands and values;

e Lead-time profoundly affects the on-hand
inventory so, considering the optimal
location of warehouses and the covering
distances can reduce cost (such as
transportation and inventory costs) and
reduce shortages;

e Repair or purchase is an important
question that can increase or decrease
costs to a degree of extent. The trade-off
between the costs may come enlightening

e The answer to the question of repairing
or not can be helpful to specify which
spare parts to purchase;

e It is noteworthy that not repairing (i.e.
disassembling) the equipment can
sometimes be a better solution not only
to take the advantage of purchase to
repair but also for using their spare parts
in other repair operations and salvage
earnings;

e Analysis of stock level is a multifold
problem, which depends on various
factors, especially in a forward-reverse
supply chain. Decision-makers should
consider the type of equipment or spare
parts, purchase cost, lead-time, repair
cost, and holding costs and analyze the
trade-off among these factors to make the
best decision.

8. Conclusion and Future Research
Opportunity

This paper considers a forward-reverse repairable
spare part supply chain. In the proposed model,
decisions are made regarding stock level in repair
centers and warehouses, order assignment, and
optimal flow between facilities. The model also
considers the uncertainty in demand during the
lead-time, which makes the model more
applicable. A case study of the National Iranian
South Oilfields Company is presented to validate
the model. Through numerical analysis, few
insights are obtained, which can be helpful for
decision-makers. According to the results, it is
found that the inventory management policies for
each equipment and spare part should be different
due to value, demand, and responsiveness level.
We observe a trade-off between purchasing and
repairing, which differs from one equipment to
another. To minimize shortages, holding
inventory imposes high costs on industries, but
maintaining an optimal stock level of spare parts
and equipment can satisfy demands while
reducing holding costs. This goal can be reached
by repairing equipment and using usable spare
parts from disassembled equipment. The optimal
assignment of central warehouses to local
warehouses while considering the optimal
location can provide significant cost savings
through low-cost transportation, enhancing travel
time between these facilities. Also, optimizing
the repair cost can significantly affect the total
cost; e.g., a 40% cut down in repair cost can
reduce the total cost up to 32%. Also, A decrease
in lead-time can have a noticeable impact on total
cost and expected shortages.

In this paper, we assumed that warehouses are
located in predefined locations. Also, expensive
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equipment and spare parts with low demand are
investigated in a single extended period. Further
research can consider simultaneous low and high-
demand equipment and spare parts and compare
the present model results. Also, other directions
are such as considering uncertain lead-time,
location-inventory  decisions, and  different
replenishment policies.
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