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a b s t r a c t

Under growing consumer awareness and increasing legislation, firms are realizing the importance of
including sustainability within their strategic objectives to promote their green image, enhance their
corporate citizenship status, and also improve profit margins. Towards this end, sustainability through
product remanufacturing is gaining momentum. However, a key complication for maintaining opera-
tional efficiencies during production planning and control of remanufacturing lies in the inability to
accurately forecast core returns. These difficulties are mostly attributable to limited visibility and higher
levels of uncertainty in reverse logistics. Despite significant advances in the remanufacturing literature
over the last two decades, there is not yet a practical approach for modeling core return delay durations
when the company is engaged in business with a large remanufacturing product catalog and many
customer facilities. This is particularly true for suppliers that engage in both original equipment (OE)
service as well as independent after-market (IAM) businesses. This research aims to address these lim-
itations for suppliers by developing a range of hazard rate models for core returns duration modeling.
Models are also validated using data from a large global automotive supplier.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

In today's global economy, firms are seeking any and every
possible opportunity to differentiate themselves from competi-
tors, to reduce their costs, and to add value to their supply chains
and end customers. One increasingly popular option, under
growing consumer awareness and increasing legislation, is to
reintegrate used or returned product into the supply chain to
regain the materials for economic and sustainability purposes
(Schultmann et al., 2006). An important class of such “reverse”
goods flows has to do with remanufacturing, which refers to
activities that restore used products (known as “cores”) or their
major modules to operational condition for use in place of new
product or for use in other channels (e.g., spare parts). Re-
manufacturing has traditionally been prevalent in such industries
as the automotive, electrical equipment, furniture, machinery,
tires, and toner cartridges. For nearly two decades, the U.S. En-
vironmental Protection Agency (EPA) has been advocating the
practice of remanufacturing as economical, energy-efficient and

environmentally friendly approach to reduce industrial waste
(U.S. EPA, 1997). According to the Remanufacturing Institute,
manufacturers of refurbished and remanufactured products save
on average 85% of energy use, 86% of water use, and 85% of
material use as compared to manufacturing a new good.1

Another important reason for improving reverse logistics is to
cope with returns that have become endemic in many industries.
For example, according to a Consumer Electronics Industry survey
by the Reverse Logistics Executive Council, the average return rate
is 8.46% in the high-tech industry (Thrikutam and Kumar, 2004),
with return rates as high as 20% for certain product segments.
While efficient management of these returns is necessary for ob-
vious reasons, sustainability considerations also warrant the ef-
fective management of used product returns (e.g., end-of-use and
end-of-life returns), often carried out by suppliers with the aid of
original equipment manufacturers (OEMs). In comparison with
forward supply chain operations, reverse logistics associated with
remanufacturing is often far more complex. It not only deals with
multiple types of returns from different sources that bring about
various uncertainties (e.g., timing/location of return, volume of
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returns, quality of returns), but also has to address the complex-
ities associated with remanufacturing production planning and
control (Guide, 2000).

In the automotive industry (and several other industries),
production parts can be broadly divided into Original Equipment
(OE) parts and Aftermarket parts. OE parts refer to parts used in
producing new vehicles, whereas, aftermarket parts refers to those
traded after original equipment sale, which includes both OE
service (for vehicles under OEM warranty) and independent
aftermarket (IAM) services. The automotive aftermarket industry
is estimated at $198B annually in the U.S. alone with IAM sales
estimated at $142B.2 While the automotive remanufacturing
business was traditionally dominated by IAM companies, high
profit margins and growing pressures to improve corporate citi-
zenship are encouraging more OEM and Tier-1 suppliers to pursue
remanufacturing. According to a survey (Inmar, 2009), end-of-use
core return rates in the automotive industry are known to vary
between 5% and 25%. Given the returns and the size of the after-
market business, there are tremendous opportunities to engage in
remanufacturing. While the automotive remanufacturing business
was traditionally dominated by IAM companies, high profit mar-
gins and growing pressures to improve corporate citizenship are
encouraging more OEM and Tier-1 suppliers to pursue re-
manufacturing. However, a key complication in maintaining effi-
ciencies is the difficulty in production planning and control of
remanufacturing activities.

Our setting is as follows. A supplier receives orders for re-
manufacturing parts from the “customer” which can be the after-
market parts retailers/distributors (e.g., NAPA stores), OE service
(e.g., orders from dealer service centers), and parts operations
organizations (e.g., GM Service Parts Organization). In shipping the
order (i.e., a remanufactured unit), the supplier often imposes a
“core charge” on the customer, a debit that will be credited to the
customer upon receiving the defective core. The supplier issues a
return material authorization (RMA) in shipping the order to fa-
cilitate return shipment of cores. Efficient production and in-
ventory management of remanufacturing parts for the supplier
heavily impinges on the ability to accurately model core return
durations from customers (besides forecasting demand for re-
manufacturing parts and securing cores from the open market, as
necessary). There are several challenges facing these suppliers,
including, the volume and diversity of customers, differences
among individual customer warehouses in returning cores, large
remanufacturing product catalog (product variety), changing cus-
tomer behavior (often improving core return delays), and data
sparsity.

Overall, while the extant literature offers a few returns fore-
casting models (Krapp et al., 2013; Ilgin and Gupta 2010), they are
not practical for many suppliers, such as our collaborator Delphi
Product & Service Solutions3 that provides replacement parts and
services to the automotive aftermarket. There are several reasons
for this: 1) they tend to model residence time distribution (in our
setting it is equivalent to forecasting demand for remanufacturing
parts), 2) are mostly applicable for forecasting returns of individual
products/SKUs whereas these companies have extensive re-
manufactured product catalogs, and 3) make strong assumption
that either core return probability over any period is known in
advance or functional form of the return delay duration is known.
Furthermore, the historical data in our case is simply too sparse to
facilitate modeling and calibration of models for individual SKUs.

Thus, it is imperative to develop effective and scalable methods for
modeling core return durations for these kinds of suppliers.

A key characteristic of the core return datasets is right-cen-
soring, meaning that at any given time, only a fraction of the re-
turns are observed with the rest outstanding (not yet returned). In
the absence of rich/reliable historical datasets, effective modeling
of return duration times under censoring warrants survival ana-
lysis techniques. Conventional regression modeling approaches
(e.g., duration time regression and logistic regression) are known
to have several short-comings: 1) use of duration time regression
in the face of censoring may lead to biased estimates of the cov-
ariate effects and 2) are inappropriate when there are time varying
covariates. Furthermore, it is often the case that the effects of
model “covariates” are non-stationary (e.g., return durations often
improve over the product life-cycle and experience with re-
manufactured product). In examining duration time data, the
three common objectives are (Helsen & Schmittlen 1993): to study
the effects of covariates, learn the dynamics of duration, and
duration time forecasting. The literature suggests that hazard rate
regression models can overcome the above listed shortcomings
while achieving all three objectives within a single tractable class
of duration time models (Gupta, 1991; Jain and Vilcassim, 1991;
Helsen and Schmittlen, 1993; Hosmer et al., 2008). Further, Helsen
and Schmittlen (1993) established that hazard rate regression
models outperform conventional regression models in terms of
stability of the estimates, face validity of parameter estimates, and
predictive accuracy. Another advantage of hazard rate models,
over regression models, is that they provide predictions that are
probabilistic or expectation based. In the context of returns fore-
casting, the supplier might be interested in the expected number
of returns by a certain date (or within a date range), which can be
estimated based on the hazard rate distribution of outstanding
RMAs. Further, continuous assessment of this prediction supports
operational tasks such as inventory management and strategic
decisions such as timing the launch of remanufactured products.

In particular, we report the evidence for the effectiveness of
hazard rate models to estimate return delay distribution in the
context of remanufacturing for suppliers. We studied various types
of hazard rate modeling techniques and their appropriateness.
Further, we discuss solutions to settings when the underlying as-
sumptions are suspect, when covariates have time-varying effects,
or there is randomness in the effects of the covariates. To the best
of our knowledge, this is the first article to explore all these issues
in the context of returns duration modeling for remanufacturing.

The rest of the paper is organized as follows: Relevant literature
is discussed in Section 2. Proposed modeling approach is discussed
in Section 3. A real world case study is presented in Section 4.
Results and discussions are presented in Section 5. Finally, we
conclude and provide directions for future research in Section 6.

2. Literature

Over the last two decades, there has been significant research
in the area of remanufacturing and reverse logistics. Guide (2000)
carried out an extensive survey of the remanufacturing literature
and identified future research needs. Based on extant literature, he
divided remanufacturing research into five broad categories:
forecasting, reverse logistics, production planning and control,
inventory control and management, and general. In recent years,
the last four complications are being addressed extensively (e.g.,
Aras and Aksen, 2008; Barba-Gutierrez et al., 2008; Inderfurth,
2004; Krikke et al., 2008; Li et al., 2009; Takahashi et al., 2007;
Tang and Grubbström, 2005; Wang et al., 2007). Since our research
focus is on the first complicating characteristic, modeling ret-
urns durations for facilitating effective forecasting, we encourage

2 http://www.oealliance.com/industry.htm;
http://www.trade.gov/wcm/groups/public/@trade/@mas/@man/@aai/docu

ments/web_content/auto_reports_parts2009.pdf
3 Delphi Product & Service Solutions is a sub-division of Delphi Corporation, a

leading global automotive supplier (http://delphi.com)
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