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Abstract. Uncertainties in the quality and reliability of remanufactured products from the buyer’s perspective might lead to a decision of not buying it.
Remanufacturers must search for market mechanisms that provide assurance
about the durability of remanufactured products. This paper considers a Remanufacturing-To-Order (RTO) system for sensor embedded products (SEPs).
It presents an approach to determine how to predict base warranty (BW) and extended warranty (EW) periods for the remanufactured products using the sensor
information about the age of each of the end-of-life (EOL) components on hand
to meet the demand while minimizing the cost associated with warranty,
maximizing manufacturer’s profit and finding an attractive price for the
extended warranty. An example is considered to illustrate the implementation of
the model.
Keywords: Reverse Supply Chain, Simulation, Non-Renewable Warranty Policies, Closed Loop Supply Chain.
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Introduction

Management at the end-of-life (EOL) stage of products has been a topic of interest of
many researchers. This is because of environmental factors, government regulations,
public demands, and in recent years potential economic benefits that could be realized
by implementing reverse logistics and product recycling policies. For this, companies
need to remanufacture or come up with schemes to minimize the amount of waste
sent to landfills by recovering materials and components from end-of-life products
(EOLPs).
The quality of a remanufactured product is often a suspect for consumers. That is,
the consumers are unsure if the remanufactured products will render the expected
performance. This ambiguity about a remanufactured product could lead the consumer to decide against buying it. With such apprehension held by consumers, remanufacturers must seek market mechanisms that provide assurance about the durability of the
products. One strategy that the remanufacturers could use is to offer warranties on
their products [1].
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Literature Review

2.1

Environmentally Conscious Manufacturing and Product Recovery

Reviews of wide-ranging issues in environmentally conscious manufacturing and
product recovery are offered by Gungor and Gupta [2] and Ilgin and Gupta [3]. Disassembly is the most common feature in remanufacturing research area. For different
aspects of disassembly, see the book by Lambert and Gupta [4].
In recent years, many scholars have studied remanufacturing processes because
traditional production planning methods fall short in product recovery settings. A
review of 76 journal articles on remanufacturing was reported by Lage and Godinho
Filho [5]. For additional aspects of remanufacturing, see the book by Ilgin and Gupta
[6].
2.2

Warranty Analysis

Product warranties have three key roles. The first role is insurance and protection,
allowing consumers to transfer the risk of product failure to sellers [7]. Next, product
warranties can also signal product reliability to customers [8, 9, 10, 11]. Lastly, the
sellers use warranties to extract additional profitability [12]. There are several references that consider basic and extended warranty policies analysis for new products’
supply chain management [13, 14, 15]. However, there are a few that consider the
warranty for remanufactured products’ reverse and closed-loop supply chain management [16, 17, 18, 19]. Modeling and analyzing the warranty cost for used product
is a new research field with a limited number of publications.

3

Remanufacturing-To-Order System Description

The Remanufacturing-To-Order (RTO) system considered in this study is a product
recovery system. A sensor embedded air conditioner (AC) is considered here as an
example product. Based on the condition of EOL AC, it will go through a series of
recovery operations as shown in Figure 1.
EOL ACs arrive at the RTO system for information retrieval using sensor reader.
The information retrieved is stored in the facility’s database. Then the ACs go
through a six-station disassembly line. Complete disassembly is performed to extract
every single component. There are nine components in an AC consisting of, evaporator, control box, blower, air guide, motor, condenser, fan, protector, and compressor
as shown in Figure 2. Exponential distributions are used to generate the disassembly
times at each station, interracial times of each component’s demand, and interarrival
times of EOL AC. Two different types of disassembly operations, viz., destructive or
nondestructive, are used depending on the component’s condition. If the disassembled
component is nonfunctional (broken, zero remaining life), then destructive disassembly is used such that the other components’ functionalities are not damaged. Unit
disassembly cost for a functional component is higher than nonfunctional component.
Recovery operations differ for each SEP based on its condition and estimated remaining life. Recovered products and components are characterized based on their

remaining life times and are placed in different life-bins (e.g. 1 year, 2 years, etc.)
where they wait to be retrieved via a customer demand.

Fig. 1. RTO System’s recovery processes
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Warranty Cost Analysis

In the process of deciding to purchase a product, the buyers usually compare features
of the product with other competing brands that are selling the same product. In some
cases, the competing brands make similar products with similar features such as cost,
special characteristics, quality and credibility of the product and even insurance from
the provider. In such cases, the sale is influenced by such factors as discount, availability of parts, repairs and additional services. These factors may be very significant to
the buyer and can be further enhanced by offering warranty to the buyer as it further
assures the buyer of the reliability of the product.
A warranty is an agreement that requires the manufacturer to correct any product
failures or compensates the buyer for any problems that occur with the product during
the warranty period in relevance to its sale. A base warranty (BW) is typically
associated with products. It is a predetermined agreement between a remanufacturer
and a buyer at the time the product is bought. On the other hand, the extended warranty (EW) is purchased separately and the buyer may even have a choice of terms.
Nowadays, EWs are offered on a wide range of products, including automobiles,
electronics and appliances. Usually, the buyer has to buy an EW at the same time as
the product is purchased with extra amount separated from the product’s price depending on the duration and the terms of the EW. In contrast, a BW is integral to the
sale of a product and the customer does not pay anything extra for it.
There are different base and extended warranty types that most manufacturers offer
to their buyers. The most popular policies are the Free Replacement Warranty (FRW)

and Pro-Rata Warranty (PRW). The main expense of the extended warranty is the
cost of the product plus the cost of servicing an item that fails during the extended
warranty period. The warranty cost is the expense of servicing all warranty claims for
a product during the overall period of the warranty (base and extended).
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Notation and Formulation for Warranty Cost

The nomenclature used in this paper is given in Table 1.
Table 1. Parameters used in BW and EW

Parameters:
L
X
WB
WE
Cs
Cp
Cr
MTTF

M(WB + WE)

Definition:
Life cycle (remaining life)
Time to failure of an item
Length of base warranty period
Length of extended warranty period
Cost to the remanufacturer of supplying a remanufactured item
Sales price per unit
Average cost of each repair
Mean time to failure
Weibull distribution shape parameter, 0 ≤ α ≤ 1 ( where α = 1,
MTTF = 20 Days, α = 2, MTTF = 40 Days and α =3, MTTF = 60
Days)
Average number of replacement during the base warranty period
Average number of replacement during the extended warranty
period
Average number of replacement during the total warranty period

μW
f(x)
KW
C(WB)
C(WB; WE)
CE(WB; WE)
C(WB + WE)

Partial expectation of X
Exponential distribution probability density function
Long-run average proportion of rebate
Expected based warranty servicing cost
Expected extended warranty servicing cost
Expected extended warranty servicing cost per unit sale
Expected total (based + extended) warranty period servicing cost

α
M(WB)
M(WE)

5.1

Base Free Replacement Warrantee (FRW) Formulation:

The expected warranty cost could be calculated using Blischke and Murthy [1] formula as follows:
Expected warranty cost = Cs . [ 1 + M(W)]
(1)

5.2

Base Pro-Rata Warranty (PRW) Formulation:

The PRW expected cost to remanufacturer is given by Blischke and Murthy [1] as
follows:
Average cost per unit = Cs + Cp . [ F(W) - μW / W]
(2)
𝑊
𝜇𝑊 = ∫0 𝑥𝑓(𝑥)𝑑𝑥
(3)
Expected cost to the remanufacturer of a warranty = Cs + Kw . Cp
(4)
𝑋
𝑅𝑒𝑏𝑎𝑡𝑒 = [(1 − )/𝐶𝑝 ]
(5)
𝑊

5.3

Extended Free Replacement Warrantee (FRW) Formulation:

The expected EW servicing cost per unit sale is given by Blischke and Murthy [20]
as follows:
E[CE(WB;WE)] = E[C(WB+WE)] - E[C (WB)]
E[C (WB)]= Cs . [ 1 + M(WB)]
E[C(WB+WE)] = Cs . [M(WB+WE)] - M(WB)]
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(6)
(7)
(8)

Numerical Example

An AC with three different remaining lives (1 year, 2 years and 3 years) is sold with a
base FRW or PRW policy. The relevant cost elements are the cost of providing the
AC and the expected cost of servicing all warranty claims in case of FRW or the expected amount of the rebate in case of PRW. To examine the effect of fluctuating the
warranty period, warranty lengths of W = 30, 60, and 90 days are considered.
Moreover, the example considers extended FRW policy for the remanufactured
AC’s components and products with three different remaining lives (1 year, 2 years
and 3 years), 90 days base warranty period and three different extended warranty
periods (1 year, 2 years and 3 years). The AC failure follows a Weibull distribution
with a mean time to failure MTTF of the AC = 0.5 years. The other data used for the
implementation of the model is shown in Table 2.
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Results

All results in this section were obtained using ARENA 14.0 program to compute
the expected number of failures and expected cost to remanufacturer.
7.1

Case I: Base Free Replacement Warrantee (FRW):

In Table 3, expected number of failures represent the expected number of failed items
per unit sale. In other words, it is the average number of free replacements that the
remanufacturer would have to provide per unit sold during the warranty period. Expected cost to remanufacturer includes the cost of supplying the original item, Cs.
Thus, the expected cost of warranty is calculated by subtracting Cs from the expected
cost to remanufacturer.

Although not showing in the table, the expected cost of warranty to the remanufacturer can easily be calculated for W = 30, 60, and 90 days. For example, for W = 30
and α = 1, the warranty cost for AC is $57.50 - Cs = $57.50 - $55.50 = $2.50 which is
([$2.50 / $ 55.00] x 100) = 4.5% of the cost of supplying the item, Cs, which is significantly less than that $55.00, Cs. This may be acceptable, but the corresponding values for longer warranties become excessive. For example, for 90 days and α = 1, corresponding percentage is ([$70.50 - $55.00 / $ 55.00] x 100) = 28.18%.
Table 2. Operation costs, sale price and repair cost for AC components

Product

Cs = Operation
costs ($/unit)

AC

$55.00

Cp = Sale Price ($/unit)
L=1
L=2
L=3
Year
Years
Years
$180
$240
$310

Cr = Repair
costs ($/unit)
$85.00

Fig. 2. Air Conditioner (AC) components
Table 3. Expected number of failures and cost for remanufactured AC during BW

7.2

Product

W
(days)

AC

30
60
90

Expected number of
failures
α=1
α=2
α=3
0.0120 0.0054 0.00046
0.1900 0.0218 0.00339
0.2490 0.0485 0.01102

Expected cost to
remanufacturer
α=1
α=2
α=3
$57.50 $55.16 $54.64
$60.00 $60.65 $57.20
$70.50 $69.45 $59.33

Case II: Base Pro-Rata Warranty (PRW):

The result of all ACs (1 year, 2 years and 3 years remaining life) KW values for different mean times to failure represented by α and warranty periods are calculated in
Table 4. For instance, from Table 4 a 1 year remaining life AC with a median time to

failure of 20 days and a 30 days warranty has KW = 0.1346, i.e., the cost of the warranty is 0.1346 x Cp. Therefore, if the total cost of the 1 year AC to the remanufacturer is $55 and it sells for $180, the cost to the remanufacturer, including warranty, is
$55 + (0.1346) x 180 = $79.23.
7.3

Case III: Extended Free Replacement Warrantee (FRW):

Table 5 shows the expected EW cost of all AC’s components and products for W E =
1, 2, 3 years. Also, it shows the expected number of failures as the expected number
of failed items per unit sale. In other words, it is the average number of free replacements that the remanufacturer would have to provide per unit sold during the warranty
period. Note that, the expected cost to remanufacturer includes the cost of supplying
the original item, Cs. Thus the expected cost of warranty alone is calculated by subtracting Cs from the expected cost to remanufacturer.
The results given in Table 5 are useful in order to choose the length of an extended
FRW warranty. The cost of the warranty is dependent on the value of Weibull shape
parameters α. For example, the EW for 3 years remaining life AC with α = 1 will cost
$104.44 - $55.00 = $49.44 which is 81% of Cs.
Table 4. Factor KW for calculating remanufacturer's cost of base PRW policy

AC Remaining
Life
1 Year AC

2 Years AC

3 Years AC

MTTF
α=1
α=2
α=3
α=1
α=2
α=3
α=1
α=2
α=3

W = 30
0.1346
0.1183
0.0851
0.2667
0.2110
0.1727
0.2878
0.2101
0.1740

KW
W = 60
0.1883
0.1437
0.1199
0.3390
0.2620
0.2245
0.3349
0.2622
0.2273

W = 90
0.2335
0.1793
0.1457
0.4011
0.3232
0.2665
0.3870
0.3244
0.2628

Table 5. Expected number of failures and cost for remanufactured AC during EW
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Product

W
(years)

AC

1
2
3

Expected number of failures
α=1
α=2
α=3
0.0837 0.0517 0.0447
0.4608 0.2288 0.1135
0.5817 0.3497 0.1436

Expected cost to
remanufacturer
α=1
α=2
α=3
$62.11
$59.39
$58.80
$94.17
$74.45
$64.65
$104.44 $84.72
$67.21

Conclusion

The Base Warranty (BW) and Extended Warranty (EW) costs for remanufactured
products and components were evaluated in this paper using the one-dimensional Free
Replacement Warranty (FRW) policy and Pro-Rata Warranty (PRW) for different

periods. The main objective was to introduce the idea of providing a base and an
extended warranty for a remanufactured product and how to predict a warranty period
for using the sensor information about the age of each and every EOL product on
hand to meet product demand while minimizing the cost associated with warranty and
maximizing manufacturer’s profit.
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