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Fig. 3. Factors of service distributed system

4.1 Form of the service provider
In order to provide suitable services to customers in time, the company must establish a
suitable allocation and form to support the providing service.

Fig. 4. System frame of distributed cooperative service
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Following system frame shows form of a local service provider, with which the specific kind
of business form can be established for a new service market (Fig. 4).

4.2 Type of resource distribution

Within the centralization of a service organization, the organization is structured as an unit
to summarize all tasks for service providing. It can be regarded as a service central or
service staff from which services are provided for customers worldwide.

In terms of decentralization of service organization tasks are assigned to several
organization units, also known as local office respectively. All service units consist of a
service network (Fig. 5).
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Fig. 5. Centralization level of local service provider

The service centralization occupies the competence advantages that local providers can use
from head office. Further it is possible to advance the communication and coordination
between local and homeland and not to mention the fact that the head office achieves almost
every service feedback as service know-how is given. Unfortunately it takes a long reaction
time to market abroad and it is proved to be difficult to forecast customers’ demands and
low flexibility.

Service decentralization leads decentralized local provider plan, coordination and operation
of service provision. The provider can respond to the customer’s demands quickly. In
contrast to the centralization it can offer high flexibility and quick supplying of spare parts.
As a disadvantage, lack of communication between local service provider and different
markets will lead to lose an amount of feedback information regarding as know-how.

4.3 Cooperation and coordination of service provision on target market

Methods of supply chain managements (SCM) offer solutions in direct coherence with the
problems of spare parts supply and maintenance logistic. A supply chain can be defined as a
chain and most likely a network of different organizations, which work together in order to
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develop a product or service needed by end customer. Collaboration of all undertakings
within a value chain is centre of a supply chain. This means that supply chain forms an
alliance between network partners and tries to coordinate these bonds. The continuous
adjustment to demands of end customers is a main characteristic of a supply chain and
supply chain management (Scholz-Reiter & Ranft, 2000). In these terms, supply chain
management aims goal of integrated scheduling, simulation, optimizing and control of
goods, information and money, which flow along lines of a value chain between customer
and commodity providers (Corsten & Gossinger, 2001).

These keynotes may also be assigned to cooperation of maintenance, because same targets are
aimed at coordination of maintenance. Supply chains, which are formed out of these keynotes,
will be called service supply chains (SSC). In this article reference scenarios for cooperative
provision of maintenance services are introduced based on the assigned ability of SCM.

In order to ensure the manageability of observation of these scenarios, only Supplier 1 (1-
tier) and supplier 2 (2-tier) are being observed within a network (Fig. 6).
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Fig. 6. Service delivery hierarchy

For operator of a complex machine, the machine maintenance including inspection,
attendance and repair is an important factor, which has immanent influence on the purchase
decision. This article consequently focuses on fields of maintenance logistics and spares
parts supply, which is often related to maintenance logistics. Consequently the business of
spare parts supply has to deal with temporal, regional and quantitative combination of
spare parts with damaged primary product. The aim of maintenance logistics is the
temporal, regional and quantitative combination of maintenance staff with required
qualification, with the damaged primary product in order to provide maintenance services.
Consequently a frictionless and safe spare parts supply would have an imminent
importance for the assurance of availability and the conservation of value of the provided
complexes machines. The continuous and accurate logistic of information and
documentation, which is easy and fast to handle, is a precondition for the efficient
accomplishment of the spare parts supply as well as maintenance logistic.

5. Reference scenarios for the cooperative provision of maintenance services

The reference scenarios consider all contingencies starting at bilateral relationship of
customers and OEM, integrations of provider by OEM and ending at self coordinated
maintenance supply by equal supply chain partners.
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5.1 Scenario 1

The first scenario (Fig. 7) is strongly oriented to flow of materials along the value chain. In
the case of maintenance, the OEM is the only contact person for the customer within a
supply chain. This condition is based on grounds that collaboration of OEM and customer is
formed during the course of purchase of a product. Most likely this happens quite earlier.
The advantage of this scenario in the view of customer is transparent commissioning. The
OEM adopts the responsibility for provision of maintenance services for end customers.
Spare parts are provided by the supplier to the OEM. The OEM deputes his maintenance
staff in the case of an assignment with access to suppliers’ spare parts or own spare parts
and performs the requested maintenance services. In order to fill the stock with spare parts a
flow of information between OEM and supplier is precondition.
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Fig. 7. Reference scenario 1 for cooperative provision of maintenance services

The supplier functions in the role of a subcontractor and can optionally be called by the
OEM to perform services in form of support and professional competence. This is the case,
for instance, if assistance of a supplier is needed during process maintenance process, if
insolvable problems emerge for the OEM or if spare parts are requested at short notice. In
this scenario, the OEM has a monopoly position.

5.2 Scenario 2

For the second scenario, the attention falls on parallels to the first scenario (Fig.8). The order
acceptance and clearing happens solely by the OEM. In this case, provision of maintenance
services is strongly oriented to the supply chain.

In case A, the OEM provides requested maintenance services to the customer with access to
necessary spare parts of the supplier or with own spare parts. The OEM deputes the
coordination of spare parts and maintenance staff. The filling of his spare part stock
happens with help of information exchange or orders to the supplier. The supplier still
provides his professional competence. The provision of requested maintenance services for
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cases B and C of this scenario are designed differently. The customer searches contact to the
OEM when need repair. The OEM verifies the assignment and estimates whether the
problem is within his fields of competence. If this is not the case, the assignment is
transferred to the supplier.
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Fig. 8. Reference scenario 2 for cooperative provision of maintenance services

In case B for instance, the assignment is transferred to 1-tier. 1-tier gets the assignment and
provides needed maintenance service in the name of the OEM, with the help of a
coordinated spare parts supply and a deposited maintenance staff directly to the customer.
1-tier is not influenced by the OEM. The only possible intervention by the OEM happens
during assistance. Assistance is, for instance, if the OEM happens to have needed
knowledge about the product.

In case C actions take place: 2-tier gets the assignment of the OEM and the ongoing
approach is identical to already depicted approach that 1tier is engaged in this case. The
supplier get the possibility to present their company to the customer by providing
maintenance services. In this scenario, the monopoly of OEM is partly undercut, because the
OEM loses a part of his service business to the supplier. Nevertheless it means the
advantage of a competence oriented service provision.

5.3 Scenario3

The situation, in which the customer can choose his service provider, is given in scenario 3
(Fig.9). The customer forms main authority with respect to principles of the free market
economy. In this scenario the equal but factually bordered service situation for all supply
chain partners is approached. For the case of repair, the customer can choose the most
beneficial and in his view most competent offer. In all cases the customer contacts directly
the chosen supply chain partner.
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Fig. 9. Reference scenario 3 for cooperative provision of maintenance services

In case A, ltier will be chosen. ltier gets the customer assignment and provides the
requested maintenance service with the help of his spare parts and maintenance staff. There
is no influence taken by other members of the service chain.

A quite similar procedure of maintenance service is taking place in the cases B and C. The
supply chain partner himself adopts responsibility towards the customer. Feedback is
directly given by the customer during and after provision of the service. The condition that
the customer is allowed to choose his service provider, can lead to the situation that a
service provider is not requested to provide maintenance service for his product. The case
will happen, for instance, as soon as the customer assigns the OEM for a suppliers” product.
Even the OEM would necessarily need supplier’s product in order to provide the service. In
lines of a contribution oriented value chain, all parties act in form of a closed network.
During the service provision these parties might be competitors. Nevertheless they are able
to provide services in conjunction. This is the case if the cases A, B and C are connected.

6. Coordination during cooperative service provision

The cooperation of maintenance between numerous partners in the integrated value chain -
like above 3 cases - requires a continuous interlocking of all business processes. Basic attribute
is the company-wide optimization of the business process in service supply chain (Kaiser &
Schramm, 2004). In the view of procedural-organization functional company oriented
structures need to be converted into continuous area-wide and company-wide business
processes. An appropriate instrument, which standardizes several steps within the supply
chain, is supply chain operations reference (SCOR) model of supply chain council (SCC).

The SCOR model is based on the basic consideration that all supply chain assignments and
activities can be relocated to the five main supply chain processes, which are planning,
producing, providing, redelivering and purchasing. The visualization and analysis of the
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network is simplified. During this process, the SCOR model runs through different layers.
On top layer the five basic procedures are set. The basic procedures are subdivided on the
next layer, which is the configuration layer. On the third layer, the design layer, it is possible
for the operator to define his own processes. Each deeper layer step ending at the bottom
layer leads to a detailing of previously defined processes.

Basically, the basic procedures can be distinguished into heterogeneous types of process,
which are process types of planning, executing and infrastructure. The process type of
planning considers all actions allocated to the preparation of future flow of materials. The
main aim is to match the demand and the internal company abilities. Typically these are
purchase planning, production planning, delivery planning and prognosis planning. This
type of process is documented by the planning process. The executing processes consider all
activities allocated to the order processing and further on flow of information and materials.
In executing process, change in state of material, goods and all associated control activities
takes place. Main processes of source, make, delivery and return are associated to this
process. Infrastructural processes, which are the premises for a smooth action and affect an
efficient procedure, support and manage processes of planning and executing during
supply procedure. Return of a faulty primary product or excessive products of a delivery
can be depicted by return process of SCOR model. In this course, this process will not be
considered, this article will focus on coordination of spare parts supply.

Fig. 10 shows that each SCOR process contains a category of process on configuration layer
for categories of planning and infrastructural processes (P1 to P4). In executive process
types, SCOR model divides SCOR processes of source (S), make (M) and delivery (D) in
three categories of processes on configuration layer.

I P'1: Supply chain planning

[ nd Purchasing‘planning> P3: Production planning > P4: Delivery planning

M1: Products in
stock

S1: Neutral material
purchase

D1: Stock products
delivery

M2: Specific

Provider

52: Specific material
purchase

53: Specific construction
material purchase

production

M3: Specific
construction

D2: Specific products
delivery

D3: Specific construction
products delivery

Fig. 10. SCOR process of the configuration layer (Meier et al, 2004)
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During development of reference scenarios and transmission to SSC by SCOR model on
configuration layer it was figured out that maintenance processes can be distinguished from
the normal value chain process in the supply chain with help of a particular element.
Normally supply chains have a horizontal hierarchical formation, which means that
arrangement of companies in the lines of the supply chain is formed by providers (1tier,
2tier and so forth), the OEM and customers.

In these supply chains, flow of materials as well as flow of information partially runs
statically (2tier to 1tier to OEM to customer). Considering the developed scenarios, it is
obvious that in the fewest cases coordination of maintenance services in lines of SCC
arrange itself in form of a hierarchical or static chain.

Maintenance services overtake traditional steps of the supply chain for some part. The
provider probably delivers his spare parts directly to customers without considering the OEM
in this process. The same condition can be depicted in reference to the maintenance staff.

These conditions are based on the following situations,

e  Customer demands / pressure

e Subdivided core competences

e  Availability of spare parts

¢  Geographic problems.

e  Capacity bottlenecks

P1: Supply chain planning P1: Supply chain planning

P2: Purchasing planning ‘

P2: Purchasing planning

S2: Specific material purchase

S2: Specific material purchase
P4: Delivery planning

OEM

P4: Delivery planning D4: Maintenance staff
delivery

rovider

P

A

Customer

‘ D3: Specific construction products delivery

‘ D1: Stock products delivery [\
‘ D2: Specific products delivery /

Fig. 11. Reference scenario 2 with the SCOR model
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In order to ensure an accurate flow of information and, in this case, a flow of services, and
make a detailed evaluation of problem zones in service provision, it is necessary to make
some changes in SCOR model.

Fig. 11 shows maintenance service case B and C of the second reference scenario and depicts
necessary changes in SCOR model. The OEM coordinates the service supply chain with help
of the information and material flow (P1).

For the case that a spare parts purchase by the customer is needed, the OEM executes an
order (P2, S2) toward the provider (1tier).

The provider plans the purchase with the OEM (P4) and delivers finally the demanded
spare parts directly to the customer (D1-D3).

The OEM is overtaken within the service supply chain. Nevertheless the maintenance staff is
posed by the OEM and coordinated to the customer (P4, D4) for the case of an assignment.

7. Support technology of cooperative service

To build cooperative service network, the embedded Web data acquisition system should be
developed to acquire the running parameters of products. Special equipment control and IT-
support system are developed to found technical base for cooperative service. The major
works is to build the reference architeture of IT-support system for cooperative service and to
develop cooperative industrial services which support different IT system. Industrial product
oriented service contents and interface standard are extracted according to industrial features
to form an intermediate unrelated to specific hardware. With this intermediate, product status
monitoring, system parameters transmitting, software online upgrading and audio/video
exchanging can be accomplished. A product (especially for machine tools) can conveniently
switch-on cooperative service network as long as its controller meet the interface standard.

Manufacturer,

EOS based
lookup-servy

1

0

Open platform of cooperative
service of manufacturer and
supplier

Fig. 12. Cooperative service pattern with EOS

An Embedded Online System (EOS) had been developed (Meier, 2004). Using this system,
customer’s machine tools can enter the cooperative service network and the service
suppliers can finish some operations such as collecting running parameters, eliminating
locale troubles, conducting AV conference and so forth. Cooperative service pattern under
EOS is shown in Fig.12.
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8. Discussion

The sequential value chain between supplier and customer was charted in respect of supply
chain management. More likely it is imaginable that single steps of the supply chain are
skipped and component supplier, which are more appropriate for special assignments and
parts of the product-supporting service provision in contrast to the OEM, keeps contact with
end customers. The flow of materials, which runs parallel to flow of information, could, even if
it only partially affects the value chain, be relevant for all parties because there is to form a tie
between all current information. Further on there are to coordinate delegations of staff, such as
the delegation of technicians, for scheduled and not scheduled service assignments.

Regarding the different characteristics of the service and features of the global market with
traditional service concepts, companies are unable to provide the machine based Life cycle
service towards customers abroad with the traditional concept effectively and efficiently.
This article describes a possible approach, designing a service structure of global distributed
cooperative servicer based on supply chain. This will enhance the efficiencies of service
provisions for enterprises, which are and intend to be active in global service business.
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1. Introduction

Supply chain management has enabled numerous firms to enjoy great advantages by
integrating all activities associated with the flow of material, information and capital
between suppliers of raw materials and the ultimate customers. The benefits of a property
managed supply chain include reduced costs, faster product delivery, greater efficiency, and
lower costs for both the business and its customers. These competitive advantages are
achieved through improved supply chain relationships and tightened links between chain
partners such as suppliers, manufacturing facilities, distribution centers, wholesalers, and
end users (Berger et al. 2004). Besides integrating all members in a supply chain, to improve
the traditional method of solving inventory problems is also necessary. Without using
derivatives, Grubbstrom (1995) first derived the optimal expressions for the classical
economic order quantity (EOQ) model using the unity decomposition method, which is an
algebraic approach. Adopting this method, Grubbstrom and Erdem (1999) and Cérdenas-
Barrén (2001) respectively derived the optimal expressions for an EOQ and economic
production quantity (EPQ) model with complete backorders. In this chapter, a generalized
model for a three-stage multi-firm production-inventory integrated system is solved using
the methods of complete squares and perfect squares adopted in Leung (2008a,b, 2009a,b,
2010a,b), which are also algebraic approaches; whereby optimal expressions of decision
variables and the objective function are derived.

Assume that there is an uninterrupted production run. In the case of lot streaming in each of
the upstream stages, shipments can be made from a production batch even before the whole
batch is finished. However, some or all suppliers/manufacturers/assemblers cannot
accommodate lot streaming because of regulations, material handling equipment, or
production restrictions (Silver et al. 1998, p. 657). Without lot streaming, no shipments can be
made from a production batch until the whole batch is finished. Sucky (2005) discussed the
integrated single-vendor single-buyer system, with and without lot streaming, in detail.
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In the inventory/production literature, all researchers have constructed their models under
the assumption of either allowing lot streaming for all firms involving production (Khouia
2003) or not (Ben-Daya and Al-Nassar 2008), or both extremes (Sucky 2005, and Leung 2010a).
The main purpose of the chapter is twofold: First, we build a generalized model incorporating
a mixture of the two extremes and allowing compete backorders penalized by linear (i.e. time-
dependent) shortage costs, and solve it algebraically. As a result, we can deduce and solve
such special models as Khouja (2003), Cardenas-Barrén (2007), Ben-Daya and Al-Nassar's
(2008), Seliaman and Ahmad (2009), and Leung (2009a, 2010a,b). In addition, with appropriate
assignments as in Section 5 of Leung (2010a), we can also deduce and solve other special
models: Yang and Wee (2002), Wu and Ouyang (2003) or Wee and Chung (2007), and Chung
and Wee (2007). Second, we derive expressions for sharing the coordination benefits based on
Goyal's (1976) scheme, and introduce a further sharing scheme.

Some good review articles exist that provide an extensive overview of the topic under study
and can be helpful as guidance through the literature. We mention surveys by Goyal and
Gupta (1989), Goyal and Deshmukh (1992), Bhatnagar et al. (1993), Maloni and Benton
(1997), Sarmah et al. (2006), and Ben-Daya et al. (2008). The well-known models of Goyal
(1976), Banerjee (1986), Lu (1995), and Hill (1997) are extended by Ben-Daya, et al. (2008) as
well. Other recently related articles include Chan and Kingsman (2007), Chiou et al. (2007),
Cha et al. (2008), Leng and Parlat (2009 a,b), and Leng and Zhu (2009).

2. Assumptions, symbols and designations

The integrated production-inventory model is developed under the following assumptions:

1. A single item is considered.

2. There are two or more stages.

3. Production and demand rates (with the former greater than the latter) are independent
of production or order quantity, and are constant.

4. Unit cost is independent of quantity purchased, and an order quantity will not vary

from one cycle to another.

Neither a wait-in-process unit, nor a defective-in-transit unit, is considered.

6. Each upstream firm implements perfect inspection to guarantee that defective units are
not delivered to any retailer. Three types of inspection suggested in Wee and Chung
(2007) are executed .

7. Each type of inspection costs is different for all firms in each stage involving
production.

8.  Setup or ordering costs are different for all firms in the chain.

9. Holding costs of raw materials are different from those of finished products.

10. Holding costs of raw materials are different for all firms in the chain.

11. Holding costs of finished goods are different for all firms in the chain.

12. Lot streaming is allowed for some firms but no lot streaming is allowed for the rest in
each stage involving production.

13. Shortages are allowed for some/all retailers and are completely backordered, and all
backorders are made up at the beginning of the next order cycle.

14. All firms have complete information of each other.

15. The number of shipments of each supplier, manufacturer, assembler or retailer is a
positive integer.

16. The planning horizon is infinite.

o1
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The following symbols (some as defined in Leung 2010b) are used in the expression of the
joint total relevant cost per year.

Djj = demand rate of firm j (=1,---,];) instage i (=1,---,n) [units per year]

Pjj = production rate of firm j (=1,---,];) instage i (=1,---,n—1) [units per year]

byj = bj = linear backordering cost of finished goods of firm j (=1,---,],) in stage n, where
0<b; <o (Note that b; =0 means that no costs of operating an inventory system are
incurred; this is not realistic and thus excluded, and b]- =c means that the penalty of
incurring a backorder is too large; this is pragmatic and thus included.) [$ per unit per

ear

i =};1olc1ing cost of incoming raw material of firm j (=1,---,];) in stage i (=1,---,n—1) [$
per unit per year]

hij = holding cost of finished goods of firm j(=1,---,];) in stage i(=1,..n) [$ per unit per
year]

Sij = setup or ordering cost of firm j (=1,---,];) instage i (=1,---,n) [$ per cycle]

Ajj = inspection cost per cycle of firm j (=1,---,];) instage i (=1,---,n—1) [$ per cycle]

Bj; = inspection cost per delivery of firm j (=1,---,];) instage i (=1,---,n—1) [$ per delivery]

Cij = inspection cost per unit of firm j (=1,--+,];) instage i (=1,---,n—1) [$ per unit]

For a centralized supply chain (or the integrated approach), we have

t,j=t; = backordering time of firm j(=1,-,],) in stage n; hereafter called retailer
JEL )
(¢ are decision variables, each with non-negative real values) [a fraction of a year]

Tn(]t.’) =T, = basic cycle time of retailer j (=1,---,],)

(T is a decision variable with non-negative real values) [a fraction of a year]

T, =T,[ 1,2 Ke =TI 1K with K, =1
= integer multiplier cycle time of firm j (=1,---,];) instage i (=1,---,n-1)
(Ky,-++,K,_; are decision variables, each with positive integral values) [a fraction of a year]
TC;; = total relevant cost of firm j (=1,---,];) instage i (=1,--,n) [$ per year]

nJi
JTC(Ky,++, Ky, T, 1) = 2. 2. TC;;= joint total relevant cost as a function of Ky, K,_;, Ty
i=1j=1
and ¢
(the objective function) [$ per year]
For a decentralized supply chain (or the independent approach), we have
M,j = p; = backordering time of retailer j (=1,---,],)
(14 are decision variables, each with non-negative real values) [a fraction of a year]
r,(,?) =7, = basic cycle time of retailer j (=1,---,],)
(7 is a decision variable with non-negative real values) [a fraction of a year]

-1 .
;= TnHZ:i A = rnHZ:i/ik with 4, =1
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= integer multiplier cycle time of firm j (=1,---,];) instage i (=n-1,---,1)

( ﬂ'ﬂ
year]

TC(z,, u;) = total relevant cost of all retailers [$ per year]

_1,+, 4 are decision variables, each with positive integral values) [a fraction of a

TC(4;) = total relevant cost of all firms in stage i (=n—1,---,1) [$ per year]

To simplify the presentation of the subsequent mathematical expressions, we designate

0 without lot streaming _ . )
Zij = and y; =1-y; fori=1,-,n-1;j=1.--,];, 1)

1 with lot streaming
D; - ) .
p;=—- and ¢; =1-g; fori=1,--,n-1;j=1,--,];, VA
F;

where the former represents the proportion of production that goes to meet demand and the
latter reflects the proportion of production allocated to inventory,

Ji _
Go=0 and G;= ZDijhij[Zij((ﬂij —¢;)—x;] fori=1,-n-1, 3)
=1
J - .
H; =3 D;le;g; + 2 @ihy + 2L+ 9y)1+ Gy for i=1,-,n-1, 4
=1
I D,:b:h,
HP =3 G, 6)
ELALY
Ji .
51‘1:_21517‘ fori=1,--,n, (6)
i=
Ji
Ay=2A; fori=1,n-1, @)
=1
Ji
Bilzszj fori=1,--,n-1, 8)
j=1
Ji
Cy=2CD; fori=1,-,n-1, )
=1
a; =5+ Ay, (10)

a;=Sy+A;+B,_,; fori=2,,n-1, 11)
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o, = Sn] + B’Vl*L] ’ (12)

and

n-1
B, = Z Ci[ : (13)
i=1

Assume that there is an uninterrupted production run. In the case of lot streaming in stage
i(=1,---,n—1), shipments can be made from a production batch even before the whole

batch is finished. According to Joglekar (1988, pp. 1397-8), the average inventory with lot
streaming, for example, in stage 2 of a 3-stage supply chain, is %[(ﬂz j+(Ky -1)p, ;1 units,

which is the same as equation (7) of Ben-Daya and Al-Nassar (2008).

Without lot streaming, no shipments can be made from a production batch until the whole
batch is finished. The opportunity of lot streaming affects supplier's average inventory.
According to Goyal (1988, p. 237), the average inventory without lot streaming, for example,

T,D,;
322] (¢2;K; +K; = 1) units, which is the same as term

2 in equation (5) of Khouja (2003).
The total relevant cost per year of firm j (=1,---,];) instage i (=1,---,n—1) is given by

n 2
:'Kk TnD H k H
Tcij = £ IZP d (gij+11]h])+ = 2k Hl ” U hz]ll]

y

HZ:HlKk TnDs (Hk lKk k +1K ) n 1](1 )

+T Zijh; + 5 hi]‘){i]‘ (14)
y

Sij + Aij + Bij +C..D..

+ n n n l] l]’
Hk:iKk T, Hk:iKk T, Hk:i+1Kk ‘T,

where without lot streaming, term 1 represents the sum of holding cost of raw material
while they are being converted into finished goods and the cost of holding finished goods
during the production process, and term 2 represents the holding cost of finished goods
after production; but with lot streaming, term 1 represents the sum of holding cost of raw
material while they are being converted into finished goods, and terms 3 and 4 represent the
holding cost of finished goods during a production cycle; term 5 represents the setup cost,
and the last three terms represent the sum of inspection costs.

Incorporating designation (2) in equation (14) yields

Dyleygii + 2 2iilty + Zihy L+ $)IT, T T Ke Dijhi;'[lij((/’ij—% - 7L I K
TCij: 2 * 2
Si'+Az" B,“
i / +C;D; fori=1,--,n-1;j=1,-,];.

T n K +T n i
nHk:i k nHk=i+1

The total relevant cost per year of retailer j(=1,---,],), each associated with complete
backorders and each backorder penalized by a linear cost, is given by

(15)
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D,ih,i(T, —t;)? Dnbt S,
TC,; = sz ] ZJTH +—Lforj=1,],, (16)

n n n

where term 1 represents the holding cost of finished goods, term 2 represents the
backordering cost of finished goods, and term 3 represents the ordering cost.
Expanding equation (16) and grouping like terms yield

TC, 5T
n

_ Dyl Jrlq,q){t2 2h, Tt } Dyl S

7 b+, 2 T,

Using the complete squares method (by taking half the coefficient of v;) advocated in Leung
(2008a,b, 2010a), we have

TC . = Dn]'(b]' +hn]') P hn]Tn DH]h721] n Dn]hn]Tn i
" 2T, |/ bj+h, | 20;+hy) 2 T,

n

nj*n nj”j' nj n +7nj. (17)
2T, bi+hy | 20b+h,) T

n

2
Dnj(b]-+hnj)[t. h, T ] DT, S
]

3. An algebraic solution to an integrated model of a three-stage multi-firm
supply chain

Incorporating designations (3) to (9) with n=3 in equations (15) and (17) yield the total
relevant cost per year in stage i (=1, 2, 3) given by

_HKKT | G Sy+Ay | By

TC +Cy;, 18
Z A 2 KK,T, KT, (18)
. - S, +A B
Z2TCzj=(H2 CKTs | Gl | 52+ A Doy +Cy, (19)
=t 2 2 KT, Ty

and

2
J hy T s Dy:bih S
iTC3j ZDS] (b, +h3])( b 3743 ) Z 3% 3] 3]
j=1

2T5 i3 +hy; 2 i5(b +h3]) T3
2
(b) _ S ha T
:M_ﬁ. 31 ZD3 (b +h3 ) t _ 3j°3 . (20)
2 T3 2 3] i i b.+h3j

The joint total relevant cost per year for the supply chain integrating multiple suppliers
(i=1,j=1,--,];), multiple manufacturers (i=2;j=1,---,J,) and multiple retailers
(i=3;j=1,---,]3) is given by
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J1 J2 I3
JTC(Ky, Ky, Ty, tj) = 2 TCy + 3 TCy; + 2 TCy; (21)
=1 j=1 j=1

Substituting equations (18) to (20) in (21) and incorporating designations (10) to (13) with
n=23 yield

o 7 [ HiKK, + HoK, + HY
KlKZ KZ

1 a
]TC(KI’K2’T3'tj):f[_+_2+a3 +T, 5
(22)

2
1 I3 hB'TS
+—ZD3.(b.+h3.)[t.—f— + .
2T A ] ] bj+h3j

3 j=1

Adopting the perfect squares method advocated in Leung (2008a, p. 279) to terms 1 and 2 of
equation (22), we have

2
(b)
JTTC(K, K, Tyt ) =| || —B s %y | = | [ HufiKs + HoK; + Hy
! T,\ KK, K, ’ 2

+\/Z[L+ﬁ+a3j(HlKlK2+H2K2+H;b)) (23)

2
1 & h, T,
+—>D,.(b. +h,)| t. ——2 +fs.
2T3]§1 3]( j 3])[] bj+h3j 163

For two fixed positive integral values of the decision variables K; and K5, equation (23) has a
unique minimum value when the two quadratic non-negative terms, depending on T3 and t;,
are made equal to zero. Therefore, the optimal value of the decision variables and the
resulting minimum cost are denoted and determined by

a a 1
T°(Ky,Ky) = 2[1+2+a] , (24)
v \/ KKy K, )\ HKK,+HyK, + HY
° h3‘T0(K1/K2) .
tj(KlfKZ)zjbih for j=1,-,]5, (25)
j 13

and

JTC (Ky,Ky) = ]TC[Kl/KZITQ(Kl'KZ)/t;(Kl'Kz)]

= 2| % a3 |(H KKy + HyKy + HY) + By (26)
KiKy Ky

Multiplying out the two factors inside the square root in equation (26) yields
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JTC(Ky, Ky) =2 - \/ At | o, HK, + +a3H2K2 +a3H1K1K2 +ayH, +a,H, + oHY + ;.

Clearly, to minimize JTC®(K;,K,) is equivalent to minimize

C(Ky, Ky) =202 4 oy H Ky + 2 asHy +azH K, + +a3HlK1K2 7)
1

We observe from equation (27) that there are two options to determine the optimal integral
values of K; and K3 as shown below.
Option (1): Equation (27) can be written as

1 H HY (F+en)
¢(Ky, Ky) = 52 + apHiKy +————+ a3 (H1K; + Hp)K, .

To minimize ¢V(K,,K,) is equivalent to separately minimize

HY (L vay)

#V Ky, Ky) ===+ a3 (H,K; + Hp)K,, (28)

and

#V(Ky) =2 K. (29)

The validity of the equivalence is based on the following two-step minimization procedure.
Step (1): Because ¢M(K,K,)= ¢{1)(Kl) + ¢§1)(K1,K2) , it is partially minimized by

D* and

minimizing ¢{"(K,). As a result, the optimal integral value of K;, denoted by K}
given by expression (32) is obtained.

Step (2): Because Kgl)* is fixed, to minimize ¢ (1)(K§1)*,K2) is equivalent to minimize
¢§1)(K§1)*,K2) . As a result, a local optimal integral value of K>, denoted by Kél)* and given
by expression (33), and a local minimum, namely ¢ (1)(K§1)*,K§1)*) are obtained.

Hence, the joint total relevant cost per year can be minimized by first choosing K; = K%l)*
and next K, = K{V* = K, (K{"*) such that

#V(K) < V(Ky 1) and gV (K;) <V (K, +1), (30)
and
VKD, Ky) < DK K, -1) and V(K" Ky) < gD (KT K, +1) (31)

Two closed-form expressions, derived in the Appendix, for determining the optimal integral
values of K; and K; are denoted and given by

kW= [ 495,05 32)
ayH,

and
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)
K* H3 )(ﬁ )

( +0.25+05|, 33)

a3 (H,K{Y" + Hy)

where | x | is the largest integer < x.

Option (2): Equation (27) can also be written as

G
) oy (Hy+22)
ayHj 1(H2 45

+a3H,K, + —x +H; (o + 3K5)K; .

K,

¢A(KyKy) =

To minimize ¢®(K;,K,) is equivalent to separately minimize

(b)
H;
ay (Hy+)

¢2(2)(K1,K2) = T+H1(a2 +a3K5)Ky,

and

_ @Hy

¢1(2)(K2)= K +o3H,K, .

Similarly, the joint total relevant cost per year can be minimized by first choosing K, = K"
and next K, = K{?* =K, (K?*) determined by

®)
K" = [ /ﬂ +0.25 + O.SJ ) (34)
azH,

H(b)
o (H, + 1473))
2

—_—
Hi(a, +0‘3K£ ) )

and

KP* = +025+0.5|. (35)

Both options must be evaluated for a problem (see the numerical example in Section 6).
However, Option (1), evaluating in the order of K; and K>, might dominate Option (2),
evaluating in the order of K; and Kj, when the holding costs decrease from upstream to
downstream firms. A formal analysis is required to confirm this conjecture.

3.1 Deduction of Leung's (2010a) model without inspection

Suppose that for i=1, 2 and all j; y; =1 and A; =B;; =C;; =0. Then we obtain the results
shown in Subsection 3.1 of Leung (2010a).

Suppose that for i=1, 2 and all j; 7; =0 and A; =B; =C;; =0. Then we obtain the results
shown in Subsection 3.2 of Leung (2010a).
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3.2 Deduction of Leung's (2010b) model without shortages
J.

Suppose that for all j, b; =0 . Then H ® becomes Hj = 23: Djsih3; +G, . Then, we obtain the
j=1

results shown in Section 3 of Leung (2010b).

4. The global minimum solution

(b) _ Js D3/h]ll3]

It is apparent from the term in equation (26), namely Hj b, -G, that it will be
7 ]

optimal to incur some backorders towards the end of an order cycle if neither /;; = nor
b; =0 occurs.
This brief checking is also valid for any n-stage (n=2, 3,---) single/multi-firm supply chain

with/without lot streaming and with complete backorders. However, when both a linear
and fixed backorder costs are considered, the checking of global minimum is not so obvious,
see Sphicas (2006).

5. Expressions for sharing the coordination benefits

Recall that the basic cycle time and the associated integer multipliers in a decentralized
supply chain are denoted by 7, and 4, ,---,4,,4; together with A4, =1, respectively. Then
equation (20) can be written as

2
(Hgb)—cz)% Sy 1 & UeTAE

TC SH) = +—+— D,.(b: +h,: P 7 36

(73, 4) 2 7 213]; 5 (D) +Ii3j)| 4 b +hy,; (36)

which, on applying the perfect squares method to the first two terms, yields the economic
order interval and backordering intervals for each retailer in stage 3 given by

. 255, @)
h= [——r—,
P -,
* h3,‘7§
Hi = , (38)
b]- +h3j

and the resulting minimum total relevant cost per year given by

* * * b
TCy ETC(Tafﬂj)lezsw(Hg)—Gz)- 39)

Assume that the demand for the item with which each distributor in stage 2 is faced is a
stream of T;D3/- units of demand at fixed intervals of 7 year. Given these streams of
demand, Rosenblatt and Lee (1985, p. 389) showed that each distributor's economic
production interval should be some integer multiple of 7;. As a result, equation (19) can be
written as
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TC(4) =2, I:(HZ —2G1)r§ } + ;2(52] +*A2] ] + Gy + BZJ +Cyy . (40)

73 73
Hence, the total relevant cost in stage 2 per year can be minimized by choosing 4, = 4, such
that

TC(4)<TC(4, 1) and TC(4)<TC(4,+1),

which, on following the derivation given in the Appendix, yields a closed-form expression
for determining the optimal integral value of 4, given by

2(S,; + A
A= \/(2’2’)2 +0.25+05 . (41)
(Hy =Gy)(73)
Similarly, equation (18) can be written as
e S +A ‘i B
TC(%) = %(HMQT3J+1[ L J+ Gyt | Ly, (42)
2 M\ At 2 bty
which can be minimized by choosing 4, = 4 given by
2(5,;+ A
a=| PO 5405, (43)
Hy(%73)

We readily deduce from equations (36) to (43) the expressions for n (=2, 3, 4,--) stages

given by
25
= @7"1 , (44)
Hn 7Gn—1
hnj'r;
- , 45
Hi b+, (45)
2(Sy + A
Ai=1 and A = | (5 + 4y) 5+025+05| for i=n—1,+,1,  (46)
(Hi_Gil)[T; [l ﬂ;]
k=i+1
TC, =TC(zy,47) =28,y (H =G, 1) , (47)

and
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H -G )T A GO A S ;+A B
TC:ETC(%*):( i z—l)Tnl—IZ:,ﬂk+ lanZﬁ_,_lﬂk_*_ *1] A1]*+ i] +C] fori=n—1,---1. (48)
2 2 alloAk nlloaA

The judicious scheme for allocating the coordination benefits, originated from Goyal (1976),
is explicitly expressed as follows:

73(? 21 - TC; - JTC})x 7TC (49)
z i TC Zr =1 TC

i=1

Share; = Total saving x

where JTC, = JTC*(K7,K5,---,K;,_;) . Hence, the total relevant cost, after sharing the benefits,

in stage i per year is denoted and given by

TC: =TC! — Share, = JTC! x—Ci__ . (50)
> TC

In addition, the percentages of cost reduction in each stage and the entire supply chain are

TC;-TC; _ Share; _ Total savin,
the same because ———— = = %, and total saving and Y, TC; are constants.

TC; TC; > TC

More benefits have to be allocated to retailers so as to convince them of their coordination

when TC, >TC;", where TC}" = Z’" 25,,D,,hyi (3 ?h/) = the minimum total relevant cost
of all retailers based on the EOQ model with complete backorders penalized by a linear
shortage cost (see, e.g. Moore et al. 1993, pp. 338-344). Even if TC,; <TC,", additional
benefits should be allocated to the retailers to enhance their interests in coordination. The
reason is that if the retailers insist on employing their respective EOQ cycle times, then
clearly the corresponding total relevant cost of all firms in stage i (=1,---,n—1) denoted by

TC; is higher than TC; which in turn is higher than TC;, ie.

1
TC >TC; >TC; (i=1,--,n-1). As a result, the retailers are crucial to realize the
coordination.
Because we consider a non-serial supply chain (where each stage has more than one firm,
but a serial supply chain has only one firm), not necessarily tree-like, a reasonable scheme is
explicitly proposed as follows:

[Shre;~(1C,~TC; Yo )1(1—z ) fori=Len-l,
Ad]ustedShaIe, n-1 o o J (51)
Share,, + TC, -TC.)( Share, — (TC, -TC," ") fori=n,
ZZ( z” L 121‘,[ -« )(ZI'TTI)](ZSL) ori=n,
n-1
where ., _ 0 if TC, <TC, Obviously, if (TC, -TC;")> ZSharei , then no coordination
1 if TC: > TC". =

exists.
The rationale behind equation (51) is that we compensate, if applicable, the retailers for the
increased cost of (TC; —TC,">0), and share additional coordination benefits to them, in
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proportion to the number of firms in each of the upstream stages. In addition, equation (51)
is simplified to

Share(1-—L—)— y(TC, -TC*)(—=L—)1-—L—)  fori=1,--,n-1,

, > DYDYy
Adjusted Share; = . ; nol | ; (52)
Share, + > Share;(—:—) + TC, —TC" ) (=) (1 — =2 fori=n
; (zﬂl 7 E b4 X ) X ST )

Hence, the total relevant costs, after adjusting the shares of the benefits, in stage i per year
are denoted and given by

TC;” =TC; — Adjusted Share; fori=1,---,n, (53)
and the adjusted percentages of cost reduction are given by % (i=1,---,n) or TC"TCi

n

if y=1.

6. A numerical example

(A 3-stage multi-firm centralized/decentralized supply chain, with/without lot streaming,
with/without linear backorder costs, and with inspections)

Suppose that an item has almost the same characteristics as those on page 905 of Leung
(2010Db) as follows:

Two suppliers (i=1;j=1, 2):

x11 =0, D;; =100,000 units per year, P; =300,000 units per year,

g11 =%0.08 per unit per year, h;; =$0.8 per unit per year, S;; =$600 per setup,

Aj; =$30 per setup, B;; =$3 per delivery, C;; =$0.0005 per unit,

X1 =1, D12 = 80,000, P> = 160,000, g1o = 0.09, hi2 = 0.75, S;o = 550, Ay, =50, By, =4,
Cy, =0.0007 .

Four manufacturers (i=2;j=1,---,4):

Zm =1, Dy =70,000, Py =140,000, gy =0.83, Jy =2, S, =300, Ay, =50, By =8,
C,, =0.001;

X» =0, D,,=50,000, P,,=150,000, g, =081, hy =21, S,, =310, Ay, =45, B,, =7,
Cy, =0.0009 ;

X3 =0, Dy =40,000, Py =160,000, g»3=0.79, hy; =18, S,3 =305, Ay =48, By =75,
Cy =0.0012;

Xos =1, Dy, =20,000, P,, =100,000, g,, =0.85, hy, =22, S, =285, A,, =60, By, =9.5,
C,, =0.0015 .

Six retailers (i=3;j=1,---,6):

Dy =40,000, b; =$3.5 per unit per year, hy =5, S3 =%$50 per order; D, =30,000,
b, =53, hy, =5.1, S5, =48;
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D33 =20,000, by =4.8, hy3 =4.8, S33=51; D3y =35,000, b, =53, hyy =49, S3, =52;
Dy5=45,000, b5 =52, hys =00, S35=50; D3s =10,000, bg =00, h3s =5, Sz =49.

Table 1 shows the optimal results of the integrated approach, obtained using designations
(2) to (13), and equations (18) to (20), (24) to (26) and (32) to (35). Detailed calculations to
reach Table 1 are given in the Appendix. Thus, each of the two suppliers fixes a setup every
41.67 days, each of the four manufacturers fixes a setup every 41.67 days and each of the six

retailers places an order every 13.89 days, coupled with the respective backordering times:
8.17, 6.81, 6.95, 6.67, 13.89 and 0 days.
69,710.47-63,99943,

Note that the yearly cost saving, compared with no shortages, is 8.20% (==~ 757-

where the figure $69,719.47 is obtained from the last column of Table 1 in Leung (2010b).
The comparison is feasible because the assignments of bs; =52 and hy; = (causing all
negative inventory) has the same cost effect as b; =c0 and h;35 =5.2 (all positive inventory)
on retailer 5.

Stage Integer Cycle time Cycle time Yearly cost ($)
multiplier (year) (days)
Suppliers 1 0.11415 41.67 13,337.04
Manufacturers 3 0.11415 41.67 31,716.19
Retailers - 0.03805 13.89 18,946.20
Entire supply chain - - - 63,999.43

Table 1. Results for the centralized model

When the ordering decision is governed by the adjacent downstream stage, Table 2 shows
the optimal results of the independent approach, obtained using equations (44), (46) to (48)
with n =23 . Table 3 shows the results after sharing the coordination benefits, obtained using
equations (49) and (50). Detailed calculations to reach Tables 2 and 3 are also given in the
Appendix.

Stage Inte.ge'r Cycle time Cycle time TC; ($ per
multiplier (year) (days) year)
Suppliers 1 0.09636 35.16 14,955.80
Manufacturers 3 0.09636 35.16 31,283.07
Retailers - 0.03212 11.72 18,677.85
Entire supply chain - - - 64,916.72
Table 2. Results for the decentralized model
Y?arly Share TC; Yearly cost
Stage saving (5) ($ per year) l reduction (%)
or penalty (-$) ($ per year) 0)
Suppliers 1618.76 211.33 14,744.47 1.41
Manufacturers -433.12 442 .04 30,841.03 1.41
Retailers -268.35 263.92 18,413.93 1.41
Entire supply chain 917.29 917.29 63,999.43 1.41

Table 3. Results after sharing the coordination benefits
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Table 3 shows that the centralized replenishment policy increases the costs of the four
manufacturers and six retailers, while decreases the cost of the two suppliers. According to
Goyal's (1976) saving-sharing scheme, the increased costs of the manufacturers and retailers
must be covered so as to motivate them to adopt the centralized replenishment policy, and
the total yearly saving of $917.29 is shared to assure equal yearly cost reduction of 1.41%
through all three stages or the entire chain.
Because 18,413.93=TC; >TC;" =17,913.57, we have y=1. Table 4 shows the adjusted
results, obtained using equations (52) and (53), and indicates that the retailers' yearly cost
reduction increases from 1.41% to 4.56% (which is rather significant), and the suppliers' and
TC; -TCy | TC;-TC}
( Tc; TG

manufacturers' yearly cost reductions are at least because

i i

TC/ =2TC; 2TC;,i=1, 2) 0.20% and 0.12%, respectively. However, if the retailers regard

0.49% as the relevant comparison figure and as insignificant, all the coordination benefit

_ 17,913.57—17,826.42+29.70+36.16)
- 17,913.57 :

If they consider 0.85% insignificant, negotiation between all the upstream stages and the
retailers is the last resort.

may be allocated to them, and hence this figure becomes 0.85% (

Adjusted share TC;” Adjusted yearly
Stage :
($ per year) ($ per year) cost reduction (%)
Suppliers 29.70 14,926.10 0.20
Manufacturers 36.16 31,246.91 0.12
Retailers 851.43 17,826.42 4.56 (or 0.49)
Entire supply chain 917.29 63,999.43 1.41

Table 4. Results after adjusting the shares of the coordination benefits

The final remark for this example is that we need not assume that, for instance, supplier 1
supplies manufacturers 1 and 2, and supplier 2 supplies manufacturers 3 and 4. The mild
condition for a non-serial supply <chain is to satisfy the equality:

2;121D1/ 22;2:1D2j = Z;LDS]‘ :

7. Conclusions and future research

The main contribution of the chapter to the literature is threefold: First, we establish the n-
stage (n=2, 3, 4,---) model, which is more pragmatic than that of Leung (2010b), by
including Assumption (13). Secondly, we derive expressions for sharing the coordination
benefits based on Goyal's (1976) scheme, and on a further sharing scheme. Thirdly, we
deduce and solve such special models as Leung (2009a, 2010a,b).

The limitation of our model manifest in the numerical example is that the number of
suppliers in Stage 1 is arbitrarily assigned. Concerning the issue of "How many suppliers are
best?", we can refer to Berger et al. (2004), and Ruiz-Torres and Mahmoodi (2006, 2007) to
decide the optimal number of suppliers at the very beginning.

Three ready extensions of our model that warrant future research endeavors in this field are:
First, following the evolution of three-stage multi-firm supply chains shown in Section 3, we
can readily formulate and algebraically analyze the integrated model of a four- or higher-
stage multi-firm supply chain. In addition, a remark relating to determining optimal integral
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values of K's is as follows: To be more specific, letting n =4, we have at most 6 (= 3x2x1)
options to determine the optimal values of Ki, K> and K3 (see Leung 2009a, 2010a,b).
However, Option (1), evaluating in the order of K;, K> and K3, might dominate other options
when the holding costs decrease from upstream to downstream firms. Although this
conjecture is confirmed by the numerical example in this chapter and those in Leung
(2010a,b), a formal analysis is still necessary.

Secondly, using complete and perfect squares, we can solve the integrated model of a n-
stage multi-firm supply chain either for an equal-cycle-time, or an integer multiplier at each
stage, with not only a linear (see Leung 2010a) but also a fixed shortage cost for either the
complete, or a fixed ratio partial backordering allowed for some/all downstream firms (i.e.
retailers), and with lot streaming allowed for some/all upstream firms (i.e. suppliers,
manufacturers and assemblers).

Thirdly, severity of green issues gives rise to consider integrated deteriorating production-
inventory models incorporating the factor of environmental consciousness such as Yu at al.
(2008), Chung and Wee (2008), and Wee and Chung (2009). Rework, a means to reduce
waste disposal, is examined in Chiu ef al. (2006) or Leung (2009b) who derived the optimal
expressions for an EPQ model with complete backorders, a random proportion of
defectives, and an immediate imperfect rework process while Cérdenas-Barréon (2008)
derived those for an EPQ model with no shortages, a fixed proportion of defectives, and an
immediate or a N-cycle perfect rework process. Reuse, another means to reduce waste
disposal, is investigated in El Saadany and Jaber (2008), and Jaber and Rosen (2008).
Incorporating rework or reuse in our model will be a challenging piece of future research.

Appendix
A1l. Derivation of equations (32) and (33)
Substituting equation (29) in the two conditions of (30) yields the following inequality
o H,
Ki(K;-1)< < Ky(K;+1).

a.

We can derive a closed-form expression concerning the optimal integer K{"* as follows:
Ky (K; —1)+0.25 < 232 1 0.25 < K, (K; +1) +0.25
245

o (K —-05) < Zz—ﬁz +0.25 < (K, +0.5)?

oK -05<, /42 4025 <K, +05
Ay
o /Z;—Ijlj+o.25—o.531<l< /j;—’ljj+o.25+o.5.

From the last inequality, we can deduce that the optimal integer K" is represented by
expression (32). In an analogous manner, the optimal integer K&l)* represented by
expression (33) is derived.



A Generalized Algebraic Model for Optimizing Inventory Decisions in a Centralized or
Decentralized Three-Stage Multi-Firm Supply Chain with Complete Backorders for Some Retailers

563

A2. Detailed calculations for the numerical example

Designations (2) to (13) give
P =%, P12=05, 9, =05, ¢y =%, 03 =025, ¢, =02,
oy =1150+80=1230, o, =1200+203+7 =1410, a3 =300+32=332,

B3 =50+56+70+45+48+30=299,

Gy =0, Gy =-100,000(0.8) +80,000(0.75)(% — 2) = ~100,000 ,

G, =70,000(2)(0.5 - 0.5) — 50,000(2.1) — 40,000(1.8) + 20,000(2.2)(0.2 — 0.8) = —203,400,

H, = 100,000(% % 0.88 +0.8) +80,000(0.5x0.09 + 0.5x 0.75) = 142,933.33 ,

H, =70,000(0.5x0.83+0.5x 2) + 50,000(2 x 2.91 +2.1) +40,000(0.25x 259+ 1.8) + 20,000(0.2x 0.85+ 0.8x 2.2)

—100,000 =99, 050 +153,500+ 97,900 + 38,600 — 100,000 = 289,050,

HO _ 00065)(5) | 0000G3)51) | 20,0048)(48) | 35,00053)(49
3 T 355 53451 18+48 53+49

Equations (32), (33) and (26) give

(D* _ 1230(289,050) ~ -
K7 = L\/m +0.25 + O.SJ = L1.92J =1,

1) _ 378,036.84(1220+1410) B _
Ky = {\/332(142,933‘33;1+289,050) +0.25+05 1= LBJSJ =3,

JTC°(1, 3) = \/2(% +4410 1 332)(142,933.33 x 3 + 289,050 x 3 + 378,036.84) + 299

— [2(1212)(1,673,986.83) + 299 = $63,999.42 per year.

Equations (34), (35) and (26) give

2)x 1410(378,036.84
K®" = NW +0.25 + O.SJ =|291|=2,

(@) _| [1230(289,050+ 55368 _ _
K™= {\/ 142,933A33(1410+3§2x2) +0.25+05 |=[1.99]=1,

JTC (1, 2) =[2(122 + 1410 1 330)(142,933.33 x 2 + 289,050 x 2 + 378,036.84) + 299

= \/2(1652)(1,242,003.50) +299 =$64,358.19 per year.

) +45,000(5.2) +10,000(5) — 203,400 = 378, 036.84 .
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Hence, the optimal integral values of K; and K> are 1 and 3, and equations (24) and (25) give
the optimal basic cycle time and backordering times:

1212)
T3 =T (1, 3) =\ 1o suess =0.03805 year =13.89 days,

t;‘ =£(1, 3) =202 _ 0,02238 year =8.17 days,

(1, 3)= % 0.01866 year = 6.81 days,

t3 =13(1, 3) =200 —0,01903 year = 6.95 days ,

£5(1, 3)=220%55) _ 0,01828 year = 6.67 days,

tz =1:(1, 3)=0.03805 year = 13.89 days (all backorders),

te =t;(1, 3)=0 (no backorders).

The three yearly costs are obtained using equations (18) to (20) as follows:

142,933.33(1)(3)(0.03805)  100,000(3)(0.03805) 1150+80
Zchl j > - - T(0me5) + 300as05) + 50 = $13,337.04 per year,
]
(289,050+100,000)(3)(0.03805)  203,400(0.03805) 1200+203
Zchzj 5 - 5 30.03505) * o +249 =$31,716.19 per year,
]
(378,036.84+203,400)(0.03805)
Zchg j > + 5o = $18,946.20 per year.
]

In particular, the optimal solution to the model based on the equal-cycle-time coordination

mechanism is as follows:

jIC (1, 1) = \/2(1230 +1410 + 332)(142,933.33 + 289,050 + 378,036.84) + 299

= \/2(2972)(810,020.17) +299 =$69,687.47 per year,

which is 8.89% (= 2EZ05942) higher than JTC; = JTC(1, 3),

o 2(2972)
T°(1, 1) =\ sinmmeys =0.08566 year =31.27 days .

When the ordering decision is governed by the adjacent downstream stage, equations (44)

and (46) with n=3 give
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* 2(300)

T3 = 378,036.84+ 203,400 =0.03212 year =11.72 days ’

- 2(1200+203) B _
Ch L\/(289,050+100,000)(003212)2 +025+ O'SJ B L3'19J =3,

e | [ 2a1080) _ _
A= \\\/142,933433(3x0.03212)2 +025+ O'SJ - L1'95J =1

The three yearly costs are obtained using equations (47) and (48) with n =3 as follows:

TC; = \2(300)(378,036.84 + 203, 400) = $18,677.85 per year,

(289,050+100,000)(3)(0.03212)  203,400(0.03212) | 1200+203

TC; = +-32 1249 = $31,283.07 per year,

2 2 3(0.03212) " 0.03212
« _ 142,93333(1)(3)(0.03212)  100,000(3)(0.03212) |  1150+80 7 3
TC] = 3 - 5 + 1(3)(00*3212) + 305 T 50 = $14,955.80 per year.

The results for the decentralized model are summarized in Table 2, and the results after
sharing the coordination benefits are summarized in Table 3, in which columns 3 and 4 are
obtained using equations (49) and (50), respectively.
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1. Introduction

In the field of modern production contexts, the complexity of processes combined with an
increasingly dynamic competitive environment has created, in business management, the
need to monitor and analyze, in terms of generation costs, not only the internal production
phase but all stages both upstream and downstream in order to minimize the total cost of
the product throughout the entire life cycle.

The approach of life-cycle cost analysis was used primarily as a tool to support investment
decisions and complex projects in the field of defence, transportation, the construction sector
and other applications where cost constitutes the strategic analysis of cost components of a
project throughout its useful life.

The analysis methodology of Life Cycle Costing (LCC) concerns the estimate of the cost in
monetary terms, originated in all phases of the life of a work, i.e. construction, operation,
maintenance and eventual disposal / recovery. The aim is to minimize the combined costs
associated with each phase of the life cycle, appropriately discounted, thus providing
economic benefits to both the producer and the end user.

Life Cycle Costing (LCC) is a tool used in consolidated management accounting (Horngren,
2003, Atkinson et al., 2002), which aims to achieve a reduction in carbon dioxide. Whole life
cost. This identifies, with reference to the system, the functional activities within the
appropriate stages of design, production, use and disposal of waste, and appropriates a cost
(Fabricky Blanchard, 1991) in order to clarify the causal relationship between resulting
architecture of product design alternatives and cost estimates of fees, which will probably be
supported by the various actors within the economic life of the product [Fixson, 2004].

Life Cycle Costing is an analytical tool and method which belongs to the set of life cycle
approach. Traditionally, LCC was used to support purchasing decisions of products or
capital equipment involving a large outlay of financial resources (Huppes et al., 2005). In the
definition provided by Rebitzer & Hunkeler (2005) LCC incorporates all costs, both internal
and external, associated with the life cycle of a product, and are directly related to one or
more actors in the supply chain.
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In recent years, the spread of life cycle thinking within business planning and management
has led to an evolution of LCC methodology by extending the scope of integrated analysis of
the three pillars comprising sustainable development - economic, environmental and social
- in a financial representation.

Analysis of different applications undertaken in recent years identifies three types of Life
Cycle Costing, for separate purposes and methods of application: Business LCC,
Environmental LCC and Social LCC.

Business LCC, or traditional LCC, is commonly used as a method of cost analysis and
business decision support in procurement and investment. Cost categories and principles
that are to be followed in the measurement procedure need to be established in advance,
and the functional unit is represented by just one product.

Environmental LCC in the product or system under study is usually less complex and the
functional unit is chosen according to international standards as specified by ISO 14040 (i.e.
1m? of floor). Unlike the traditional LCC, it is not used as a tool for procurement decisions or
control, but to analyze the environmental and economic impact of a product or system. The
cost estimate is obviously simpler than what occurs in the traditional LCC approach and is
usually characterized by a static (steady state). In Environmental LCC, the integration of the
instrument in Life Cycle Assessment is one of the fundamental aspects.

The Social LCC is the third component of the measure of sustainable development, in
addition to the LCA and Environmental LCC (Hunkeler et al., 2006). The goal is to allow the
organization to conduct its business in a responsible manner by providing information on
potential social impacts caused to individuals by the product during its life cycle.

The analysis of social impacts, as is the case for environmental LCC, takes into account both
the internal and external costs. Internal costs are those that the various actors involved
during the lifecycle of a product must support, such as production costs or the costs of use;
while the external costs, also called externalities, are related to the effects of monetized
environmental and social impacts generated by a given product. These costs are usually not
directly borne by the consumer or derived from making or using the product, but affect the
entire community indiscriminately.

The following chapter will highlight the main applications of Life Cycle Costing
methodology, both as a tool for minimizing business costs for a project or a product and as
an essential component of sustainability-oriented life cycle management. In the final section,
we will see a short description of the possible application of LCC for the construction of eco-
efficiency indicators

2. Business life cycle costing

The issue of life cycle costing arrives in the context of at least two aspects: one related to the
development of new products, the other in the evaluation of strategic investments (Ciroth,
2003).

The first refers to the application of Life Cycle Costing to identify, measure and evaluate the
costs associated with the entire life cycle of a new product, especially in the case of complex
and durable products. The second concerns the application of LCC as a tool for comparative
analysis of long-term investment projects and in managing the cost of a new product.

The application of LCC in the management of the product can be seen from two distinct
perspectives:
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1. From the economic perspective of a producer, to support management in planning and
managing the product throughout its life cycle;

2. From the economic perspective of a customer, or as an aid in the purchasing stage
aimed at determining the total cost for the entire life cycle.

From the perspective of the producer, calculations consist of the estimation of the costs of

design, engineering, industrialization and production of a new product and in the analysis

of these costs throughout the life cycle (Asiedu & Gu, 1998).

Once the life cycle duration of the product has been identified and individual cost elements

produced in the various stages has been identified and measured, a detailed analysis can

highlight the relationships between the individual cost items of each phase.

The decisions taken during planning and design can have an impact on the costs incurred in

subsequent phases. An example can be durable consumer goods, such as appliances: the

choice between different technological solutions in the design phase can strongly influence

the efficiency of the product and thus reduce or increase its usage cost. Efficiency measures

the relation between outputs from and inputs to a process, the higher the output for a given

input, or the lower the input for a given output, the more efficient is an activity, product, or

Sales
Sales
Cash
Flow
Profits
Time
Marketing stage Introduction Growth Maturity Decline or revitalization
Strategic Objective Sales growth Sales growth Profits Cash flow or Profits
Projecting stage / Planning/ Planning / Production / Production / Logistics,
Production Development Development Logistics Planning / Development
Level of cost:
R&D - product High Medium Medium Low or Medium
R&D - process Medium High High Low or Medium
Advertising Medium High Medium Low or Medium
Plant and Equipment Low High Medium Low

Source: Vitali, 2004 (adapted from Susman, 1995)
Fig. 1. The life cycle of a product
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business (Burritt & Saka 2006). The traditional cost accounting systems tend to focus on the
production phase, underestimating the importance of cost information relating to upstream
and downstream stages. An integrated view of the different phases of the lifecycle, however,
show that the maximization of value added does not depend strictly on cost minimization or
revenue maximization at each stage.

Following the product throughout its life cycle ensures a useful flow of information to all
business functions regarding the elements that determine the success of a product, allowing
them to react promptly and effectively to resolve any weaknesses. From this perspective,
Life Cycle Costing moves from a mere trend costing instrument to assuming a key role in
the support strategies and decisions of business management.

From the perspective of the customer, the LCC aspect of the concept of Total Cost of
Ownership (TCO) is defined as a philosophy of cost calculation aimed at determining the
total cost of purchase, possession and use of a particular product (Ellram, 1995). This
philosophy recognizes that the purchase price represents only one component of the total
cost of a product throughout its useful life and can be applied both to the process of
purchasing goods and as a capital investment tool by organisations (Ellram & Sifred, 1998).
TCO, compared to traditional methods of cost analysis of the life cycle, has some distinctive
features: the range of costs considered is wider considering the cost of the first purchase.
Moreover, while LCC considers only the costs as quantifiable monetary values, TCO also
extends to the costs associated with the low quality of a product and related services, and all
the opportunity costs associated with such low quality (Pitzalis, 2003b).

A survey of consumers conducted in the 1970’s by Hutton and Wilkie found that consumers
who make buying decisions using the LCC approach could lead to a reduction in the
consumption of energy equal to a saving of $ 4 billion annually (Hutton and Wilkie, 1980).
The use of LCC in the procurement phase is also desirable from the economic perspective of
the buyer. Taking Italy as an example, we find that the volume of public spending of Public
Administration represents 17% of the Gross Domestic Product (GDP), compared to 18% on
average in the EU, and 15% in the USA (Iraldo et al. 2008).

A survey conducted by ICLEI - Local Governments for Sustainability - in 2007 on behalf of
the European Commission, shows how the use of LCC during purchasing would allow, for
certain types of products, financial savings as well as offering significant environmental
benefits.

3. The product lifecycle and Life Cycle Assessment (LCA)

In recent years, different methodologies have been developed as a direct response to
increasing environmental threats, in order to study and evaluate the environmental impacts
associated with a product. The need to develop operational and technical management tools
in this area is gained as a result of a more environmental focus and mounting pressure from
external partners of the undertaking, who increasingly request guarantees regarding the
environmental compatibility of products. In order to address these challenges,
environmental considerations need to be integrated into a number of different types of
decisions made both by business, individuals, and public administrations and policymakers
(Nilsson and Eckerberg, 2007) This has prompted companies, scientific institutions and
standardisation bodies (national and international) to study, develop and progressively
refine methodologies that would respond to the needs of public authorities, business
partners, consumers and, more generally, by all stakeholders of an organisation.



Life Cycle Costing, a View of Potential Applications:
from Cost Management Tool to Eco-Efficiency Measurement 573

The first problem we find in the definition of methodological tools of environmental
assessment is the correct measurement of the impacts as related to a product. It is known
that a product passes through different stages during its lifetime: from the initial
manufacture through the process of production, consumption throughout the use of the
product, and finally the “death” (and disposal) with the exhaustion of its function. During
each of these stages, the product has a number of impacts on the environment. The
significance of these impacts may vary depending on the stage of the lifecycle that is treated;
if the study of the impact, for example, is limited to a single phase, the outcome could be
misleading. The main tool, available to scholars to conduct an examination congruent with
the requirements mentioned, is the method known as "Life Cycle Assessment". This tool,
developed to overcome these potential drawbacks, has as its focal point the performance
analysis of systems, applied to assess the potential environmental impacts and resources
used throughout a product’s lifecycle, i.e., from raw material acquisition, via production and
use phases, to waste management (ISO, 2006a).

This approach is also defined as '"cradle to grave". The comprehensive scope of LCA is
useful in order to avoid problem-shifting, for example, from one phase of the life-cycle to
another, from one region to another, or from one environmental problem to another
(Finnveden et al 2009).

LCA-methodology and the term was first coined during a SETAC (Society of Environmental
Toxicology and Chemistry) conference in 1990 in Vermont (USA), and is defined as "an
objective process of evaluation of environmental burdens associated with a product (...)
through identifying and quantifying energy and materials used and waste released into the
environment, to assess the impact of these uses of energy and materials and releases into the
environment and to evaluate and implement environmental improvement opportunities.
The assessment includes the entire lifecycle of the product (...), including extraction and
processing of raw materials, manufacture, transport, distribution, use, reuse, recycling and
final disposal" ( SETAC, 1993).

The first LCA studies were undertaken in the late sixties and covered some aspects of the
life cycle of materials and products, to highlight issues such as energy -efficiency,
consumption of raw materials and waste disposal. Starting from these early experiences,
there has been a gradual spread of use of such means, promoted by the positive results that
first applications produced. Simultaneously, however, there were obvious limits to this
methodology due, mainly, to the non-comparability of results, owing to the development
with different approaches and methodologies [Baldo, 2000]. To fill this gap, in the 1990s,
efforts were made by standardisation bodies at national and international levels, aiming to
rationalize and harmonize the references in this field.

The development of LCA methodology culminated in the codification of a family of
standards, ISO 14040 (Environmental Management - Life cycle assessment), published in
1997. Today the ISO 14040 constitutes the most important reference for the dissemination of
these methodologies. The provision recognizes the LCA tool utility in identifying
opportunities for improving the environmental aspects of product in the various stages of
the lifecycle, in identifying the most appropriate indicators for measuring the environmental
performance, guiding the design of new products/processes in order to minimise its
environmental impact and strategic planning in support of businesses and policy maker
(ISO, 1996). In this logic, LCA is also used as the basis of scientific information
communication strategies of organisations, that is, in the definition of instruments that can
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be used for this purpose, such as those assertions of type II (environmental product
declarations) or of type I (eco-labelling programmes). The European ecolabel, for example,
utilises LCA for processing of ecological criteria and environmental product statements are
to be assured by the results of a life cycle analysis, according to the specifications in ISO
14025.

There exists a wealth of data and methods for LCA throughout the world today, with
government bodies and international organisations recognising that there is an increasing
need for guidance on what to use. The UNEP/SETAC Life Cycle Initiative is an example of
one of the international activities underway to disseminate life cycle approaches throughout
the world, with a focus on developing countries (UNEP 2002). The life cycle initiative and
other related life cycle activities, such as the International Reference Life Cycle Data System
(ILCD) (European Commission 2008) are instrumental in expanding LCA approaches and in
supporting the increasing understanding and application of life cycle assessments. In this
way, the expansion of LCA is an approach based on expanding the usefulness of LCA whilst
not increasing the complexity of the LCA, thereby decreasing it’s value.

According to ISO, LCA is a technique for assessing the environmental aspects and potential
impacts throughout the life cycle of a product or process or service, which is divided into
four phases (see the figure 2):

1. Setting the goals and boundaries of the system (goal and scope definition - ISO 14041)

2. Data collection (inventory analysis - ISO 14041);

3. Environmental impact assessment (impact assessment - ISO 14042);

4. Interpretation of results and improvement (improvement analysis - ISO 14043).

The 4 phases of LCA should not be seen as a fixed sequence or standard of methodological
steps, but rather as a cycle of iterations, with frequent changes and revisions of the contents
of each, as each phase is interdependent with others.

1) The first stage indicates clearly and coherently the planned application, the reasons why
the LCA is developed, the intended use of the results and the intended audience of the
study. In particular, in defining the scope of the study, certain elements must be clearly
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Fig. 2. The phases of LCA
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described and taken into account, including: the functions of the product system (or systems
product in the case of comparative studies, as LCA can be used to compare the alternative
products or processes); the functional unit; the system of the product (defined in the
standard as "the set of elementary units of the combined process with regard to the matter
and energy, pursuing one or more defined function"); the types of impacts, methodologies
for evaluating the impact and the subsequent interpretation to be used; the quality
requirements of initial data, etc.

Within this phase, a fundamental step is the definition of the functional unit, whose purpose
is to provide a reference in which to bind the inflows and outflows (defined as inflows of
matter or energy that enters a process unit consisting of raw materials or products, and
outflow matter or energy that leaves a unit process, formed from raw materials,
intermediate products, products, emissions or waste), as we assume that the measures and
evaluations are conducted according to the provision of the system under consideration. In
other words, the system covered by the study is the product, defined not so much by its
physical characteristics, as in its function, i.e. in the service that it provides (European
Environmental Agency, 1998). If the function performed by the painting of a steel artifact,
for example, is the protection of atmospheric corrosion, the functional unit could be defined
as the unit of area protected to a predetermined period of time.

Another key step in conducting a LCA study is the definition of borders of the system
studied, namely the identification of individual operations (units) that make up the process
and their inputs and outputs, which must be included in the study. All transactions, or
"process units", within the confines of the system are interrelated: they receive their input
from the unit "upstream" while their output constitutes the inputs of “downstream” units,
according to the outline of the process studied.

The criteria used to define the boundaries must always be identified and justified in order to
clearly spell out the scope of the study.

2) The successive step in the undertaking of LCA’s is the lifecycle inventory phase (LCI).
This phase involves collecting data and calculation procedures that enable the quantification
of the types of interaction that the system has with the environment; these interactions may
cover the use of resources and emissions in the air, the releases into water or soil associated
with the system-product (Frankl, Rubik, 2000). The process of how to conduct an analysis is
iterative in nature: inventory or data collection allows an increased level of knowledge of
the system and, consequently, new data requirements may emerge or new requirements or
limitations concerning data already collected may be identified. All this may entail a change
to collection procedures and methodologies for calculation, in order to maintain a study
coherent with objectives and allow, then, the achievement of a consistent audit. A review of
the purpose or scope of the study may also be demanded by the emergence of problems
related to the non-availability of required information. In relation to the latter issue, it
should be noted that recent years have been characterised by a strong development of
commercial and public databases both in the private and public domain. National or
regional databases, which evolved from publicly funded projects, provide inventory data on
a variety of products and basic services that are needed in every LCA, such as raw materials,
electricity generation, transport processes, and waste services as well as sometimes complex
products (Finnveden et al. 2009). In the private sector, as understanding grew of the
increasing importance that the LCA tool has in environmental strategies of enterprises, and
in public sector entities, in order to support enterprises in its application. This development
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of databases started a process of elaboration which today is available for companies
interested in experimenting with LCA methodology on its processes/products. With regard
to Europe, it is appropriate to highlight the efforts made by Joint Research Center (JCR) of
the European Commission in the development of a database "network", the international
lifecycle database, and a relative Handbook (manual), with the objective of making data
available to the user via web information from databases from diverse sectors, collected in
the field. The UNEP/SETAC Life Cycle Initiative along with the ILCD are focusing on
addressing inventory data, among other issues, by building on the currently existing
achievements and approaches in increasing consistency and quality assurance. Both UNEP
and the European Commission have recognised these tools as an opportunity to spread the
LCA methodology to all Community companies, providing technical and scientific
reliability and data quality.

The data collected during the inventory phase relates to natural resources and energy use,
emissions into the atmosphere and bodies of water, in addition to solid waste. These
resource inputs consumed and output of emissions into the environment are attributable to
all operations included in the life cycle of the product being investigated.

Clearly, the quality of the data collected with a view to the completion of the inventory
strongly determines the significance of the findings of the study. In LCA studies, therefore,
it is desirable to use the highest possible percentage of (so-called) specific data — which
refer exactly to the system in question or to one "technologically equivalent" (i.e. with
sources of energy, raw materials, process phases and similar structures). A strength of
inventories carried out within the LCA is represented, in particular, by the methodology of
measuring energy consumption that calculates not only the share of energy directly
consumed at every stage of the production system, but also the indirect share of energy
needed to produce fuels and electricity that normally feed industrial processes and whose
values vary from country to country depending on the level of efficiency associated with
different modes of production and transformation of energy. Table 1 shows what can be the
differences between national energy mix of various Nations.

Fossil fuels Other renewable

Nation Hydro Nuclear
and waste sources

Austria 67.6 - 29.2 3.22
France 17.11 75.6 6.49 0,72
Germany 5.28 25.51 61.95 7.26
Japan 9.81 2491 64.86 0.42
Italy 18.07 - 79.21 2.72
Norway 98.71 - 0.84 0.45
Spain 9.99 15.61 64.4 10

Switzerland 68.17 28.04 3,76 0.03
UK 1,71 17,22 79,4 1,67
USA 7.26 19.11 72.6 1.03

Source: (International Energy Agency, 2007)

Table 1. Mix % of primary combustible sources used to generate electric energy in various
countries
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These differences lead to consequences for the calculation of the energy consumption of a

"product" that systems using LCA techniques can measure. Because a production process

can generate, along with the core product, different co-products or by-products, the need

arises to define rules to assign each a share of output production, and consumption impacts
associated with transactions underway. Such allocation criteria, defined as allocation
methods, can be traced back to two main groupings, as follows:

e allocation on the basis of physical magnitudes: is the proportional distribution of
environmental burdens on the basis of a physical parameter, such as mass, volume,
energy, etc;

e economic allocation: consisting of the distribution of environmental burdens in
proportion to the economic value of co-products or by-products. This method, which is
not based on any physical parameter, can be applied however only in cases where the
physical allocation is not easily applicable.

3) The inventory phase follows that of the impact assessment lifecycle during which

environmental effects generated by the system under study are analysed. In other words,

this phase is intended to assess the potential environmental impacts caused by processes,
products or activities of the study, using the information gathered in the inventory. Every
environmental impact can also be associated with one or more environmental effect and the
performer of the study has the choice of the level of detail and the impacts to be assessed, in
coherence with the objectives and the scope as defined in the first phase of the study.

Environmental effects, on the other hand, can be divided according to the level of action:

global, regional or local (Baldo, 2000).

Considering the subjective elements that characterize this phase (which evaluate the

categories of environmental effects), it is appropriate to bring clarity and transparency with

the assumptions that underlie their choices.

Among the categories of impacts more typically used in this phase of the LCA are the

following;:

e greenhouse;

e acidification;

e eutrophication;

e stratospheric ozone ducting;

e  photochemical smog;

e land.

The ISO 14042 provides for two stages of analysis of impacts, the first, which is required,

consists of three sequential tasks:

e selecting categories of impacts to consider and related indicators (acidification = SO?2,
greenhouse = CO2, eutrophication NO3, ozone depletion = CFC11, etc.);

e  assigning inventory results to the selected impact categories (classification);

e calculation of the indicators of each category of impact (e.g. GWP, etc.)
(characterization);

The second, optional stage, is divided by:

e  comparison between calculated indicators and benchmarks (standardisation);

e determining the importance of individual environmental effects (weighting).

Classification consists of the organizing of inventory values of all emissions, gaseous, liquid

and solid, caused directly and indirectly by the operations in question, by associating them

to the various categories of impact. The characterization, on the other hand, allows the
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determination in quantitative terms of the contribution of individual emissions, calculated
using the ratios of characterization of each pollutant found in the scientific literature (e.g.
IPPC Intergovernmental Panel on Climate Change; WMO World Meteorological
Organisation; etc.).
The optional stages (standardisation and weighting) determine to aggregate the results of
the various categories of impact in a single index, e.g. expressed with a score, to assess the
environmental impact of the studied system as a whole, these methods, however, display a
high level of subjectivity and, therefore, do not enjoy unanimous consensus in the
international scientific community.
4) during the last phase of life cycle analysis, interpretive, the results of previous phases are
summarized, analyzed, tested and discussed in consideration with the objectives of the
study, to reach findings and recommendations to address and improve the environmental
performance of the system-product analyzed. This stage has, therefore, the purpose of
presenting, clearly and completely, the results of the previous phases, in support of
decision-making processes and the planning of improvements. The aims and purposes
defined in the initial phase are shaped into actions that are planned following this period of
the interpretation of results. On the other hand, this phase may involve a review of some
fundamentals of the study (scope, nature and quality of the data collected), taking account
of the need to achieve the defined objective.

Whilst LCA does enable a comprehensive assessment and considers attributes or aspects of

the natural environment, human health, resources and can inform consumer and policy

decisions on environmental issues, decision makers must also take into account other
sustainability aspects. In order to provide information for decision makers, it has been
argued that there is a growing need to expand the ISO LCA framework for sustainability
assessment by considering broader externalities, broader interrelations and different

application/user needs with often conflicting requirements (Jeswani et al., 2010).

In this sense the combination of common data and models and the synergies that exist

between LCA and LCC offer additional advantages of their combined use (Udo et al., 2004).

The main difference that emerges between LCA and LCC is the traditional perspective that

guides the use of each methodology. LCC adopts traditional perspectives of the life cycle of

their "producer" or "customer." The objective is to minimize the overall costs of a product or
investment to optimize the use of economic resources and increase customer satisfaction.

The goal of LCA, instead, is to identify and quantify the environmental burdens related to a

product over the life cycle.

There are many purposes and diverse motives for which an LCA study may be undertaken,

the main reasons may include:

1. The creation of an information system that supports the system's management, resource
consumption, emissions and related environmental effects;

2. The identification of critical points in the production cycle or product life cycle to
identify areas for improvement;

3. To compare the environmental burdens associated with alternative products or
processes, in the selection of suppliers and choices of integration / vertical
disintegration;

4. The orientation of the design of new products / processes, so as to minimize
environmental impacts;

5. Provision of scientific support for external communication and consumer information.
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4. LCC as a tool for evaluating multiannual investments.

The Logic of Life Cycle Costing can be applied even if the object of analysis is not the
product but a long-term investment project. In particular, LCC lends itself well to
comparative assessments of complex investments, such as investment in capital equipment
or in the building & construction sector.

From this perspective, the National Institute of Standards and Technology has defined LCC
as the sum of discounted total costs of the design, implementation, maintenance and end of
a project over a given period of time.

According to this definition we can distinguish three fundamental components of cost
within the life cycle:

1. Cost responsibility of the work / investment to be undertaken;

2. The period of time within which the costs occur;

3. The discount rate used to discount future costs at time t0.

The LCC of alternative projects can therefore be seen as the sum of initial investment (I), the
present value of replacement costs (R), energy costs (E), and maintenance costs (M), minus
the present value of salvage (S) which can be either the sales value at the end of the period
or the residual value.

LCC=I+R+E+M-S

The first component of LCC is of course the cost. There are different categories of cost that
must be considered during the lifetime of a project, ranging from the initial cost of
investment to the purchase cost of installation or the costs of building a structure,
management costs, costs of maintenance and repair and replacement costs.

The following table shows by way of example the main cost components to consider for
each category in the application of LCC methodology in the building industry.

Cost elements that occur throughout the life cycle of the project must be added to the
residual value or the net value of the investment after the LCC study period. This value
consists of several elements, of both a positive and negative nature. For example, there may
be the possibility that parts or components of a particular product/project have a high
market demand and can be located at an economically advantageous rate. The negative
component concerns issues such as disposal costs of waste resulting from the work. In the
case of a production line, these costs vary depending on the presence of hazardous
substances or the possibility of disassembly and shipment for the recovery of individual
components.

The second element of LCC methodology is the time or the time period within which the
costs generated by a project must be considered. In evaluating investments, we can split the
analysis time in two phases: the first includes the design and implementation of the project,
the second phase concerns the operation and eventual disposal. Usually, in order to simplify
the analysis, the entire design, construction and generated costs, are understood as the
original time unit.

The last component is represented by the discount rate used for discounting cash flows
generated over the time period. The discount rate can be defined as the interest rate that
reflects the value of the investor's money over time. Two discount rates can be
distinguished: the discount rate and the actual rate. The difference being that the real
discount rate considers the effect of changing prices, and thus the purchasing power of
money, during the period considered.
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Initial cost of
Investment

Management costs

Repair and
maintenance costs

Substitution costs

Management of
construction

Fuel for heating

Heat production
plants

Heat production
plants

Acquisition of land

Consumption of
electric energy

Wastewater collection
and water
distribution system

Wastewater
collection and
water distribution
system

Site survey

Consumption of
water

Property insurance

Property insurance

Design

Wastewater

Windows and
external walls

Windows and
external walls

Acquisition of
primary materials
and construction

Management and
disposal of waste

Interior finishes
(floors, walls etc)

Interior finishes
(floors, walls etc)

Facilities and Insurance Fire protection Fire protection
technical equipment systems systems
Indirect Renting and housing Lighting system Lighting system

administrative costs

costs

Table 2. Main cost components

The phase of identification and estimation of cost components is certainly the most critical
phase, as it determines the accuracy and validity of the entire analysis. In fact, estimates are
made in the initial phase of a project, or when the degree of knowledge of the cost
magnitudes may still only be approximate. This can result in failing to achieve the desired
objectives, and therefore undertaking an ineffective LCC (or failing to choose an alternative
project with lower costs). The main reasons as to why an LCC may represent an ineffective

analysis are:
e  omission of data;

o lack of a systematic structure analysis;
e misinterpretation of data;

improper use of analysis and estimation techniques;
an erroneous view of the voices and cost parameters;

e aconcentration of incorrect or insignificant events;
e  errors in the evaluation of uncertainty;
e errors in job control.

These are the points which should act as central to obtaining the real benefit from the use of

LCC methodology.

4.1 The integration of environmental aspects with LCC
The increased sensitivity of the market, its actors, and the various stakeholders to the role it
plays in the production system to build a development model that meets the needs of
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current and future generations, has created a greater propensity for organizations to practice
more sustainable conduct of its activities (Durairaj et al., 2002; Settani, 2006).
This move towards more sustainable conduct could enable organizations themselves to
identify opportunities for cost reductions, resulting from more efficient uses of natural
resources, with the end result being the reduction of the environmental impact of products
and services provided (Norris, 2001).
In order to fully appreciate the benefits, both environmental and economic, that the
introduction of appropriate changes in terms of product design, raw materials or processes
may have, we need to incorporate business activities and waste disposal activities that are
attributable to other actors interested in the life cycle of the system in question (Porter and
van der Linde, 1996). In other words, the dissemination of life cycle thinking in business
management systems is a prerequisite for the definition and implementation of truly
sustainable actions.

In this context it is a clear reference to Life Cycle Management (LCM), that is, as an

integrated approach that can assist management in managing the entire lifecycle of products

or services to more sustainable patterns of production and consumption.

Life Cycle Management can be defined as a "philosophy", direct planning and

administration capable of supporting management through:

1. Initial analysis in understanding the stages of the life cycle of a product or service;

2. Identifying, at each stage, the potential economic, environmental and social risks and
opportunities;

3. Establishing pro-active systems in pursuing the opportunities identified and managed,
or minimize the risks within LCM operational applications that have been developed
(Parker, 2000; Epstein, 1996, Epstein and Roy, 1997; Shapiro, 2001), in which some
management accounting tools such as Life Cycle Costing (LCC), have been integrated
with systems and analytical environmental management tools, such as Life Cycle
Assessment (LCA).

The integration of environmental considerations in a tool for cost management ensures that
corporate decision-making is based on a growing awareness of the potential consequences
in terms of costs and impacts on the environment and human
health, which occur in all stages ranging from the extraction of raw materials to waste
disposal, and which relate to alternative design and production. Krozer (2008) applied life
cycle costing to life cycle management with the assessment of 10 diverse products, based on
the assessment of life cycle costs that accommodate demands for emission reductions. The
model enabled the assessment of the costs of compliance strategies by available technologies
from the past, in comparison with the costs of preventive strategies by innovative solutions
in life cycles of products, which could assist companies with compliance in far-reaching
emission reductions.

Since a significant proportion of costs and environmental loads are determined - although

not yet supported by any of the actors operating along the life cycle - from choices made at

the design phase as part of the LCM concept of LCC, it is essential in supporting product
development to balance the demands of reducing costs with those of better environmental
performance. Thus, the costs and environmental burdens are considered not only within the
corporate boundaries, but affect, in a holistic perspective, processes and operators upstream
and downstream along the supply chain (Hunkeler and Rebitzer, 2003).
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As previously described, Life Cycle Costing (LCC) in its traditional sense is not configured
as an instrument of environmental accounting. However, to be usefully employed in LCM
as the economic counterpart of an extended type of Life Cycle Assessment, it should be
based on systematic analysis, complementary and consistent with the corresponding
environmental assessment (Rebitzer and Hunkeler, 2003) - which is usually an LCA-type
Life Cycle Costing (LCC LCA-type) (Huppes, 2004). Consequently, we can actually obtain
synergies from contextual implementation of LCA and LCC, should the system boundaries,
functional unit and key assumptions be aligned between the two methodologies.

Life Cycle Assessment is, therefore, necessarily function-oriented and focuses on a system
whose boundaries are wider than those considered in traditional LCC. The key element is
the identification of the functional unit intended as a measure of performance of the system
under study, which concerns all the environmental burdens (in terms of input and output)
resulting from the inventory phase. By function-oriented, we mean that LCC must analyze
the processes both upstream and downstream with respect to a given function, regardless of
the location or time in which they occur. In the context of LCM, LCC must take into account
different economic and environmental demands that characterize the different actors and
processes along the supply chain in order to quantify the impact in terms of cost, related to
emissions and consumption of natural resources. In this way it could allow for the linking of
environmental issues, business strategies and operational processes, considering the costs
and environmental impacts that occur beyond organizational boundaries, in relevant stages
along the supply chain (Hunkeler and Rebitzer, 2003).

The following figure shows the conceptual framework of Life Cycle Costing, based on the
life cycle of the physical product, and the relationship with LCA.

Externalities Externalities Externalities Externalities
(Tts (O[ts C (It‘, Costs E
; ! [Materials con osts | G /| coss [ actors at i
esources ! . osts Costs | Consumer osts ctors a '
(erternaities) —rPUPPliers andi— Producer - Flife [ Refuse
! lsomifinished | 5™ savings| User savings | end of life ! (etemlties)
: Savings Savings Savings Savings :
Externalities Externalities i
Externalities Externalities

Social and Natural system =
Border of environmental and
social analysis

Source: adapted from Rebitzer and Hunkeler 2005
Fig. 3. The conceptual framework of LCC



Life Cycle Costing, a View of Potential Applications:
from Cost Management Tool to Eco-Efficiency Measurement 583

There is a clear distinction between the economic system considered in LCC, and the natural
system considered in LCA, to the exclusion of the external cost or externality from the
calculation of the total cost. Traditional LCC considers all costs and revenues attributable to
the different actors in the supply chain, while the external costs, which represent the effects
of monetized environmental impacts, are not directly charged by individual actors and
consequently are outside the economic system.

In an ideal economic system, all externalities, both environmental and social, should be
completely covered by the mechanisms of taxation and subsidy, and, therefore, there is no
need for systematic analysis on the environmental components, as comprehensive cost
analysis along the full life cycle is able to achieve full integration of all three founding
aspects of LCM (economic, environmental and social) in a monetary representation.

In order for LCA and LCC to be integrated, it is also necessary that the latter approach is
characterized by a static (steady state).

Since the application of the discount rate to future cash flows is intended primarily to take
into account uncertainty about the manifestation of the costs themselves (Ciroth, 2003), a
probability distribution could be used as an alternative (Emblemsvéag, 2001), or a “scenario
analysis” (Hellweg et al., 2003).

Entering the process of costing in LCC, the focus must be on the flows of environmental
costs that are generated to produce a single functional unit during its whole life cycle. The
range of costs to be considered are very broad, ranging from direct costs to explicit and
hidden costs. According to one of the most popular classifications developed by the US-EPA
(Environmental Protection Agency), it is possible to distinguish the environmental costs in
terms of the ease of measurement and level of integration of the business system of cost
evaluation. In addition to the distinction between external costs and internal costs already
described above, the EPA distinguishes four categories of costs incurred directly by an
organization:

e Conventional costs;

e  Potentially hidden costs;

¢  Contingent costs;

e Image costs.

Conventional costs are those typical of business accounting systems, such as labor costs or
the costs of plant and equipment. Although these costs are typically not environmental, the
effects can have a significant environmental perspective such as increasing energy efficiency
or a reduction of waste processing.

Potentially hidden costs are divided into upfront, regulatory, voluntary and back-end costs.
The first are those that occur before a production process and relate, for example, to the
design, qualification of suppliers, and analysis of a site. These costs, if they are classified as
indirect costs or costs in R & D, can be easily "forgotten" by managers and analysts in the
assessments of the costs of system operation. The regulatory concern is the cost necessary
for compliance with environmental legislation, such as the cost of sampling and analysis of
pollutants, those for waste management, training, insurance, etc. The volunteer costs are
those incurred by the organization to go beyond regulatory compliance, for example costs of
auditing and qualification of suppliers, implementation of environmental management
systems, etc. The back-end costs are costs that are not subject to corporate accounting as they
occur at a more or less defined period in the future. They include, for example, operating
costs, post-mortem of a landfill or the cost of investigation into a site that is no longer used.
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Contingent costs can be defined as quotas for future costs of risk management, or costs in
which the event is uncertain. Think of any future legal actions or sanctions that may be
imposed on the organization for failure to comply with regulatory requirements. These are
costs that must be respected and whose probability of occurrence must be determined.

The image cost is the direct cost of a more difficult environmental determination. The
environmental value of the image of an organization may include the value of corporate
welfare, reduction of regulatory pressure, customer loyalty, and while the cost report may
cover the loss of customers and suppliers as a result of environmental performance, it is not
an excellent measure.

The costs of conventional and hidden costs can potentially be determined by the accounting
process of Activity-based Environmental Cost Assignment: once the environmental
activities within the corporate boundaries have been identified, direct and indirect costs will
be allocated according to a criterion of causality, measured by the resource drivers, and a
differential approach, in this way working on a reclassification to arrive at the same
destination (for example, distinguishing between costs of prevention, monitoring costs, costs
of internal accountability and external liability costs) (Hansen and Mowen, 2003). With the
procedure of Full Environmental Costing, costs associated with quotas in the event of future
production processes and their products can also be considered (Krewze and Newell, 1994).
The physical flows of matter and energy measured by an LCA can provide useful
information for; the identification of internal costs with environmental implications (EPA,
1995); the drivers most capable of the appropriate allocation of direct costs, associated with
flows of matter and energy (Orbach et al., 2003); and processes for allocating these costs to
the functional unit chosen for analysis. Furthermore, identification of these flows allows for
the construction of complex indices

capable of measuring the environmental load or the impact of a product or service,
complementing the information provided by the analysis of environmental costs.

The inclusion of external costs in LCC analysis has several proposed approaches. There are
numerous authors who have advanced methodologies for the calculation of external costs
(Rebitzer and Hunkeler, 2003, Lazzari and Levizzari, 2000; Shapiro, 2001), but the limitations
of these methods are still evident, especially the difficulty calculating estimates of complex
monetary phenomena which incorporate the different forms of pollution and their effects.
Some authors propose to consider only the internal environmental costs because domestic
representation of environmental load (Borghini and Vicini, 1997), and complementary
monetary information determine at least one physical or environmental impact.

4.2 Integrating LCC with social aspects

While the integration of the economic impact and environmental impact generated by a
product over its life cycle is at a fairly advanced stage, the development of life cycle
approaches to assess the social impact of a product is still at the embryonic stage.
Reconstruction of the range of social impacts, both positive and negative, on the various
stakeholders, relating to the design, implementation and use of a product is a somewhat
difficult operation, while the identification of impact categories and aggregation through
quantitative indicators seems almost impossible.

Within the scientific debate, we can distinguish different methodological approaches, amongst
the most interesting are social life cycle assessment and the social life cycle impact assessment.
The first, developed by Hunkeler (2006), is a proposal to quantify the social impact of a
product in which the key element is the total hours worked. The developed methodology
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incorporates the basic steps of the LCA and provides a quantitative tool for comparing the
social impact of products, offering itself as a complement to Environmental LCAs and LCC
for an integrated measure of sustainability.
A distinctive feature is certainly geographical: that in both LCC and LCA, costs or
environmental impacts during the life cycle of a product irrespective of the geographical, or
rather the connotation, is not as important except for the determination of the energy mix in
the country where the project took place.
The societal LCA, and in general all life cycle approaches that seek to take account of social
impacts, are site-specific, i.e. the geographical significance is important for calculating key
indicators such as those related to health care, housing, or education.
The methodology proposed by Hunkeler includes five main phases:
1. Data collection for each unit process and geographically specific (inventory analysis);
2. Calculation, of each of the major geographic areas, hours worked per unit processes;
3. Calculation of the range of work crossing the inventory data analysis and distribution
of unit labour process, and geographical location of points 1 and 2;
4. Estimation of regional characterization factors for each category of social impact;
5. The social LCA result of using the intersection of the data referred to in paragraphs 3
and 4.
The Societal LCA focuses exclusively on one category of stakeholders: employees. As
previously anticipated the units are hours worked, a value that lends itself easily to currency
conversion. The impacts identified are 4 categories: health care, housing, education and
needs (necessities). The characterization factors represent an estimate of hours required in
each geographic area to purchase units of each impact category. The entire analysis result
indicates the contribution of the functional unit of each purchase of “social need”.
Assuming that the social impact can be measured by hundreds of indicators which are
difficult to be clustered and have an important local connotation, Hunkeler proposes a
"geographically specific” methodology. It is a highly complementary method to both LCA
and LCC - in terms of system boundaries of the functional unit - which summarizes the
impact of the life cycle in a few quantitative indicators. This element of strength is also the
cause of its greatest weakness, in fact, over-simplification of the method has resulted in
using the number of hours worked as the sole determinant of ‘social’, connecting only the
wellbeing of people to the wealth generated from their salary.
This differs to the diverse approach used by Dreyer et al. (2006) in outlining the main
features that must be incorporated in a Social Life Cycle Impact Assessment. While keeping
the basic stages of life cycle assessment, the tool is not intended as an immediately
integrated measure with the others to complete the life cycle view of sustainability of a
product, but intends to build, using a two-layer system of indicators, a social identity map of
the product formed by the sum of individual social profiles of the companies involved in
each stage of the life cycle. These profiles are characterized by social effects generated on
three main stakeholders (employees, local community and society), from activities to
develop the product. Hours worked are determined via a share factor methodology, with
the total combined hours worked by each actor to produce a functional unit.
Unlike societal LCA, in this method the hours worked are used exclusively as a weighting
factor, and impact indicators are more complex and heterogeneous, being of both a
qualitative and quantitative nature, aiming to provide a measure of the level of "protection
and promotion of human dignity and welfare."
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The system of indicators for measuring social impacts are built on international standards
like the Universal Declaration on Human Rights and ILO Conventions and
Recommendations, and on major national and local regulations. The latter aspect points to
the previous approach, such as the geographic component being relevant to an analysis of
the social impact of a good or a service.

However, the complete definition of the methodology of the Social LCIA is still under
development, although some impact categories and indicators have been tested successfully
in different organizations. It is therefore necessary for further research and trials to
overcome those limitations of using a qualitative approach - which makes the model
difficult to integrate with other life cycle tools, whilst avoiding an over-simplification, which
would diminish its effectiveness.

4.3 LCC as a measure of eco-efficiency
To achieve sustainability there is no universal approach, but there exist different methods
and concepts that can be used to guide society toward more sustainable patterns of
production and consumption. One of these is certainly the concept of eco-efficiency, which
combines two of the three pillars of sustainability: the economic and environmental. As
defined by the World Business Council for Sustainable Development (2004) eco-efficiency is
achieved through the provision of goods and services at a competitive price that satisfies
human needs by increasing the quality of life, and progressively reducing ecological impacts
of the use of resources throughout their entire life cycle at a rate in line with the estimated
capacity of the Earth. It has been argued that for eco-efficiency measures to be calculated,
and to add corporate value, it is essential that conventional accounting and financial
management applications are integrate with natural science (physical) measures
(Schaltegger et al., 2000).
The WBCSD has identified seven elements that an organization can use to increase their eco-
efficiency: a reduction in the use of materials and energy, a reduced dispersion of toxic
substances, an increased use of recyclable materials, maximising the use of renewable
energy, the extension of product durability and increasing the intensity of services.
Acquiring information on eco-efficiency of a product or process not only provides useful
information to management regarding the company's performance, but may be subject to
communication processes aimed at strengthening dialogue with stakeholders, which can
potentially improve a company or products’ image. De Simone and Popp (2000), have
classified the possible benefits of eco-efficiency into five categories:
e Reduced operating costs due to poor environmental performance (eg. Electricity
consumption);
e Possible reduction in future costs due to poor environmental performance (eg. Legal
penalties or lost profits related to forced interruption of production);
e  Reducing costs of financial capital;
e Increased market share and improving market opportunities;
e Strengthening brand and corporate image.
Measuring eco-efficiency is based on the construction of indicators capable of linking
economic and environmental components. There are numerous methods for calculating the
basis of components chosen for the construction of the indicator. Since eco-efficiency
concepts go beyond corporate boundaries, we require the use of data that is representative
of the entire life cycle.
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The method developed for the definition of the key interpretation for the Environmental
Product Declaration (EPD) Steen et al. (2004) used Life Cycle Costing to build an index
capable of measuring the eco-efficiency of a product throughout the entire life cycle.

Eco-efficiency =1 - (EDC / LCC)

The index constructed by the authors is the ratio between the costs of environmental
damage (Environmental Damage cost EDC) and the total cost of the product throughout the
entire life cycle, and is expressed as a percentage value (the value 100% indicates, for
example, that a product does not produce harmful impacts on the environment).

The EDC is a monetary measure of environmental load units (ELU Environmental Load
Unit) generated from the production of a product with respect to impact categories similar
to those used in LCA studies: emissions of greenhouse gases, acidifying gases, disrupting
ozone gases, photochemical smog precursors, non-renewable energy resource consumption
and emissions of substances that contribute to inadequate oxygen amounts in water.

One study by the CPM (Centre for the Environmental Assessment of Products and Material
System) has verified the validity and enforceability of the index as a measure of eco-efficiency
by comparing two versions of the electric motor HXR500, with or without the ACS800
frequency converter, produced by the Swiss-Swedish multinational ABB (Lyrstedt, 2005).

The measure of the eco-efficiency index showed that the combination of the electric motor
with the converter ACS800 enhances the economic value of the asset while reducing its
environmental impact.

Scenario 1 Scenario 2
(HXR500) (HXR500 e ACS800)
Life Cycle Costs 40501 sek 21615 sek
Environmental Damage Costs 7800 sek 3922 sek
Eco-efficiency Index 81% 82%

Table 3. Eco-efficiency measure of the ACS800 Converter

5. Conclusions

The overview given in this chapter has shown how life cycle costing is a very flexible tool
that supports the various actors in the economic arena in the new challenge of sustainability.
The capacity of life cycle costing to estimate environmental burdens in financial values, by
integrating economic and environmental information of physical evidence, has been largely
demonstrated, however, some doubts and uncertainties remain concerning the approach to
be used.

Furthermore, recent contributions from the literature on the integration of social impact studies
on the life cycle of a product demonstrate there is much room for development. While we are
still in the early stages on the side of methodological approaches, it is desirable that in the future
there be more trials in order to find a perfect blend between simplification and efficiency.

The social component in the life cycle approach is certainly the most complex element in
working towards a tool capable of integrating the three elements of sustainable
development. Connecting elements should be sought with other lines of research that have
potential synergies. For example, the theme of intangible assets and measures of corporate
social capital could be a possible area of development with a view to analysing the
contribution of intangible resources of the entire lifecycle of a product.



588 Supply Chain Management

The use of LCC as a tool-oriented sustainability approach should be analysed also in terms
of communication to the consumer. The growing sensitivity of the buyer, be it professional
or personal, highlights that market demand is growing for clear information about
environmental and social impacts related to a product or service. The perspective could be
that LCC provides a condensed function that is able to actually make consumers aware of
the sustainability of their choices, economically, environmentally and socially.
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