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Abstract: Greening a supply chain can be achieved by consgleeveral options. However,
companies lack of clear guidelines to assess antpae these options. In this paper, we
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investment options in terms of cost and carbon €ons. Our study is based on a
multiobjective formulation of the economic orderagtity model called the sustainable order
guantity model. The results show that both optioray be effective to lower the impacts of
logistics operations. We also provide analyticaldibons under which an option outperforms
the other one for two classical decision rules,the carbon cap and the carbon tax cases. The
results allow deriving some interesting and potlytimpacting practical insights.

Keywords. Green supply chain, inventory control, multiobjeetioptimization, sustainable
order quantity.

* Corresponding author, Yann Boucheyghn.bouchery@ecp,flfel: +33 141 1312 10 Fax: +33141 1312 72




1 Introduction

Environmental awareness has considerably increasiede the Brundtland’'s report
publication (World Commission on Environment andvBlepment, 1987). Nowadays,
customers, investors, employees and other staketsoltbnsider that greening the supply
chain is a key issue for companies. In response,ttwwds of the European companies have
for instance intensified their green actions over past three years (Bearing Point, 2010).
One of the main challenges when greening a suppincconsists in reducing carbon
emissions. The logistics industry is indeed resfi@gor around 5.5% of global greenhouse
gas emissions worldwide. These emissions are magéperated by transportation.
Nevertheless, warehousing contributes to 13% of#wtor's carbon footprint mainly due to
indirect emissions from electricity consumption (fMdoEconomic Forum, 2009). This paper
thus focuses on inventory models as they aim atlifgn a good balance between

transportation and warehousing impacts.

When intending to reduce the carbon footprint afugply chain, companies first focus on
reorganization projects that quickly lead to wimvgituations, i.e. projects that contribute to
reduce both cost and carbon emissions in the dbom. For instance, a transportation
optimization project that decreases the travelistadce will quickly reduce cost and carbon
emissions. Nowadays, companies have however begexhaust these low-hanging fruits
leading to short term win-win situations and sthibking that “sustainability can only be

attained by optimizing seemingly conflicting targje(DHL, 2010). The Bearing Point 2010

survey highlights that “more than one third of &2 interviewed companies declare being
ready to start up environmental actions in spiteheir low present profitability, provided

they create value in the medium term” (Bearing Ead®10). This paper thus focuses on
situations were carbon footprint reduction can dmyachieved by increasing the operating

cost.

Going beyond the win-win situations, which may leaahed by obvious actions, does not
seem so trivial. The decision makers are generdilyng to invest in the latest carbon-

reducing technology. For instance, a third-partgidbcs company can invest in greener
trucks. In the short term, this investment will nease the cost of operations while reducing

the carbon footprint of the supply chain. Howeviemay be profitable for the company in the



long term. Several types of technology investmemty oe applied to transportation and
warehousing in order to reduce the carbon footprfnthe supply chain. Another option is
proposed by Benjaafar et al. (2010) who “study é&xent to which carbon reduction
requirements can be addressed by operational atgust, as an alternative (or a supplement)
to costly investments in carbon-reducing technasgi Chen et al. (2011) have indeed
demonstrated that significant reductions in carlemnissions can be obtained without
significantly increasing cost by making only adjusnts in the order quantities for the

economic order quantity (EOQ) model.

This paper thus intends to assess operationaltatgus and technology investment options in
terms of cost and carbon emissions. To do so, wdemiooth options in a multiobjective

formulation of the EOQ model called the sustainaivtber quantity (SOQ) model (Bouchery
et al., 2011). The results show that both optidmsukl be taken into consideration when
intending to green the supply chain. It gives adddl flexibility to supply chain managers

who are likely to be focused on investing in carlveducing technology. We also provide
analytical conditions under which an option outperfs the other one for two classical

decision rules.

The paper is organized as follows. Section 2 iotel/to the presentation of the model and to
multiobjective optimization results. Operational jusiment and technology investment
options are first expressed in the SOQ framewohenTwe show that both options can be of
interest to reduce the carbon footprint of the $pppain. Section 3 is devoted to the study of
two common decisions rules. The first one consitshoosing an upper limit on carbon
emissions and the second one is based on carbongoriFor both of them, we provide
analytical conditions under which an option outperfs the other one. Finally, the
advantages and drawbacks of several regulatorgipslare discussed in Section 4.

2 Modd formulation

2.1 Modeling carbon emissionsin the EOQ framework

The EOQ model is a rather simple inventory modat thalances ordering and warehousing
costs. After a short presentation of the traditionadel, we show how carbon emissions can

be included in this framework.



In the EOQ model, the final demand is assumed tocdrestant and approximated as
continuous, the ordering leadtime is fixed and hortage is allowed. The average total cost

per time unit has the following expression:

ZC(Q)=PCD+%hC +%OC, (2)

with:

Q = batch quantity (decision variable),

D =demand per time unit,

h. = constant inventory holding cost per product anidl time unit,
P. = Purchasing cost per product unit,

O. = fixed ordering or setup cost.

The cost functionZ. is strictly convex forQOO’, and the optimal batch quantity can then
be expressed as follows:

. 20.D
Q. = hc : 2)
C

As the fixed purchasing co$t. does not affect the order quantity, it will be el in what

follows.

Including carbon footprint concerns into inventanpdels is a new challenge that triggers
more and more research. Several papers model canp@ssions in the EOQ framework.
Bonney and Jaber (2011) briefly study the impaagholuding vehicle emissions cost into the
EOQ model. Emissions associated with the storageraducts are not taken into account.
The order quantity is thus larger than the clasdQ. Hua et al. (2011) study how the
carbon emissions trading mechanism can influend@map order quantity in the EOQ
framework. Carbon emissions issued from both trariapon and warehousing are taken into
account. The author present analytical and numengsallts and provide some managerial
insights. Arslan and Turkay (2010) include carbomssions and working hours into the EOQ
model. Five regulatory policies are studied, i@ tarbon tax policy, the carbon cap one, the
cap-and-trade system, the possibility to investarbon offsets and the case where the carbon
footprint is treated as an additional source ofnecoic cost. Finally, Chen et al. (2011)
investigate how operational adjustment can be ueetkduce carbon emissions under a

constraint on carbon emissions in the EOQ model.



As for the papers cited above (except for Bonney daber (2011) where emissions
associated with the storage of the products areosidered), we adopt here the following
expression of the average carbon footprint per time

ZE(Q):PED+%hE+gOE, ®3)

with:

Q = batch quantity (decision variable),

D =demand per time unit,

hg = constant inventory holding emissions per produnt and time unit,

P. = Carbon emissions per purchased product unit,

O, = fixed ordering or setup emissions.

The fixed amount of carbon emissions per or@grrepresents the emissions related to order
processing and transportation. An amount of cadraissionsh, is also associated with the
storage of each unit per time unit. This amountlmacome important in case of refrigeration.
Finally, a fixed amount of emissions per purchasaed P is also used. It represents the
emissions associated with the manufacturing of gleduct. These emissions parameters
correspond to both direct emissions from fuel comsiion and indirect emissions from
electricity consumption. The emissions functidn is strictly convex forQOO, and the
optimal batch quantity can then be expressed &sifs]

. 20.D
Qe = hE : (4)
E

As P does not affect the order quantity, it will be tedl in what follows.

2.2 Operational adjustment

In all the papers presented in Section 2.1, thanieal implications of including carbon
footprint into the EOQ model consist in penalizthg cost objective function and / or adding
a new constraint to the model. However, we beliénat a more general approach may be to
consider that minimizing carbon emissions is, selit an objective for the company like the
economic cost of operations. In this case, two ssglgn conflicting objectives have to be

minimized.



Bouchery et al. (2011) thus study a multiobjectreesion of the EOQ called the SOQ model.
In a multiobjective optimization problem, a setalfernatives (operational decision®) is

evaluated on a family off objectivesz,;Z,;...;z, with Z,: A - O for all i O[1, n]. In most

of the cases, it is impossible to find an alteneatihat is optimal for all objectives.
Multiobjective optimization thus aims at identifgnall the interesting solutions, i.e. the
solutions that represent potentially attractinglé-@ffs. In this paper, the objectives must be
minimized. An alternativeaJ A is thus said to be dominated if there exists A such that

Z,(b)<Z,(a) for all i0[L,n] with at least one strict inequality. Multiobjeaivoptimization

consists in identifying all the non-dominated altgives called efficient solutions or Pareto
optimal solutions. In this papen= 2 objectives (the cost and the carbon footprint)taken

into consideration.

In the EOQ model, the set of possible values @ris A=0). Let Z:A - 07,
Z(a) = {Zc (a);ZE(a)}, for all all A, with Z. defined by Formula 1 representing the total
cost of operations and . defined by Formula 3 representing the total carborissions.
Z(A) ={(Z.(Q);Z(Q)) |QL A} is the image ofA in the criterion space (evaluation space).

The set of efficient solutions also called the aiffint frontier is a subset oA noted E. Its

image in the criterion space B(E . Yhe following Theorem identifies analytically s$hi

efficient frontier in function on; and Q;, the optimal quantities defined by Formulas 2

and 4 respectively.

Theorem 1. Let E be the efficient frontier of the problem, then:

E =[min@Q:,Qc):maxQ:, Qe )l

This result is proven in Appendix A. It shows thatis possible to reduce the carbon

emissions of a supply chain by modifying the batide (from the economic order quantity) if

Q: # Q.. This condition is equivalent to:

O , O (5)
he  he

In what follows, this batch size modification idled an operational adjustment.



Let us consider the following illustrative exampleet D = 25 product units per time unit,

O. =200, h. =1, O =250 andh; = 0.3. It can be noticed that the parameters’ unitsate
given. Indeed, they are not useful as only theosali/h matter. Applying Formula 2 and 4
implies thatZ. (Q) is minimum for Q. =100 and Z.(Q) for Q. = 204. Figure 1 illustrates

the results.

Figure 1
Cost and carbon emissions in function of the baizh
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By applying Theorem 1, we obtain th&t=[min(Q.,Q:); max@Q:,QL)] = [L00204 . Figure

2 displays the results in the criterion space.

Assume that the current situation is cost optimizédure 2 shows that a significant carbon

emissions reduction can be achieved by increabiadpatch size starting fro@.. Moreover,

the required financial effort remains reasonableafsignificant carbon emissions reduction.
For instance, the carbon emissions can be redugeadhinst 15% for a 5% cost increase in
the presented example. This feature can be explauith Figure 1 as the flat region of the

cost function coincides with a steeper region @& #missions function. Chen et al. (2011)
provide conditions under which the relative reductin emissions is greater than the relative

increase in cost for the EOQ model. On the oppoitefinancial effort will increase a3 is

getting closer ta@Q;, the batch size that minimizes the amount of cadraissions.



Figure 2
The images of the feasible solutions and the efficsolutions in the criterion space
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2.3 Technology investment

In the previous section, we define the operati@listment option and we illustrate how it
can be used to reduce the carbon footprint of algughain. However, companies can also
invest in carbon-reducing technologies to curb smiss. In this section, we show how to

model a green technology investment option in tB&3Sramework.

A technology investment is either a tactical otrategic decision. However, it has an impact
on operational decisions. In the SOQ frameworkb@aremissions result from both ordering
and warehousing. An investment in a carbon-redudeahnology can then modify the
ordering and / or the holding parameters of the ehddor instance, investing in the latest
available lighting technology can reduce the eleityrconsumption of a warehouse as up to
80% of electricity consumption in a logistics fagiltypically comes from lighting (DHL,
2010). This investment thus decreases the carbaipriot of holding products. However, it
increases the inventory holding cost as this imaest is included in the cost of operating the
warehouse. Other examples of green technology tmesgs for warehouses are
improvements on heating and cooling systems andsinvents in better insulation. Some
green technology investments can also decreaswdleeing carbon emissions parameter. For
instance, investing in hybrid or electric vehiclesll decrease the emissions related to

transportation. Investment can also be done toawgthe aerodynamics of the transportation



vehicle. This investment can be done directly by ¢bmpany but it can also be made by a
supplier. A third party logistics provider may fioistance be asked to use greener trucks. The
logistics provider may thus charge the custometl wifixed cost per delivery to support this

investment.

In summary, a technology investment enables reduginarbon emissions parameter (either

O, or h.) by requiring an increase in a cost parametendei®. or h.). In what follows,

we focus on ordering parameters as transportasisadognized as a major source of carbon

emissions in supply chains.

An investment in a carbon-reducing technoldgynay thus be modeled as follows:

- The new fixed ordering carbon emissions paramst® with Ol <O,

- the new fixed ordering cost paramete0$ with O > O .

The new average cost function is:

_Q D
Zg(Q)—Ehc““aO(T:' (6)
and the new average carbon emissions functionhea®liowing expression:
D
ZE(@=ghe + 0O )

By directly applying the results of Sections 2.1 @12, we obtain that:

. 20D .
Ql =1/h—C>QC, (8)
C

._ [20lD .
Qf =/~ <Q. (9)
hE
and E" =[min(Q¢", Q¢ );max@Qc’, Q¢ )], (10)

with ET being the efficient frontier of the SOQ problentlie technology investment case.

As O <O, the following expression holds:

Z£(Qf') =/20:Dhe < Z(Qc) = /20 Dhy . (11)

10



Finally, asOl > O, we obtain that:

Z(Qc') =4/20(Dh; >Z.(Qc) =+/20,Dh . (12)

In what follows, we intend to compare technologyestment and operational adjustment
options in terms of cost and carbon emissionss limportant to note that in the technology
investment case, an operational adjustment may kmspeeded as a supplement. The case
where an operational adjustment is made solelyhiss treferred to as the operational

adjustment case.

2.4 Operational adjustment option versus technology investment option

Let us assume that a company is considering boénatipnal adjustment and technology
investment options to green its supply chain. Tositate the situation, the example of

Section 2.2 is adapted by assuming that the compasyalso the possibility to invest in a

technology  with  the  following parameters: Ol =220(>0O, =200) and

Of =180(< O, =250). Figure 3 represents the image of the feasibletisas in the

criterion space for both the operational adjustnogrion and the technology investment one.

Figure 3
operational adjustment case and technology invedtosse in the criterion space
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Note that ZT(A)={(ZE(Q);ZE(Q))|QDA} corresponds to the image of the feasible
solutions for the technology investment optioncdn be noticed in Figure 3 that there is a

single intersection point betweei(A and Z'(A). More generally, the following result

holds:

Theorem 2. Let Z(A) and Z" (A)be the images of the feasible solutions for the
operational adjustment option and the technologgstment option:
T
O < he < O thenZ™ (A) n Z(A) is empty,

ol h. O

- If

-elseZ" (A) n Z(A)is a singleton.

This result is proven in Appendix A. Figure 4 illieges the trade-offs that a company can

face when deciding on technology investment antherbatch size. In general, the image of

the global problem efficient frontier is includedto Z(E) O Z" (E" ). However, we cannot

assert that all elements @(E andZ'™ (E' ) are efficient.

Figure 4
Images of the efficient frontiers in the criterigpace
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In this example, the elements @f(E a} the right of the vertical dash line startingnir

Z"(Ql") are indeed dominated by this latter solution. Bing Formula 11 and 12, we can

12



assert that in the general case, the image of ltt®lgproblem efficient frontier contains at
least one element af(E and at least one element &f (E” . Nultiobjective optimization

provides a strong support for decision makers @&ndtbles determining and visualizing the
interesting trade-offs (efficient solutions). Hoveeythe best option to green a supply chain
will depend on the chosen trade-off. Two commonigleas rules are thus studied in the
following section. The first one consists of chagsan upper limit on carbon emissions and

the second one is based on carbon pricing.

3 Thebest option to green a supply chain

3.1 Thecarbon cap case

This paper aims at evaluating operational adjustrard technology investment options with
respect to both cost and carbon emissions. RestuBection 2 show that both options are
effective to reduce the carbon emissions of opmmatiHowever, the best option to green a
supply chain cannot be determined without decidinga trade-off between cost and carbon

emissions.

In this section, we consider that the decisiong mdnsists of choosing an upper limit on
carbon emissions. This decision can either conma frovoluntary effort of the company or it
can be imposed by government regulations. This ulppé is noted CAP and is expressed in
the same unit ad., O. and O] . We further assume th@AP > Z (Q." , dtherwise, no

feasible solution exists for the given technologweistment option. In this context,
operational adjustment will perform better if tha&rtwon cap is high enough and technology

investment is the best option for a low valueG#P . This result is stated in Theorem 3.

Theorem 3. Assume that the company faces an upper limit aMban emissions noted
CAP, then there exists a threshdld on carbon emissions such that:
- If CAP > L, operational adjustment performs better than tecuyol
investment,

-if CAP < L., technology investment is the best option.

13



Theorem 3 is proven in Appendix A. In what follows; is analytically determined so that
the results of Theorem 3 are fully useful in preetiTwo cases must be considered depending

on the efficiency ofZ(Q. Yor the global problem.

Case 1:

If 2(Qg) is an efficient solution for the global problethen L. = Z, (Q;) =/20.Dh; .

As Z(Qg) is included intoZ(E ) it can only be dominated by an element f(E" . )

Moreover, due to the properties & and Z'demonstrated in Appendix AZ(Q. Is

. B .
dominated if and only if there exis@, 0, such that{ZC (Qo) =2c(Qe) : (13)

Z£(Qo) <Z:(Qe)

The condition ‘Z(Q; )is an efficient solution for the global probleméircthus be expressed

as follows:

Z£(Q) =Z¢(Qe) => Z¢ (Q) > Z¢(Qe) forall QUL (14)

In Expression 14, the equati@] (Q) = Z.(Q;) is equivalent to:

D
EQZ —
2 20 h:

(Ochg +0O:h.) Q+0O.D =0. (15)

If Equation 15 does not have any feasible solutioen Expression 14 is verified. Else,

assume thaQ, and Q, are the roots of Equation 15 (not necessarilyrdigt By calculating

Z1(Q),Z.(Q,) andz_(Q"), Condition 14 can be easily verified.

Case 1 is illustrated with the following examplestlD =10 product units per time unit,

O, =125, Ol =600, h, =09, O. =200, O =180 and h. = 0.1. Figure 5 illustrates the
situation. For this example, the discriminant ofuBtipn 15 is negativeZ(Q; )s thus

efficient for the global problem, thein. =Z_(Q;) = 20.

This means that according to the relative positbthe emissions limiCAP regardingL.,

one of these two options will be preferred. It adso be noticed that in the case where

14



CAP = L_, operational adjustment is the best optioZ (3. is an efficient solution for the

global problem.

Figure 5
Illustration of Case 1
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Case 2:

If Z(Qg) is not an efficient solution for the global pramie two subcases should be

considered.

Case2.1:
If Z(E)n Z"(ET) is non empty, then the single intersection poinnoted{C_;E.} and
L. =E, .

;
By applying theorem 2, we know that%% < he < % thenZ(E)n Z"(E") is empty.
C C
Else, there exists a single soluti®; Q" sych that:
— =T T
{ZC Q=2:Q") )
Z:(Q)=2:@Q)

15



If QUE andQ' OE"then,L. =Z.(Q)=Z.(Q" ). ElseZ(E) n Z" (E") is empty.

Case 2.1 is illustrated in the following exampleet ID =15 product units per time unit,

O, =400, Ol =450, h. =08, O, =50, O =35 and h. = 025. By using Theorem 1 and

Formula 10, we get tha =[ 77129 and E” =[6513(. Figure 6 illustrates the images of the

efficient frontiers in the criterion space.

Figure 6
Illustration of Case 2.1
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Figure 6 shows that there exists an intersectiomwden Z(E) and Z"(E"). By solving

System 16, we obtain th@=860E, Q" =1210E" and{C,;E, }={104195}. It can then be

concluded that. . =E_ =195.

It can also be noticed that in the case wh€AP = L., both operational adjustment and

technology investment options allow to achieve #@missions limit CAP. Nevertheless,

operational adjustment may be preferred in thise cas this operational decision can be

quickly reassessed relatively to technology investhoption.

16



Case2.2:
If Z(Qg) is not an efficient solution for the global promlend if Z(E) n ZT (E") is empty,

then there exist®, _ such thatZ(Q ) =Z (Q¢) =4/OiDh, andL, =Z.(Q, ).

Moreover,Q,_ :argmin(z{ \/%(\/og -JOl -0, )J;ZE( \/%(\/og +,0! -0, )D

Case 2.2 is illustrated wittD =40 product units per time unitQ. =300, O. =400,

h. =12, O, =500, Ol =300 and h. =05. The images of the efficient frontiers are

sketched in Figure 7.

Figure 7
Illustration of Case 2.2
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Z(E)n Z"(E") is clearly empty (System 16 could also be solv@&d)verify that Z(Q; )is
not efficient, we first compute the discriminantidquation 15 that is equal 8600. Equation

15 then possesses two distinct ro@s=109 and Q, =244. Z_(Q;) =141, Z[(Q) =137

and z] (Q,) =110 so Condition 14 is not verified. We can then cadelthatZ(Q; )is not an

efficient solution for the global problem (as iindae graphically noticed).

17



0, =argmin{ 2 2o - jor 0.} it +jor=a ]| | -2¢5 wen

Le =Z:(Q,, ) =143. It can be noticed that iICAP=L. in Case 2.2, the technology

investment option outperforms the operational adjest one.

We have thus shown how to determibg in all the situations. In the next section, wel wil

focus on another decision rule based on a carbon ta

3.2 Thecarbon tax case

In this section, we prove that the best option agnoperational adjustment and technology
investment is obtained by verifying a simple coiaditon the company parameters through a
carbon tax policy. So let us consider that a cestsisociated to carbon emissions. This cost
can be imposed to the company in the case of aoddx. However, it can also come from
an internal evaluation from the company, by consngethe cost of the energy used or the
cost issued from an environmental accounting amalyBhis cost per amount of carbon

emissions is noted D[O;oo). The decision problem can then be formulated texehéning:

min(Ze (Q) +a.2.(QiZL Q) +aZL(Q). a7)

In this context, there exists a valug 0(0;«) such that ifa < L., the operational adjustment

option performs better than the technology investnume. On the opposite, the technology

T —
investment option is the best optiondf> L. . Moreover,L_ = Oc 8$ . This result is stated
E E

in Theorem 4.

Theorem 4. Assume that a carbon cost notedl [O;oo) is given, then:

ol -0 . : .
C—ﬁ, then the operational adjustment option outperform

E E

-If a<lL. =

the technology investment one,

ol -0 . . ,
C—‘T:, then technology investment is the best option.

E E

-if a>Le =

18



Theorem 4 is proven in Appendix A. This resultllastrated with the following example.

Assume thatD =150 product units per time uni. =300, O. =450, h. = 08, O, =200,

. ol -0 . L
Of =160 and h, =0.1. For this exampleL, =—*——= = 375. The situation is illustrated
0. -0}

in Figure 8.
Figure 8
The carbon tax case

carbon emissions
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In the criterion space, foa [1(0; ), the problem stated in Formula 17 is equivalenfirid

1
the tangent points betweeR(E)O0Z"(ET) and a straight line of sloper;. It is thus
equivalent to minimizey, 0O such that{xDD;y:yo—l} n{Z(E)DZT(ET)} is not
a

empty. If a<L., —1<—Li then the problem stated in Formula 17 is solveth wain
a C

. . . 1 1 .
operational adjustment. On the other handy ¥ L, _E > —L— then the problem stated in
C

Formula 17 is solved with a technology investment.
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Og _Oc
=

E E

The case wherer=1L_ = is particularly interesting. Operational adjustmamd

technology investment indeed give the same ovegalllt (cost of operations + tax) and the

optimal order quantity is also the same:

(18)

o _\/ 2(0l0, -0.0;)D
he (Og —Of) +he (O -O;)

In the previous example, we obtain th@t=518 Z.(Q")+L..Z.(Q") =294+ 375*84=608
and Z[(Q')+L..Zl(Q)=337+ 375*72=608. As the overall cost is the same for both

options, the company can arbitrarily adopt onehefké two solutions. However, each option
corresponds to different impacts in terms of casd @arbon footprint. In the previous

example, the cost of operations is equaktgQ") = 294 for the operational adjustment option
and z[ (Q") =337 for the technology investment one. The carbon simis also differ with

Z.(Q")=84 for the operational adjustment option am (Q)=72 for the technology

investment one.

Two different decision rules were studied in théct®on. For both the carbon cap and the
carbon tax cases, we have proven that there exigtsit value that allows deciding between
the operational adjustment option and the techrylogestment one. In the next section, the
advantages and drawbacks of several regulatorgipsliare illustrated using the results of

Section 3.

4 Discussion and conclusion

This paper uses a multiobjective formulation of #0Q model called the SOQ model to
evaluate how operational adjustment and technologgstment can be used to green the
supply chain. In Section 2, we prove that the &fit frontier of the global problem contains
some technology investment solutions as well asesoperational adjustment ones. Both
options are thus effective to reduce carbon emissi®wo common decisions rules are then
studied in Section 3. In the carbon cap case, weepthat the best option among operational
adjustment and technology investment is obtainedsdryfying a simple condition on the
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company parameters. The same kind of result is édsoonstrated in the carbon tax case.
These results show that both technology investraedt operational adjustment should be
taken into consideration when intending to gresa@ply chain. It gives additional flexibility
to supply chain managers who are likely to be fedusn investing in carbon reducing
technology. Note that the results of this paperalan be directly extended to the case where

several technologies are available.

Let us now focus on situations where carbon emissitave to be reduced in response to
regulatory policies. In this case, two types of sjiens must be answered. First, policy
makers should determine and implement the mostctefée regulatory policy. Then
companies have to react by identifying the bestoapto comply with the regulation. The
results presented in this paper clearly answeheosecond question. However, they can also
be used to discuss the first question. Our resudised show that controlling emissions via a
carbon price has some technical drawbacks. Carbuss®ns are controlled by a carbon
price for the carbon tax policy as well as for tag and trade system. Hua et al. (2011) have
indeed proven that emissions levels depend ontherarbon price in the EOQ model with a
fixed carbon price under the cap and trade systanthis case, the minimum amount of
emissions cannot be achieved as it would imply rdmite carbon price. Moreover, the
financial effort will considerably increase as gedt closer to the minimum amount of

emissions as both operational cost and emissiossvedl significantly increase. The case

. ol -0
where the carbon cost 8= ———%

E E

studied in Section 3.2 reveals another drawbackef

carbon tax policy and the cap and trade system.tliergiven carbon price, operational
adjustment and technology investment give the sawegall result with different cost and
carbon emissions levels. At a macroeconomic lets, operational flexibility implies that

the total amount of carbon emissions is hardly mdlable by setting a carbon price.

. O: -0
Whatever the chosen value of, some companies may face the case —=——< . These

O -0
companies may thus be able to choose among sesatabn emissions levels. However,
governments are interested in designing regulatotigies that enable to predict and manage
the global amount of carbon emissions as many cesnhave ratified the Kyoto protocol
mainly based on a negotiated carbon cap for eadntgo (UNFCC, 1997). A regulatory
policy based on a carbon price gives unexpectedbilgy to companies but, on the other
hand, it limits the possibilities. Some interestimgerational solutions are indeed ruled out
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whatever the chosen carbon price is. In Figurea8heefficient solution with an emissions
level between(7284) is unreachable for any given value @f] [0;oo). This can be seen as a

limitation induced by setting a carbon price. Asesult, using an upper limit on carbon
emissions seems to be more effective to green gughains as the previous drawbacks are
avoided. Moreover, using a carbon cap is in accaeavith the concept of sustainability that
states that some ecological services are critioalifé support and cannot be substituted
(Neumayer, 2004). However, this kind of regulatpolicy may be harder to implement as a

cap has to be set up for each company.

Several research directions can then be considé&iest, other inventory models could be
revisited by including carbon emissions and othestanability objectives. For instance,
Benjaafar et al. (2010) as well as Absi et al. @0hcorporate carbon emissions constraints
on single and multi-stage lot-sizing models witlkast minimization objective. Both papers
highlight the difficulty that appears when focusiog more sophisticated inventory models.

More research should be carried out on this divecti

This paper is also based on several assumptiohgdh&d also be relaxed in future research.
First, our study exclusively focuses on cost anth@a emissions as greenhouse gas reduction
is nowadays a key issue. Some other sustainabéetolgs may certainly be incorporated to
the model to adopt a holistic view of sustainatdgedopment. We recall that the SOQ model
can be used with any number of objectives. Moreowes have modeled technology
investment by modifying ordering parameters assjpartation is recognized as a major
source of carbon emissions in supply chains. Shgdthe effects of other types of investment
can be of interest. Note that modeling a technolaggestment by modifying holding
parameters would give similar results by reasomirty ordering frequencies instead of batch
size. In this case, the average total cost per tinitthas the following expression:

Z.(N)=P.D +%hC+NOC, (19)
with:

N = ordering frequency (decision variable).
Finally, we have modeled carbon emissions by Foan®uin accordance with the existing

literature. A more accurate evaluation of the carbmotprint including vehicle capacity for
instance could be of practical interest.
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Appendix A
Proof of Theorem 1 (Adapted from Bouchery et al. (2011)):

If Q. =Qg, E=Q; asQ; is the optimal batch size for both cost and cammissions.

Assume tha). <Qg:
- Z.(Q) is strictly increasing ofiQ.,Q¢],
- Z.(Q) is strictly decreasing ofQ,Q:1,

- Z.(Q) and Z.(Q) are strictly increasing ofiQ.,») and strictly decreasing o(0,Q. ]

then the solution is dominateddf1[Q.,Q; . ]

By using the same argumentation forQg<Q., it follows that:

E =[min(Qz,Qc);maxQ:, Qe)]. o

Proof of Theorem 2;

Convexity:
LetZ,, ={(x. %) D02| % 2Zc(Q0), 0(%e.xe). (e X2) DZ(A X Z(A) %z < Xe < %}

andz;, ={(x..x) 002| % 2 ZL(QY). 00k, X0). (e, xg) DZT ()X ZT (A X; < X < Xt}

(the symbolC corresponds to “there exists”).

Z,, is aconvex set ag. andZ_ are convex functions.
Z! is aconvex setagl andz/! are convex functions.
Limits:
.
Ze(Q) tends toh—E as Q tends to infinity. ZE(Q) tends toh—E as Q tends to infinity, so
Q) he c he

Z(A) andZ' (A) have a common asymptote with equatipa E—Ex asQ tends to infinity.
C
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Z:(Q) o) Z: (Q) of

tends to—= asQ tends to zero—=——= tends to—= asQ tends to zero. Moreover,
Z:(Q) Oc c(@ Oc
ol O

—= <—£ thus the asymptote df(A) as Q tends to zero is steeper than the asymptote of

C C

Z"(A) asQ tends to zero.

Intersection point:

By using the previous results, it follows that:

;
O—E sh—Es&, Z(A)n ZT(A) is empty.
OC hC OC

- f

)
if [:_ < 8_ < 8_ z(M n{z" @Ol ) and 27 (M) n{z@JQT(0.QL]} are empty.
C C C

Moreover{Z(Q)|Q 0 [Q::,oo)} n {ZT (Q)|Q 0 (0, Q;*]} is a singleton.

- If O—% <% <E—E, Z(A) n {ZT(Q)|Q O (O,Q;*]} and Z7(A) n {Z(Q)|QD[Q;,oo)} are empty.
C C C
Moreover{Z(Q)|Q (o, Qg]} n {ZT (o)) [QE*,oo)} is a singleton. .

Proof of Theorem 3:

By using the results of Theorem 2, we obtain that:

- If there exist a valud_; such that the operational adjustment option iskiést one for
CAP = L, then the operational adjustment option is the twes for all values 0€CAP > L,
- If there exist a value_; such that the technology investment option islihst one for

CAP = L, then the technology investment option is the bastfor all values oCAP < L.

If CAP=2Z_(Q.), the operational adjustment option is the besibagthen we can choose
Lt =Z(Qc).
If CAP=2Z.(Ql), the technology investment option is the bestaspthen we can choose
Le =Z:(Qg)-
It can then be concluded that there existswith L < L. < Lg that allow deciding among

the two options.
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Proof of Theorem 4:

By using the same argumentation as in Theorem 3btagn that:

- If there existsL, 00", such that(r)gimr;(zC Q+L..Z:(Q)< Qgiur;(zg (Q+L;.ZI(Q)), then for
all 00, such that < Lc, min(Z(Q) +a.Z:(Q)< g;imr;(zé (Q+aZL(Q)-

- If there existsL; such thatggéq(zg Q) + L¢ .Z;(Q))s g@é‘;(zc(Q) +Lg .ZE(Q)), then for all
a>L, minlzg Q) +azi(Q)<min(Zc(Q +a.Z¢(Q)-

T

O. -0 . .
LetL. = O‘; - OE , gglmrg(zc(Q) +Lc.Z:(Q)= gg'mtj(zf: (Q) +Le.ZL(Q), then:

-Foralla 00O, such thatr < L, ggiun(zc Q) +a.Z.(Q)< ggimn(zg Q) +a.z] (Q)).

-Foralla > Le, min(z (Q) +a.Z:(Q) < min(ze (Q) +a.ZL(Q)-

Refer ences

Absi, N., Dauzere-Peres, S., Kedad-Sidhoum, S$iz 8. and Rapine, C., 2011. Lot Sizing
with Carbon Emission Constraints. working paperpl&d\Nationale Supérieure des
Mines, Saint-Etienne.

Arslan, M.C. and Turkay, M., 2010. EOQ RevisitedthwiSustainability Considerations.
working paper, Ko¢ University, Istanbul.

Bearing Point, 2010. Green Supply Chain: from Awass to Action. 4th Supply Chain
Monitor. http://www.bearingpointconsulting.com/defdownload/TAP-SC_EN.pdf

Benjaafar, S., Li, Y. and Daskin, M., 2010. Carldaootprint and the Management of Supply
Chains: Insights from Simple Models. working papemiversity of Minnesota,
Minneapolis.

Bonney, M. and Jaber, M.Y., 2011. Environmentaklgponsible inventory models: Non-
classical models for a non-classical era. Inteomati Journal of Production
Economics, 133(1), p.43-53.

Bouchery, Y., Ghaffari, A., Jemai, Z. and Dalle¥y, 2011. Including Sustainability Criteria

into Inventory Models. Cahiers de Recherche LGI 1201, Ecole Centrale Paris,
Paris.

25



Chen, X., Benjaafar, S. and Elomri, A., 2011. Trel®n-Constrained EOQ. working paper,
University of Minnesota, Minneapolis.

DHL, 2010. Delivering Tomorrow: Towards Sustainallegistics. Deutsch Post DHL
Report.

Hua, G., Cheng, T.C.E. and Wang, S., 2011. Managiadpon footprints in inventory
management. International Journal of ProductiomBoucs, 132(2), p.178-185.

Neumayer, E., 2004. Weak versus strong sustaihal@ikploring the limits of two opposing
paradigms, Edward Elgar Publishing.

UNFCC, 1997. Kyoto Protocol to the Unated Natiomankework Convention on Climate
Change.

World Commission on Environment and Developmeng7190ur Common Future, Oxford
University Press.

World Economic Forum, 2009. Supply Chain Decarbatin, the Role of Logistics and
Transport in Reducing Supply Chain Carbon Emissions
https://members.weforum.org/pdf/ip/SupplyChainDeoaization.pdf.

26



