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Abstract

Industry has undertaken mass production and
consumed resources to optimize only eco-
nomic efficiency. Most products are discarded
or disposed at the end of their lifetimes.
Therefore, most companies should design and
manage their production system for sustain-
ability. One of the most important factors to
develop a sustainable production system is the
environmental aspect. Environmentally con-
scious operations management makes some
contributions to sustainable development
goals (SDGs) #9 and #12. This chapter deals
with production and quality management
systems for SDGs. Firstly, representative
operations management systems such as
inventory management and total quality man-
agement (TQM) are introduced. These sys-
tems are useful to control the production
processes efficiently. Secondly, we explain the
Just-in-Time (JIT) production system which is
based on the two key concepts, JIT and
JIDOKA. Some advantages of the JIT pro-
duction system include its simplicity in pro-
duction scheduling, reduced burden on
operators, ease of identification of parts by
the two kinds of kanbans attached to the

containers, and substantial reduction in the
process work. Finally, we consider environ-
mentally conscious manufacturing and
describe a closed loop supply chain which
includes activities necessary to acquire end-of-
life products from customers to recover value.
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7.1 Introduction

This chapter deals with production and quality
management systems for SDGs which comprise
seventeen goals. Here we especially focus on
goals #9 (Industry, innovation, infrastructure)
and #12 (Responsible consumption, production)
which are related to developing and managing
sustainable production systems in the future.

A traditional production and inventory man-
agement system controls a mass production
process that consumes a lot of new resources.
Consumers of these products typically discard
the products at the end of their useful life. As a
result, the producer needs to manage only the
finished products (Fig. 7.1). In contrast, produc-
tion and inventory management in a remanufac-
turing system includes products collected from
customers.
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A remanufacturing producer should consider
sold products as a part of the future inven-
tory. For this purpose, the lifecycle of every
product has to be taken into consideration
(Fig. 7.2).

Discarded products must be recovered to
make new products for the purpose of conserving
resources and practicing environmentally con-
scious manufacturing. Disassembly process is
one of the main processes in a remanufacturing
system. In order to retrieve components and
materials (for reuse, recycling, and remanufac-
turing) from consumer products, the first step is
disassembly. Recycling means recovering the
material content of retired products by perform-
ing the necessary disassembly, sorting, and
chemical operations. Remanufacturing conserves
the product’s identity and performs the required
disassembly, sorting, refurbishing, and assembly
operations in order to bring the product to a
desired level of quality. It is important to manage
the inventory at every lifecycle level until prod-
ucts are collected and used in remanufacturing
(Gungor and Gupta 1999; Nakashima and Gupta
2012).

In the next section, some of the typical oper-
ations management approaches to controlling the
traditional production systems are examined.

7.2 Inventory Management

7.2.1 Basic Concept of Inventory
Management

At a certain point, each of the processes of pro-
duction, logistics, and sales activities results in
products, parts, and/or raw materials being tem-
porarily stocked. These products and parts are
called inventory or buffer.

In the case of overproduction, there is an
increase in inventory and related costs are
incurred. On the other hand, when the production
quantity is insufficient, the shortage of stock
incurs a loss from the decrease in sales. To pre-
vent a production shortage, we should increase
the inventory; but at the same time, we must
reduce inventory costs.

To deal with these various problems in
inventory management, we believe there are

Fig. 7.1 Inventory management in traditional manufacturing

Fig. 7.2 Inventory management in remanufacturing
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three aspects to consider in the system: the
demand structure, the cost structure, and the
ordering structure, as shown in Fig. 7.3.

(1) Inventory behavior

Figure 7.4 shows the behavior of the inventory
quantity over time in an inventory management
system where an order is placed for a predeter-
mined quantity Q when the inventory quantity
reaches a predetermined value s (reorder point).

The interval from ordering a product or part to
delivery is represented by the delivery lead time
L, and the period from one order to the next order
(order cycle) is represented by R. In addition, the
amount of inventory reserved to avoid being out
of stock in consideration of fluctuations in
demand is called the safety stock (SS).

(2) Safety stock and shortage probability

The amount of safety stock is determined, based
on the average demand per unit time D and the
lead time, L, taking into consideration the safety
factor np corresponding to the out-of-stock
probability p. If the demand is normally dis-
tributed N(LD, L r2) according to the mean LD
and variance L r2, then if the safety stock
quantity is denoted by SS, it can be obtained by
the following equation:

SS ¼ np
ffiffiffi
L

p
r ð7:1Þ

The safety factor, np, corresponding to the
probability p of being out of stock is given from
the standard normal distribution probability as
shown in Table 7.1.

In general, the reorder point s is determined
by the following equation:

Reorderpoints ¼estimator of demand during

lead time LDð Þþ safety stock SSð Þ
ð7:2Þ

Example
We consider the reorder point system with

lead time L. It is assumed that the demand during
the lead time is normally distributed with the
average demand LD = 500 and the variance L
r2 = 10,000. Find the safety stock SS and reorder
point s under the out-of-stock rate 100 �
p = 2.5%.
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Fig. 7.4 Behavior of the Inventory
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The way of approaching the above example is
as follows:

Safety stock SS ¼ n0:025 �
ffiffiffiffiffiffiffiffiffiffi
1002

p

¼ 1:960� 100 ¼ 196

Reorder point s ¼ 500þ 196 ¼ 696

(3) ABC analysis

There are a wide variety of items to be managed,
and treating all the inventory items in the same
way may be inefficient in terms of management.
Based on the concept of priority approach, we
have the method of handling items subject to
inventory management by classifying them into
three categories, A, B, and C. It is called ABC
analysis and is one of the useful tools to control
the inventory efficiently. Figure 7.5 shows an
example of Pareto diagrams that illustrate the
concept of ABC analysis.

Regarding the classification into three cate-
gories, items in the range of 5–10% on the hor-
izontal axis that exceed 50% on the vertical axis
are classified as A items, items that occupy up to
about 50% on the horizontal axis are classified as
B items, and the rest are C items. This division is
standard, but it may vary depending on the
industrial sector.

In the inventory management for each cate-
gory, efficient management generally requires the
application of the variousmethods described in the
next section.A items are managed by the “periodic
reordering system” that allows priority manage-
ment. B items are managed by the “fixed-quantity
ordering system”which can shorten the lead time,
and they are not more expensive than A items. The
remainingC items are managed by the “double bin
system” that can save management costs.

7.2.2 Typical Inventory Management
Systems

(1) Periodic reordering system

The periodic reordering system is a method of
placing regular orders, for example, “ordering
only the required quantity every two days,” and
is used to manage the A items group in the ABC
analysis. For expensive and rarely sold products,
it is important to control the order quantity so
that they do not sell out. To do so, forecast the
demand until the product is delivered. If the
product sells more than that, increase the order
quantity. When the average demand per unit time
is D, the lead time is L, and the ordering cycle is
R, the order amount is expressed by the follow-
ing equation.

Table 7.1 Safety factor
table

Out-of-stock rate, 100 � p 1% 2.5% 5% 10%

Safety factor, np 2.326 1.960 1.645 1.282

Fig. 7.5 Pareto diagram

110 K. Nakashima



Order quantity ¼ LþRð Þ � D�Quantity of stock

already ordered but not yet received

� on hand inventoryþ safety stock

(2) Fixed-quantity ordering (Reordering point)
system

For example, when the stock quantity reaches a
predetermined reorder point s, such as “order
when the stock quantity reaches 10 pieces,” the
quantity Q is ordered. It is used to manage the
B items group in the ABC analysis. This order
system is called the reordering point system
because a certain amount of order is automati-
cally placed when the inventory level reaches a
predetermined level (ordering point). In this
inventory system, it is important to determine the
order quantity Q and the reorder point s.

(3) Double bin system

The double bin system is called the “two bin
system.” This inventory management is per-
formed using two boxes, shelves, or cases with
the same capacity Q. It is used for the manage-
ment of C items in ABC analysis. In the actual
operation of the method, we assume that there are
two boxes, #1 and #2, each with the capacity
Q. We first use the items in the #1 box. After the
items in the #1 box are consumed, we use the
inventory in the #2 box, then order the capacity
Q of the #1 box. By repeating the operations, it is
possible to prevent being out of stock easily.
Therefore, in the double bin system, the maxi-
mum inventory amount is 2Q, and it can be said
that this is a fixed-quantity ordering system in a
special case where the reorder point = the order
quantity = Q.

7.2.3 Economic Order Quantity (EOQ)

When determining the order quantity Q, it is
necessary to minimize the total cost by consid-
ering the “ordering cost” related to inventory
replenishment and the “inventory holding cost”
associated with storage after inventory delivery.

In this subsection, we explain the economic order
quantity (EOQ) as the optimum order quantity
determined by the trade-off in the relationship
between the two costs.

Here, it is assumed the demand amount per
unit time is D, being out of stock is not allowed,
a certain order quantity Q is ordered when the
stock runs out, and the ordered product is
delivered immediately. The total cost for the
order quantity Q is denoted by TC(Q), and the
following cost parameters are defined to obtain
the economic order quantity that minimizes the
total cost.

co: ordering cost per order
cp: purchase cost per product
ch: holding cost per product per unit time
Since the demand quantity per unit time is

D and a fixed amount Q is ordered, the number
of the orders is placed D/Q times per unit time.
Therefore, the ordering cost per unit time is
“coD/Q + cpD”. Moreover, if Q is ordered, it
takes Q/D time for the inventory to reach 0, and
the average inventory during this period is half
Q/2 of the maximum inventory regardless of
D. Therefore, the holding cost per unit time is
chQ/2, and the total cost TC(Q) per unit time is
given by the following formula.

TC Qð Þ ¼ coD=Qþ chQ=2þ cpD ð7:3Þ

The total cost TC(Q) − cpD is the smallest in
terms of satisfying coD/Q = chQ/2, and the eco-
nomic order quantity (EOQ), Q� is as follows.

EOQð Þ : Q� ¼
ffiffiffiffiffiffiffiffiffiffi
2coD
ch

r
ð7:4Þ

7.3 Total Quality Management

Quality management is, needless to say, one of
the means of business management. It can be
said that the goal of management is that “the
enterprise continues to exist and grow while
achieving reasonable profits to fulfill its social
responsibilities.” Recently, for enterprises that
have to survive the worldwide situations where
technologies are being revolutionized, quality
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requirements are diversified, businesses are
internationalized, product liability (PL) issues are
becoming critical, and energy/natural resource
saving is required. Moreover, as environmental
issues have to be addressed, it is believed that
business management based on quality manage-
ment is important and necessary to deal with the
requirements of the age that puts emphasis on
quality.

In this uncertain business environment,
enterprises have to put more emphasis on
strengthening their constitution with regard to
quality assurance so that they can cope quickly
in situations where the needs and requirements
for quality or quality assurance change at a
dizzying rate according to advances in quality
levels, changes in the sense of value regarding
quality, internationalization of business, changes
in living environment, and other factors.

Total quality management (TQM) is one of
the useful approaches to making production
and/or various types of operations more efficient.
There is a need to involve all the people in the
enterprise. TQM and quality assurance activities
are applied to production because the production
process is most critical to quality, and emphasis
is put on quality assurance activities in the
planning, development, and design stages
because the designs have to meet the user’s
quality requirements, which is the issue to be
addressed before the production process. This
stance has continued until today, and in 1987, the
International Organization for Standardization
(ISO) 9000 series was established and is now
adopted for national standards by more than a
hundred countries in the world. In Japan, the
standard was introduced into JIS. The ISO 9000
series was most recently revised in 2015 and is
now widely applied throughout the world.

7.3.1 Fundamentals of Quality
Management
and Assurance

“Good quality” can be said for a product only
when customers who use the product are satisfied
with it. This has been true in the past, is still true

at present, and will be true in the future. To keep
“good quality” and to make it even better, it is
necessary to establish an organization and
implement solutions based on quality manage-
ment. To establish a reputation among customers
that Japanese merchandise has top quality inter-
nationally, to be at the top level in the assessment
of customer satisfaction, and to make the primary
merchandise produced by the enterprise suffi-
ciently profitable: To achieve these purposes, it is
necessary to attempt to enhance the reliability
and durability of the products through quality
assurance and improvement activities in the
fields of development, production, sales, and
services.

Moreover, the demand from customers for
product quality is becoming stricter in the situa-
tion where the merchandise is diversified, com-
plicated, and systematized and where additional
issues such as PL are present. Zero defects and
zero complaints are not such extreme goals of
quality control that they are ideals that cannot be
achieved permanently, but are now real target
issues that have to be solved. It can be said that
the most critical issues of quality assurance are
how to eliminate the factors that make it difficult
to attain this goal and to attain these zero goals
economically. Enterprises have to challenge
these issues. Instead of taking action after a
failure, which is “locking the garage after the car
has been stolen,” it is important for enterprises to
put emphasis on taking actions proactively ahead
of their competitors, to be devoted to proactive
management, and to obtain excellent results.

To know the market needs in advance, they
are required to know the customers. If they aim at
zero defects and zero complaints, attempts to
understand the actual state of the production
process and markets have to be made before the
problem occurs. The essence of quality assurance
includes the direct flow of information about
quality and technologies between the develop-
ment division and the plants, which are in the
upstream, and the terminal dealers so that these
divisions are able to make a tight connection with
the customers. A quality assurance system has to
be established to collect market quality infor-
mation and market reliability data, with special
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emphasis on the market information system, to
understand the movement of competitors and of
general markets and to perform benchmarking so
that appropriate information is distributed timely
among relevant divisions.

It is said that the process of development of
new merchandise in enterprises is essentially
controlled by their merchandise planning capa-
bility that can identify the market needs and
realize the plan by grasping the quality require-
ments. To attempt to increase the level of the
planning capability, daily self-development is
needed so that the original technologies and
management technologies (techniques) can be
put to practical use sufficiently. That is, it is
essential to upgrade employee capabilities. To
achieve this purpose, the quality control
(QC) tools and merchandise planning tools are
effective.

Market complaints may occur after sale of
new merchandise caused by a lack of under-
standing of problems, occurring from lack of
fundamental knowledge of functions of periph-
eral components and lack of presentation of the
improvement ideas. To eliminate these problems,
it is hoped that not only the utilization of the
technologies owned by the manufacturers of the
specific units but also the implementation of
reliability design and tests be performed sys-
tematically based on design review (DR) and/or
failure mode and effect analysis (FMEA).

7.3.2 TQM and ISO 9000s

TQM and ISO 9000s should be unified while
compensating for each other to operate the
quality management system efficiently so that
they contribute to the increase of the profit. One
of the methods is to strengthen continuous
improvement by introducing ISO 9000s into the
quality management of the organization that
constructs the quality management system and
implements the improvement activities by intro-
ducing its TQM activities (Kaneko et al. 2005).

To reform the enterprises, it is necessary to
carry out quality management while understand-
ing the difference between TQM and ISO; then at

the same time, those enterprises that obtained ISO
certification should address the TQM activities in
accordance with their capability.

(1) Features of TQM

Centered on quality, TQM is an approach in
which all the employees participate in manage-
ment to improve management quality. TQM has
contributed to quality improvement, increase of
productivity, reduction of costs, etc. Its targets are
“quality, participation of all employees, and im-
provement activities.” As compared with ISO
9000, TQM provides the following seven features
with emphasis on the improvement activities.

(1) Quality is based on customer evaluation, and
customers determine the level of quality.

(2) Customers include all persons in the entire
process from production to end-users.

(3) TQM covers overall matters of management,
including quality (Q), cost (C), delivery (D),
environment (E), security (S), etc. Policy
management and functional management are
performed through PDCA cycle. (P: Plan, D:
Do, C: Check, A: Act)
QC seven tools (Ishikawa 1982) are useful
to effectively perform PDCA cycle.
QC seven tools: 1) Check sheet 2) Histogram
3) Pareto diagram 4) Stratification
5) Cause and Effect Diagram 6) Scatter
Diagram 7) Graph/Control Chart

(4) It includes all activities for objectives
management.

(5) It puts emphasis on continuous improvement
activities.

(6) It is developed company-wide through par-
ticipation of all the employees in all divi-
sions and all levels.

(7) It puts emphasis on the management based
on the facts, work sites, realities, actual
things, principles and fundamental rules and
promotes statistical techniques, scientific
solutions, solutions through achievement of
targets and utilization of QC stories in a QC
circle (small group activity).
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(2) Introducing ISO 9000s into TQM
activities

Enterprises should clearly define each step in
quality assurance from planning newmerchandise
development to sales and services to guarantee the
quality for the customers, and at the same time,
contribute to the advance of the enterprises. Their
connection with the TQM activities can be made
closer by introducing the features of ISO 9000s
into each function assigned.

It is necessary to introduce the items of ISO
9000s into TQM activities, develop them inde-
pendently in accordance with the conditions of
each enterprise or organization, and incorporate
the activities into one to further develop them.

With regard to these activities, it is necessary
to perform management of the quality assurance
policy in each fiscal year based on the ideas of
quality assurance to establish a quality assurance
system that is capable of obtaining the perception
of reliability from the customers and business
partners with a “quality first” stance, to imple-
ment renewal of quality assurance activities in
accordance with ISO 9000s based on TQM to
predict and prevent quality problems, to
strengthen cooperation between development,
manufacture and sale divisions, to find the root
cause of complaints and establish a system for
corrective and preventive actions, and to attempt
to improve CS by completing the quality assur-
ance in accordance with the site information,
actual things, and drawings.

7.3.3 Proactive Management

The improvement of the culture of an enterprise
should be implemented aiming at 1) a culture that
attempts to identify “the problem” by grasping the
facts and having the capability to analyze them, 2)
a culture that puts emphasis on the process, and 3)
a culture that puts emphasis on certain matters and
attempts to eliminate the present customs.

The value of utilization of ISO 9000s should
be increased by applying proactive management
activities to the eight principles of quality

management stated in ISO 9000s, customer sat-
isfaction, internal audit, and other factors. It is
strongly desired now that individual enterprises
change their cultures to adapt to their most
appropriate new TQM activities. The primary
five matters to attain this objective are as follows:

(1) Policy management
This is attained efficiently through the partic-
ipation of the overall organization by defining
mid- and long-term management plans and
short-term management plans based on the
management policy. One of the tools that can
be used here is “finding and taking action
against the true cause of problems,” which is
one of the fundamentals of TQM. Coordina-
tion of development of the president’s policy,
management strategy and planning of PDCA
cycle should be strengthened.

(2) Self-controlled improvement activities
through participation of all the employees
The primary element of TQM activities is the
economical quality improvement, where the
improvement of the products, processes, and
systems are performed continuously through
participation of all the employees. Employ-
ees should have the consciousness that “I
guarantee the work that I do” and the con-
sciousness that “all the employees participate
in the QC circle activities.”

(3) Continuous improvement
Improvement is not the maintenance of the
present status. Activities that put emphasis on
preventive measures are improvement.
Improvement of the system and product
quality should be performed. A method of
measurement for both of these improvements,
the method of improvement, and the tech-
niques involved should all be systematized.

(4) New merchandise planning and
development

Source control should be imple-
mented by introducing Total Quality Man-
agement (TQM) into the field of marketing
and by anticipating of users’ needs. It is
important to improve new merchandise
planning capability and to devise a way to
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match the quality of design and quality of
manufacture in the process.

(5) Information system
Market quality information should be con-
structed to directly connect all information
about the customer quality requirements to the
development and manufacture divisions so
that the evaluation of design quality is per-
formed by respecting the customer’s position.

Any enterprise has to make profit out of the
business by all means continuously. It is impor-
tant that the products and/or services provided by
enterprises are bought by the customers contin-
uously with satisfaction. The requirement of
quality assurance is that the customers are satis-
fied. For enterprises, quality assurance and
improvement activities are essential to the busi-
ness. The quality requirements always change
objectively and subjectively over time. What is
the most important is to enhance the design
quality and manufacture quality by understand-
ing “what are the market quality requirements”
and then meeting the requirements by properly
utilizing technologies. Enterprises should realize
a culture that can properly deal with problems
such as the environmental one, which is one of
the most critical issues now.

To achieve this purpose, TQM should develop
toward an economically integrated model by
harmonizing items such as ISO 14001(Environ-
mental Management System), ISO 45001
(Occupational health and safety management
systems), HACCP (Hazard Analysis and Critical
Control Point), IATF (International Automotive
Task Force) 16949, Six Sigma, Deming Prize,
and moreover ISO 9000s, and the information
security management system with TQM activi-
ties to evolve into a new one.

7.4 Just-In-Time Production System

Real production systems are multi-item, multi-
stage production systems with complicated
structure which incorporate the fluctuating
uncertainties of final demand, machine break-
downs, defects, unavailable parts, and so on. The

Just-in-Time (JIT) production system was
invented to aim chiefly at cost reduction by
eliminating unnecessary elements in production
(Monden 1993, Ohno 1988). There are two key
concepts: one is “Just in Time (JIT)” which is
based on production smoothing and the other is
“JIDOKA.” The primary objective of JIT is to
produce the right quantity of product in the right
place at the right time, while maintaining mini-
mal work-in-process. JIDOKA is for eliminating
defects in the parts and products produced in
each process. The systems are also supported by
the kanban system, setup reduction, total quality
management (TQM), and other subsystems to
enhance “KAIZEN,” which means continuous
improvement in the systems. It is well known
that the lean production system (Womack et al.
1991) advocated by MIT is based on the JIT
production system.

In the JIT production system, a subsequent
process withdraws necessary parts from a pre-
ceding process at a necessary point in time, and
then the preceding process produces the parts
withdrawn by the subsequent process using the
kanban system. Two kinds of kanbans, that is, a
production-ordering and a withdrawal kanban,
are used as tools to control the production and
withdrawal quantities in each process. Once the
number of kanbans used in the process is speci-
fied, the process can operate independently of the
other processes. Moreover, the supervisor of the
process can use as many kanbans as he wants,
though he is expected to minimize the number of
kanbans used in the process. Therefore, the JIT
production system is a decentralized, self-
regulating system (Monden 1993). Since the
number of kanbans used in each process decides
the performance of the system, the method of
determining them is essential for the system. In
general, the number of kanbans used in each
process is usually computed by popular formulas
given in Sect. 7.4.2. The formulas include the
safety stocks and adapting to uncertainties.
Theoretically, it is important to determine opti-
mal number of kanbans to minimize the expected
average cost per period. In other words, the
optimal amount of safety stock in the formulas
are empirically determined.
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7.4.1 Kanban System

In the JIT production system, two kinds of kan-
bans are mainly used: a production-ordering
kanban and a withdrawal kanban. The with-
drawal kanban specifies the kind and quantity of
parts which the subsequent process should
withdraw from the preceding process, while the
production-ordering kanban specifies the kind
and quantity of parts which the preceding process
must produce. When the subsequent process
carrier withdraws the parts, he detaches the
production-ordering kanbans from the containers
and places them in the kanban receiving post. He
attaches one withdrawal kanban to each con-
tainer and brings them back to the subsequent
process. Production-ordering kanbans in the
receiving post are collected regularly and are put
into the production-ordering kanban post. The
parts are produced according to the ordinal
sequence of the production-ordering kanbans in
the post. On the other hand, when the first part in
the container is used in the subsequent process,
the withdrawal kanban is put in the post. In
particular, a withdrawal kanban used for making
withdrawals from a vendor is called a supplier
kanban. The lead time from ordering to delivery
of the supplier kanban is relatively longer than
that of the ordinary withdrawal kanban. The
notation ‘a-b-c’ is used for specifying the deliv-
ery cycle of the vendor, where ‘a-b-c’ means that
the parts are delivered ‘b’ times during ‘a’ days
and ‘c’ delivery times later after the ordering.
That is, the delivery cycle is a/b and the lead time
is ac/b (Monden 1993).

The number of production-ordering kanbans
corresponds to the maximum possible stock in the
containers of the parts produced in the process.
Similarly, the number of withdrawal kanbans
corresponds to the maximum possible stock in the
containers of the parts used in the production
process. As the number of kanbans increases, the
stock of parts also increases and overstocking
may occur. Conversely, as the number of kanbans
decreases, the stock of parts also decreases and a
shortage may occur. Therefore, it is essential in
the JIT production system to optimally determine
the number of kanbans.

7.4.2 Modeling Approaches
to Analyzing the System

We summarize early theoretical studies of the JIT
production system. In the case where the demand
is deterministic, Bitran and Chang (1987) con-
sider a deterministic multi-stage capacitated
assembly-tree-structure JIT production system.
They formulate the problem of determining the
number of production-ordering kanbans for each
process into a nonlinear, mixed integer, pro-
gramming problem. In their paper, it is noted that
managers should adjust the number of kanbans
determined by their model to take into consid-
eration potential uncertainties in demand and
machine breakdowns. Miyazaki et al. (1988) deal
with a deterministic process with a variable
withdrawal cycle and investigate the problem of
obtaining the number of withdrawal kanbans and
the withdrawal cycle that minimize the average
cost per period under the given safety stock.

In the case where demand is stochastic,
Kimura and Terada (1981) analyze by simulation
how fluctuations in demand influence the fluc-
tuations of the production and inventory in the
preceding processes in a multi-process JIT pro-
duction system. Deleersnyder et al. (1989) dis-
cuss the effects of the number of kanbans,
machine reliability, demand variability, and
safety stock requirements on the performance of
the system using a discrete time Markov chain.
Wang and Wang (1990) investigate a JIT pro-
duction system by a Markovian queue under the
condition that both inter-arrival times of the
demand and processing times are exponentially
distributed. They obtain an optimal number of
production-ordering kanbans by calculating a
stationary distribution of the system. Further-
more, JIT production systems are thoroughly
studied using queueing theory. These analyses
are based on the unrealistic assumption of
exponentially distributed processing times. Tayur
(1992) discusses the structural properties of a
general multi-process JIT production system
using results on an underlying generalized semi-
Markov process.

Most of the previous papers deal with one
kind of kanban, mainly, the production-ordering
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kanban. In the next subsection, we consider a
single-stage JIT production system with the
production-ordering and supplier kanbans under
stochastic demand and deterministic processing
time. In fact, the deterministic processing time is
much more realistic than the exponentially dis-
tributed processing time.

Denote the number of production-ordering
kanbans and supplier kanbans by M and N,
respectively. In general, formulas for determin-
ing the number of kanbans are as follows
(Monden 1993):

M ¼ ½ðDLp þ IsÞ=u� ð7:5Þ

and

N ¼ ½ðDa 1þ cð Þ=bþ IsÞ=u� ð7:6Þ

where [x] is the minimum integer not less than
real number x and

D = the average demand per unit time
Lp = lead time from the time a production-

ordering kanban is detached to that a full con-
tainer with is placed in the store,

Is = safety stock, and
u = the container capacity.

7.4.3 Optimization of the System

We consider a single-stage JIT production sys-
tem with supplier and production-ordering kan-
bans, which is shown in Fig. 7.6. Denote by L,
M, and N the lead time of the delivery, the

number of production-ordering kanbans and that
of supplier kanbans, respectively. The preceding
process is a supplier, and as note in Sect. 7.4.1,
the supplier delivers containers of the parts
b times during a days and c times later after the
ordering. For simplicity, take the constant
delivery cycle as one period. The parts consumed
in period k (= 1, 2, …) are ordered from the
supplier at the beginning of period k + 1, and
they are delivered at the beginning of period
k + L + 1. It is assumed that the demand for the
product in each period is independent and iden-
tically distributed (i.i.d.) with mean D, the excess
demand is backlogged, and the container capac-
ity u is equal to one.

Let C be the production capacity of the pro-
cess and the following notation is used:

Dk = demand in period k,
Bk = backlogged demand at the beginning of

period k,
Ik = inventory level of the part at the begin-

ning of period k,
Jk = number of production-ordering kanbans

in the production-ordering kanbans post at the
beginning of period k,

Pk = production quantity in period k, and
Xk = Bk + Jk: the total backlogged demand at

the beginning of period k.
The JIT production system is called stable, if

the distribution of Xk converges to a stationary
distribution, as k tends to infinity. This is called a
stability condition (e.g., Wolff 1989). Under the
condition, we obtain an algorithm for determin-
ing the optimal number of kanbans that

: a part : a product

: a production-ordering Kanban
: a supplier Kanban

: flow of parts or products
: flow of information

Process 

to a supplier

from a supplier

N M 
from customers

to customers= +

Fig. 7.6 Single-stage JIT
production system
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minimizes the expected average cost per period
(Ohno et al. 1995). The algorithm, needless to
say, does not assume the given safety stock.
Therefore, the algorithm can be regarded as a
procedure for determining an optimal safety
stock, if the formulas are adopted.

7.5 Closed Loop Supply Chain

7.5.1 Supply Chain Management

A supply chain means a chain structure that is
composed of customers, retailers, wholesalers,
manufacturers and parts/material suppliers. Sup-
ply chain management (SCM) is a well-known
approach to increasing the performance of the
whole system. To carry out SCM effectively, it is
essential to closely coordinate with the other
related companies as well as the processes of
one’s own company in the supply chain.

Traditionally, in the management of supply
chain processes, inventory management descri-
bed in Sect. 7.2 is challenging because it directly
impacts customer service and the gross profit
income statement. Inventory management
involves managing product stocks, in-process
inventories of semi-products, as well as inven-
tories of raw material. Figure 7.7, for example,
illustrates a multi-stage supply chain model. If
the supply chain consists of some processes with
vertical structure shown in Fig. 7.7, the bullwhip
effect (Lee et al. 1997), which is one of the issues
in the supply chain, occurs. It means a change in
amplification of the ordering quantity from
downstream (customers) to upstream (suppliers).
To deal with such an issue in the supply chain,
inventory management with information sharing
is one of the powerful tools.

A manufacturer needs an inventory policy for
each of its products to define when and how
much it should be replenished using information
technology (IT). Appropriate inventory control is
required to reduce costs, improve service level,
and to generate new higher profits. If the inven-
tory is too low, demand and supply fluctuations
cannot be balanced, delivery performance will
become low, and we end up with lost revenues. If
the inventory is too high, working capital will be
used up for the unnecessary stock, scrap risk,
price down risk, and holding cost. As many
suppliers are tasked with helping to create solu-
tions that respond to a specific business need,
changes in the inventory policies can lead to a
dramatic alteration of the supply chain’s effi-
ciency and responsiveness (Kojima et al. 2008).

7.5.2 Concept of Closed Loop Supply
Chain

Research in the field of supply chain manage-
ment has traditionally focused on unidirectional,
forward movement, that is transformation of
materials from suppliers to inbound logistics,
part fabrication, sub-assembly operations, final
product manufacturing, outbound logistics, dis-
tribution, wholesalers, retailers, customers, end
consumers, product maintenance, after-sales
service, and later to end-of-life disposal. The
reverse-directional flow of products back from
end-users for reuse has received comparatively
little attention in academic and practitioner cir-
cles till the turn of the century. However, in light
of natural resource depletion around the globe,
many countries are reevaluating their environ-
mental regulations, such as European Union’s
WEEE directive of 2003, and are bolstering them

Inventory
1 

(materials)

Process
1 

Inventory
       2 

(parts)
Process

2 

Inventory
3 

(products) 

(upstream) (downstream)

Fig. 7.7 Multi-stage supply chain model
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to include recycling initiatives. In addition, con-
sumers are demanding “greener,” eco-friendlier
products. This macro-trend makes a stronger case
for upstream supply chain entities across indus-
tries to focus their efforts on reverse supply chain
activities so as to enhance their value proposition
(Guide and Wassenhove 2002).

Managing a reverse supply chain includes
activities necessary to acquire end-of-life prod-
ucts from customers to recover value and even-
tually dispose of them. In a few decades, reverse
supply chains have been garnering increased
attention for various institution- and market-
based mechanisms. Institution-based mecha-
nisms include considerations such as limited
landfill capacity, take-back laws, concerns about
the increasing carbon footprint, etc. In contrast,
market-based mechanisms include considerations
such as increasing the proportion of product
returns, consumer preference for “green” prod-
ucts, higher revenues through secondary sales in
global markets, second life for discarded prod-
ucts, etc.

Within reverse supply chains, product recov-
ery activities seek to reduce scrap by recovering
materials and components from end-of-life or
prematurely discarded/returned products from
consumers. These activities include: (a) Reuse,
where retail function handles the subsequent sale
of used product after ensuring it meets quality
standards. (b) Refurbish, where a distribution
network (or company’s outbound logistics) ships
the used product to a refurbishing facility to
ensure it is brought back to meet quality stan-
dards and its service life is extended before
offering it for sale; (c) Remanufacture, where the
product has to be returned to manufacturing
operation for disassembly, remanufacturing, and
subsequent reassembly before sale to consumer
as a remanufactured/reconditioned offering; and
(d) Recycle, where only some components can
be salvaged from used products, reutilized in
conjunction with virgin materials, and then
placed in a forward supply chain via inbound
logistics (Loomba and Nakashima 2012).

The concept of the integrated supply chain
which includes a forward supply chain and a
reverse supply chain is called a closed loop

supply chain or closed loop manufacturing. It is
important to develop and manage effectively the
closed loop supply chain systems for realizing a
sustainable society.

7.5.3 Analysis of a Closed Loop
Supply Chain

We formulate a closed loop supply chain model
with stochastic variability using a discrete time
Markov decision process (MDP). MDP is one of
the useful tools to control various kinds of
stochastic systems such as inventory, production,
transportation, and so on (Howard 1960; Naka-
shima et al. 2004; Nakashima and Loomba
2013). We consider a single process that pro-
duces a single item product using a returned
part. The finished products are stocked in the
factory and are used to fulfill customer demand.
The end-of-life products are collected, disas-
sembled, and refurbished, and each returned part
is used for remanufacturing.

We suppose that the product is remanufac-
tured using a returned product that belongs to
class n (n = 1, …, N) quality. Each class has a
different acquisition cost, different remanufac-
turing cost, and different delivery lead time.
Therefore, the decision-maker has to control
n kinds of inventories for the returned products.

We assume that remanufacturing preserves
the product’s identity and performs the required
disassembly and refurbishing operations to bring
the product to a desired level of quality at some
remanufacturing cost. All the production begins
at the start of a period, and all the products are
completed by the end of the period. Product
demand is independent and identically dis-
tributed (i.i.d) with mean D. The remanufacturer
orders the quantity of parts of class n that are
supplied by the class n supplier, each with its
own acquisition cost. It is assumed that the lead
time of the part delivery is one. We use the fol-
lowing notations;

In(t): inventory level of class n (n = 1, 2, …,
N) at the beginning of period t

On(t): ordering quantity of class n at the
beginning of period t
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kn: action as ordering part of class n
(kn = On(t))

D(t): demand in period t
Pn(t): production quantity using pert class n in

period t
an: acquisition cost per unit part for supplier n
hn: holding cost per unit part supplied by

supplier n
cn: remanufacturing cost using part class n
cb:: backlog cost
Figure 7.8 shows the closed loop supply chain

model with N = 2. We can formulate this system
into the Markov decision process and obtain the
optimal ordering policy that minimizes the
expected average cost per periods.

7.6 Concluding Remarks

In this chapter, a summary of the scientific
approaches to managing the production and/or
the related systems is described to develop a
sustainable production system. These manage-
ment systems, especially, have close relations
with SDGs # 9 (Industry, innovation, infras-
tructure) and/or # 12 (Responsible consumption,
production). Recently, global supply chain
management (GSCM) is attracting the most
attention to coordinate the whole of the global
operational systems because the stakeholders
such as suppliers, employees, and others related
to the supply chain have been enlarged all over
the world. Information and communication
technology has changed the conventional process
and makes effective global operations possible.

GSCM also covers more sustainable devel-
opment goals, for example, #7 (Affordable and
Clean Energy), #8 (Decent Work and Economic
Growth), #13 (Climate Action), and #17 (Part-
nerships to achieve the Goal). It is expected that
all of the people in the world recognize the
necessity of SDGs and utilize the operation
management approaches for realizing a sustain-
able society in the future.
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