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Abstract Management of global supply chains is a challenging task due to the uncertainties
leading to supply chain disruption. This requires the supply chains to be not only effec-
tive and efficient but also flexible in their operations to mitigate these disruptions. It has
been observed that supply chains are mostly influenced by suppliers and carriers; hence, a
business firm needs to be flexible and sustainable in selection of suppliers and carriers to
overcome any disruptions. This paper proposes a flexible dynamic sustainable procurement
(FDSP) framework for global supply chains by considering not only qualitative parameters
such as quality, reliability, social and environmental factors for the selection of suppliers as
well as carriers but also taking into account quantitative preferences such as cost, supplier
capacity and carrier capacity. However, independently using quantitative parameters might
allocate order quantities to the suppliers and carriers which are least preferred based on other
qualitative parameters. Therefore, the proposed FDSP model provides flexibility by inte-
grating the quantitative and qualitative parameters to allocate order quantities to suppliers
and carriers preferred by both the sets. Hence, the proposed FDSP model provides a range
of possible integrated solutions and business firm can select the best suited solution having
least deviation. The deviations are computed from integrated optimal solution provided by
FDSP and quantitative models. The proposed FDSP model is solved for a case illustration to
demonstrate the proposed framework.
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1 Introduction

Procurement optimization in global supply chains is the most challenging and emerging
activity drawing the attention of researchers and practitioners towards the complexity of the
problem. The evolution of procurement from purchasing which was considered merely a
clerical function to a more complex strategic decision has called for an increased research
in this area. Procurement involves wide range of activities ranging from identification of
sources and allocation of required part quantities to the transportation options available for
procurement. It has been realized that procurement costs contributes to about 60% of the
cost of finished product (De Boer et al. 2001), making procurement even more important
for a firm’s business performance in terms of revenue generation or cost minimization. The
firm relies on various suppliers located in geographically distant regions. Suppliers in turn
also relies on various carriers for supplying products to buying firm, therefore, selection of
carriers is also an integral part of procurement function (Songhori et al. 2011; Choudhary and
Shankar 2013). Procurement deals with several supply chain linkages and, hence, an effective
management of all the linkages is required in order to avoid any supply chain disruptions.

Moreover, recent emphasis on sustainable business practices has led business firms to
estimate and manage carbon emissions in the entire procurement process. Ample amount of
research work is done to rank the suppliers based on several qualitative parameters such as
reliability, quality, service level, sustainability, etc. to ensure the selection of most suitable
suppliers. Similarly, research has also been done on selection of carriers using qualitative
parameters. There are numerousmodels in literature for lot-sizing, supplier selection and car-
rier selection addressed individually. However, there is very little research done on integration
of supplier selection and carrier selection in integrated procurement decisions. Mostly, the
research in procurement is clearly divided into qualitative and quantitative approaches used
independently, but integration of these approaches is not very well attempted. Therefore,
this paper proposes an integrated approach for flexible dynamic sustainable procurement
(FDSP) by integrating qualitative models for selection of suppliers as well as carriers and
quantitative model for procurement to optimize total procurement cost. The proposed FDSP
model provides a range of possible integrated solutions and business firm can select the best
suited solution having least deviation. The deviations are computed from integrated optimal
solution provided by FDSP and quantitative models. The proposed FDSP model is solved
for a case illustration to demonstrate the proposed framework.

The rest of the paper is organized as follows. Section2 provides a detailed literature
review about procurement problem. Section3 discusses the entire framework for flexible
dynamic sustainable procurement (FDSP) followed by modelling of the flexible dynamic
sustainable procurement in Sect. 4. Section5 demonstrates the FDSP with the help of a
case illustration and provides discussion on results obtained. Section6 presents managerial
insights, contributions and limitations followed by conclusion and future scope of work.

2 Literature review

This section studies different qualitative and quantitative techniques used in literature to
address procurement problem.
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2.1 Qualitative models in procurement

In procurement problem, the firm is dealing with multiple suppliers and logistics providers
in order to obtain raw materials for fulfilling demand in time. There are many qualitative
parameters such as reliability, market reputation and financial stability which any buying firm
keeps in mind before allocating orders to respective suppliers and carriers. Therefore, the
qualitative modelling for selection of suppliers as well as carriers is essential for formulation
of a dynamic procurement problem.There is a plethora ofwork in literature on development of
models for identification and selectionof suppliers for procurement basedonavarious criteria.
VariousMCDM techniques are used independently or in integration with other techniques for
selection of suppliers. Ghodsypour and O’Brien (1998), Handfield et al. (2002), Wang et al.
(2004) and Xia and Wu (2007) have applied AHP for qualitative modelling. Other MCDM
techniques such as TOPSIS (Shyur and Shih 2006), IRP (Ware et al. 2014a), W-IRP (Kumar
and Singh 2015; Kaur et al. 2016) are also widely used in literature to model qualitative
factors for supplier selection in a procurement problem. However, sometimes it is difficult to
comprehend the vagueness in expert opinions and hence, fuzzy numbers are used to address
the problem.Chan et al. (2008),Kahraman et al. (2003) andHaq andKannan (2006) have used
Fuzzy AHP whereas Chen et al. (2006) have used fuzzy TOPSIS for qualitative modelling
of procurement problem.

Logistics is also an important procurement function and there are many qualitative factors
such as schedule delivery reliability and lead times are considered during selection of logis-
tics services in procurement. This has drawn the attention of researchers and practitioners
towards this problem. In literature, there are few attempts for qualitative modelling of the
carrier selection problem. Fraering and Prasad (1999) developed initial qualitative model
for global sourcing and logistics decision by considering total cost of ownership. Stank and
Goldsby (2000) proposed a qualitative framework for transportation decisions in procure-
ment problem. Vijayvargiya and Dey (2010) used AHP approach for carrier selection based
on traditional criteria such as cost, delivery and value added services. Lin and Yeh (2013)
considered multi-commodity reliability as an important performance criterion for qualitative
modelling of carrier selection problem. Similarly, Yang and Regan (2013) proposed MCDM
based methodology for logistics in procurement. However, the models discussed above do
not consider sustainability as a criteria for carrier selection.

Both supplier selection and carrier selection are modelled as MCDM problem in litera-
ture, widely using one technique or integrating two techniques together. But the integration
of various MCDM techniques into a single model is not very well attempted in literature.
It is also observed that much work has done in qualitative modelling of suppliers and car-
riers independently; however, the joint qualitative modelling of suppliers and carriers is not
addressed so far.

2.2 Quantitative models in procurement

There is a plethora of work in literature on development lot-sizing models for procurement.
Initially the problemwas studied as a dynamic lot-sizing problem, focussing order allocations
to optimize holding and ordering costs only (Wagner and Whitin 1958). But later it was
realized that as procurement is a multi sourcing problem (Aissaoui et al. 2007), it is essential
to incorporate supplier selection in lot-sizing models to address procurement. The first model
integrating supplier selection and lot-sizing was proposed for the case of Australian post
(Gaballa 1974). Ghodsypour and O’Brien (2001) modified Economic Ordering Quantity
(EOQ) model to integrate supplier selection and lotsizing in procurement. In this direction
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Tsiakis et al. (2001), Swenseth and Godfrey (2002), Kelle et al. (2003), Chiang and Russell
(2004), Purohit et al. (2016a), Li et al. (2015) have incorporated lot-sizing and supplier
selection into procurement model. Ware et al. (2014b) have emphasized the importance
of supplier selection into procurement decisions by considering penalties to handle late
deliveries. Li (2015) proposed supplier selection and lot-sizing problem by incorporating
risk.

Recently, the procurement decisions are also being influenced by world-wide carbon
regulatory legislations, resulting in incorporation of carbon calculation and management in
procurement models. Benjaafar et al. (2013) proposed lot-sizingmodels for various scenarios
incorporating carbon emissions as a core issue. The sustainable models are also proposed
by Hsu et al. (2011), Ubeda et al. (2011), Jaber et al. (2013), Purohit et al. (2016b), for
lot-sizing problem only. The carbon emissions associated with supplier and carrier selection
are not considered. The emphasis on carbon emissions and huge transportation costs has also
encouraged researchers to incorporate logistics in procurementmodels. The researchwork by
Cholette andVenkat (2009) andUbeda et al. (2011) have incorporated carbon emissions from
logistics into their models. Similarly, Bonney and Jaber (2011) considered vehicle emissions
in EOQmodel to determine lot-sizes in procurement. However, the model is restricted due to
the limitations of EOQ.Recently, Basu et al. (2016)modelled emissions caused by logistics in
procurement. However, the problem is route optimization and a single supplier is considered
only.

Some of the research work by Liao and Rittscher (2007), Songhori et al. (2011) and Kaur
and Singh (2016) have proposed integrated procurement models by jointly addressing lot-
sizing, supplier selection and carrier selection under various business scenarios. However, the
models address only quantitative aspects and do not consider qualitative criteria in selection
of suppliers and carriers. Summary of reviewed literature is provided in Table1. It can be
seen from the table that extensive work has been also done in the past to select suppliers
and carriers using these quantified qualitative factors. In the past, extensive research work
has been also carried out in the procurement problem through quantitative modelling such as
MINLP/MILP. In some cases, these quantitative models do also select suppliers and carriers
in some way.

So far the research work available on supplier and/or carrier selection either through
qualitative modelling or quantitative modelling does not provide comparable results. For
example, the suppliers or carriers which are poorly ranked through the qualitative modelling
are being selected in the qualitative modelling owing to low cost parameters or high capaci-
ties (supplier/carrier). This creates a big contradiction between the supplier/carrier selection
using qualitative and quantitative approaches. However, the supplier/ carrier selection results
should be similar. The difference in supplier/carrier selection using quantitative and qual-
itative models is due to missing links between these two. Therefore, the proposed FDSP
framework links qualitative modelling and quantitative modelling together and integrates the
qualitative modelling of supplier/carrier selection by providing its outcome as an input into
the quantitative modelling of dynamic procurement problem. This further reassigns the order
allocation and supplier/carrier selection by considering qualitative and quantitative models
together.

Due to this, the proposed FDSP framework provides a range of solution towards opti-
mization of procurement cost by minimum possible order allocation to the poorly ranked
suppliers and/or carriers. The major contribution of the proposed FDSP model is to provide
a range of such possible solutions and provides various possible options to the organization
using the deviational matrix to select the best suited options. The proposed FDSP framework
is different from the previous models (Songhori et al. 2011; Choudhary and Shankar 2013;
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Kaur and Singh 2016), where either the supplier/carrier selections are made or procurement
problem is modelled considering sets of suppliers/carriers. These available models do not
integrate the outcome of qualitative models into quantitative models or other way round. The
proposed FDSP model develops elimination strategies based on the outcomes from qual-
itative modelling of suppliers/carriers. Therefore, this paper is an attempt to address both
qualitative models and quantitative models in one framework and providing the required
flexibility and minimizing the allocations to least preferred suppliers and carriers. The work-
ing methodology of the proposed FDSP framework is discussed in Sect. 3.

3 Flexible dynamic sustainable procurement (FDSP) framework

In this section, Flexible Dynamic Sustainable Procurement (FDSP) framework is explained.
The proposed framework integrates the qualitative models for the identification and selection
of the most and the least preferred suppliers and carriers, and the quantitative model for
optimal order allocation, supplier and carrier selection. The framework is both ‘flexible’ and
‘dynamic’ at the same time. In this framework, the term flexible is referred to the various
options a firm can use to select the is having the best procurement plan considering various
factors such as elimination of poorly ranked suppliers as well as carriers. On the other hand
the term dynamic is referred to the presence of lot sizing over multiple periods. The dynamic
term is used with reference to the index of time that has been taken to make the procurement
problem a dynamic one.

In the proposed FDSP framework, the quantitative approaches provide an optimal solution
basedonquantitative parameters such as cost, lead time, supplier capacity and carrier capacity.
However, the quantitative model ignores the firm’s preferences for suppliers or carriers based
on many qualitative parameters. It is seen that in real practice, the firm’s preferences for
suppliers and carriers based on several qualitative parameters such as reliability, quality,
service level and sustainability while allocation of orders is extremely important. But the
quantitative models are generally based on cost minimization and allocate orders to suppliers
and carriers based on parameters such as lead-time, supplier capacity and carrier capacity
and cost. Using purely quantitative model might allocate orders to least preferred suppliers
and carriers. To overcome this issue, FDSP framework is proposed which incorporates the
flexibility to eliminate poorly ranked suppliers and carriers by minimizing the deviation
from objective function of dynamic sustainable procurement problem. The proposed FDSP
framework is shown in Fig. 1.

4 Flexible dynamic sustainable procurement (FDSP) model

The section models the proposed FDSP. To model FDSP, qualitative model is provided in
Sect. 4.1 to take care of carrier and supplier selection while quantitative model is developed
in Sect. 4.2 to minimize procurement cost in a carbon trading environment for DSP. Finally,
Sect. 4.3 presents an integrated approach of qualitative and quantitative models to develop
FDSP.

4.1 Phase I: qualitative models

Qualitative models are mostly used to rank suppliers and carriers for given set of qualitative
criteria. However, the set of criteria and weightages given to each criterion may vary across
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Fig. 1 Flexible dynamic sustainable procurement (FDSP) framework

industries, regions and sectors. Following are the qualitative models used to rank suppliers
and carriers.
Analytical hierarchy process (AHP): AHP is proposed by Saaty (1980) is most widely used
to solve multi criteria decision making problems. The technique involves ranking the set of
alternatives for given criteria.
Technique for order preference by similarity to ideal solution (TOPSIS): TOPSIS (proposed
by Hwang and Yoon 1981) is a compromise method in which the alternative closest to ideal
solution (which maximizes advantages criteria) and farthest from negative ideal solution
(which minimizes advantages criteria) is chosen.
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Interpretive ranking process (IRP):: Proposed by Sushil (2009) and is used to develop inter-
pretive models between criteria and alternatives.
Weighted interpretive ranking process (W-IRP): Recently proposed by Kumar and Singh
(2015), considers the weightages of each criteria in IRP, where IRP considers equal weights
for all criteria.
Borda–Kendall (BAK) technique: It aggregates ranks from various qualitative models for
each supplier and/carrier and is widely used because of its computational simplicity (Cook
and Seiford 1982; Jensen 1986).
Integer linear program (ILP): Proposed by Kaur et al. (2016) to provide integrated rank of
alternatives from the sets of ranks provided by other qualitativemodels. ILPminimize the total
deviation of the integrated rank from all ranks obtained from different qualitative models.
The ILP formulation for aggregated/integrated rank based on inputs from other MCDM
techniques is shown below. Let Rpq is the rank of pth supplier/carrier using qth MCDM
technique while R′

p is the aggregated/integrated final rank of the pth suppliers/carriers. Also,
P is the total number of suppliers/carriers and Q is the number of MCDM techniques.
Objective function

Min Z =
P∑

p=1

Q∑

q=1

∣∣∣Rpq − R′
p

∣∣∣ (I)

Subject to

1 ≤ R′
p ≤ p ∀p (1, 2, . . . , P) (II)

R′
p �= R′

p+1 ∀p (1, 2, . . . , P) (III)

R′
p is an integer ∀p (1, 2, . . . , P) (IV)

The objective function of the ILP is to minimize the total difference between the ranks
obtained by suppliers/carriers using variousMCDM techniques and the final aggregated rank
as shown in equation (I). Equation (II) bounds the aggregated rank values to the maximum
number of attributes (suppliers/carriers). Equation (III) suggests that no two aggregate ranks
can take same value. Equation (IV) restricts the aggregated rank values to be integer values
only.

4.1.1 Qualitative model for supplier selection

In supplier selection, a set of criteria is identified which are used to evaluate the suppliers.
MCDM techniques such as AHP, TOPSIS, IRP, W-IRP and BAK can be applied. Expert
opinion is used to generate pair-wise comparison matrices involved in these techniques Sup-
plier rankings derived from various MCDM techniques may or may not be the same. ILP is
used to obtain final supplier ranking having minimum total deviations among the supplier
rankings given by all MCDM techniques. Applying proposed qualitative model, the set of
most and least preferred suppliers are identified.

4.1.2 Qualitative model for carrier selection

In a similar way of supplier selection, the various criteria for carrier selection are identified
considering these criteria alternatives for carriers are prioritized applying various qualitative
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Fig. 2 Framework for supplier/carrier selection

models as mentioned in Sect. 4.1.1. The ranks are integrated using ILP. Applying proposed
qualitative model in a similar way, the set of most and least preferred carriers are identified.
The framework of proposed qualitative model for supplier and carrier ranking is depicted in
Fig. 2.

4.2 Phase-II: quantitative model

Quantitative model for Dynamic Sustainable Procurement (DSP) problem is proposed here.
The proposed DSP considers a multi-period, multi-item, multi-supplier and multi-carrier
procurement problem to minimize the overall procurement cost in a carbon trading environ-
ment including raw material cost, ordering cost, transportation cost, holding cost and carbon
emissions cost. The proposed DSP provides optimal lot-sizing, supplier and carrier selection
in the presence of emissions in the entire procurement process. The assumptions, variables,
and notations used to develop DSP is shown below.

4.2.1 List of assumptions

• Parameters such as demand, supplier capacity and carrier capacity are dynamic, however,
known with certainty.

• Late deliveries and shortages are not allowed.
• The process of ordering, holding and transportation of parts causing carbon emissions.
• The emissions caused by various activities are considered to be linear.

4.2.2 List of indices

t Index for time periods
i Index for parts
j Index for suppliers
m Index for carriers

4.2.3 List of variables

Xti jm Order allocation in t th period of i th part procured from j th supplier in
using mth carrier
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Uti jm 1 if in t th period the i th part is procured from j th supplier using mth carrier
else 0

Y Extra or spare carbon emissions sold or bought over entire planning horizon
Iti Inventory carried from t th period to t (t+1)h period for i th part

4.2.4 List of parameters/notations

Dti Demand in t th period for i th part
Pti j Cost of purchasing in t th period of i th part from j th supplier
tt jm Cost of transportation in t th period from j th supplier using mth carrier
oti Cost of ordering in t th period of i th part
hti Cost of holding inventory in t th period for i th part
Cti j Capacity in t th period of j th supplier for i th part
� jm Available truck load capacity of mth carrier with j th supplier.
Vt jm Total number of mth carriers available in t th period with j th supplier.
α Carbon emissions quota (in tons) for entire planning horizon.
C Carbon price per unit (ton).
Ftm, Ftom Amount of carbon emission in executing a lot size of x units in t th period

of i th part from j th supplier using mth carrier. Ftm is the carbon emissions
produced when mth carrier is empty. Ftom is the variable emission factor
in time t th period.

Eto Amount of carbon emissions caused during placing an order in t th period.
Etw Amount of carbon emissions caused in holding a unit of part at warehouse

for t th period.
U Lti Upper tolerance of lead time in t th period for i th part.
L Lti Lower tolerance of lead time for t th period for i th part.
Lt jm Lead time in t th period of j th supplier using mth carrier.
dj Distance (Kms)of j th supplier from the buyer.
milm Mileage (Kms/litre) of mth carrier.

4.2.5 Quantitative model: DSP

Objective function

Minimize Z = Z1 + Z2 + Z3 + Z4 + Z5 (1)

Z1 =
∑

t

∑

i

∑

j

∑

m

pti j Xti jm (1a)

Z2 =
∑

t

∑

i

∑

j

Oti Uti jm (1b)

Z3 =
∑

t

∑

i

∑

j

∑

m

tt jm Xti jm (1c)

Z4 =
∑

t

∑

i

hti Iti (1d)

Z5 = C ∗ Y (1e)
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Subject to

It−1 i +
∑

j

∑

m

Xti jm − Iti = Dti ∀ t, i (2)

Xti jm ≤
(

∑

t

Dti

)
Uti jm ∀t, i, j, m (3)

∑

m

Xti jm ≤ Cti j ∀ t, i, j (4)

∑

i

Xti jm ≤ � jm Vt jm ∀ t, j, m (5)

∑

t

∑

i

∑

j

∑

m

(Ftm + Ftom)Ui jmt

+
∑

t

∑

i

∑

j

∑

m

EtoUti jm +
∑

t

∑

i

Etw Iti = α + Y (6)

Ftom = d j

milm
∗ emission f actor ∗ Xti jm ∀ t, i, j, m (7)

L Lti ≤ Uti jmlt jm ≤ U Lti ∀ t, i, j, m (8)

Xti jm, Iti ≥ 0 and integer ∀ t, i, j, m (9)

Uti jm ∈ {0, 1} ∀ t, i, j, m (10)

Y is unrestricted sign (11)

Equation (1) presents the objective function of the DSP minimizing overall procurement
cost comprising of rawmaterial cost (1a), ordering cost (1b), transportation cost (1c), holding
cost (1d) and, carbon emissions cost (1e). Equation (2) balances the balances inventory from
previous period and lot-size procured to the demand and current inventory for all parts.
Equation3 restricts excess procurement of parts. Equation (4) ensures that order allocated
to a supplier is within the specified supplier capacity. Similarly, equation (5) ensures that
total parts ordered using a carrier must be within specified carrier capacity. Equation (6)
balances the total carbon emissions caused during ordering, holding and transportation to the
total allowable emission quota and additional emissions bought or sold. Equation (7) further
elaborates emissions caused during transportation as a function of distance travelled, mileage
of carrier and load carried by the carrier. Equation (8) is the lead time constraint ensuring
that procured parts from a supplier must reach within specified lead-time tolerance by the
buyer.

The integer and non-negative value of lot-size of products (Xi jmt ) and inventory (Ii t ) (is
ensured in equation (9). Binary nature of decision variable (Ui jmt ) is shown in equation (10).
Equation (11) describes the unrestricted nature of additional emissions bought or sold. The
basic idea of DSP model is also shown in Fig. 3.

4.3 Phase-III: flexible dynamic sustainable procurement (FDSP) model

The proposed flexible dynamic sustainable model (FDSP) is an integration of qualitative and
quantitative models discussed in Sects. 4.1 and 4.2 respectively. The proposed FDSP model
will ensure order allocations to themost preferred suppliers and carriers within the acceptable
deviation from DSP solution. Following are the steps involved in the proposed FDSP model:
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Quantitative 
Parameters 

Decision 
variables 

DSP Model

Optimal Solution

• Optimal Lot-sizing  
• Optimal Supplier 

selection 
• Optimal Carrier 

selection 

Fig. 3 Framework for DSP model

Step 1: Solve qualitative model for suppliers
The qualitative model for supplier selection is solved using the methodology explained
in Sect. 4.1.1.

Step 1.1: Identify the set of most preferred suppliers
Step 1.2: Identify the set of least preferred suppliers

Step 2: Solve qualitative model for carriers
The qualitative model for carrier selection is solved using the methodology explained in
Sect. 4.1.2.

Step 2.1: Identify the set of most preferred carriers
Step 2.2: Identify the set of least preferred carriers

Step 3: Solve quantitative model for DSP
Step 4: Compare the solution obtained at step 3 with step 1 and step 2

}
Then

GO TO Step 10
Else

GO TO Step 5

If
{
None of the orders are allocated in all periods to the least preferred suppliers 
and carriers

Step 5: Construct elimination strategies
Construct elimination strategies considering least preferred suppliers and carriers from
step 1 and step 2. The elimination strategies are constructed such that no allocation to be
made to the least preferred combination of suppliers and carriers in few or all periods.
Step 6: Formulate FDSP
FDSP is formulated by integrating DSP and the set of elimination strategies at step 3 and
step 5 respectively.
Step 7: Solve FDSP
The FDSP formulated at step 6 is solved optimally for all elimination strategies.
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Step 8: Generate deviation matrix
Percentage deviation matrix is generated using optimal solution obtained at step 3 and
step 7 for all elimination strategies.
Step 9: Construct flexible dynamic sustainable procurement (FDSP) decision
FDSP decision is taken by considering the percentage deviation matrix constructed at
step 8 and the percentage deviation acceptable to the procuring firm.
Step 10: Flexible dynamic sustainable procurement (FDSP) is obtained.
FDSP solution will ensure the minimum order allocation of all parts in all periods to the
least preferred suppliers and carriers.

5 Case illustration

The section demonstrates the proposed FDSPmodel through a case illustration. The procure-
ment problem for a manufacturing firm is considered for three time periods for ten different
parts to be ordered from six different suppliers each using five various carriers. The buying
firm identifies the most preferred and least preferred set of suppliers and carriers among the
available ones. The firm models the dynamic procurement problem where demand of all the
parts is known and suppliers and carriers have limited capacity. The parameters are known
and dynamic. One or more carrier types can be used by suppliers for transporting the ordered
parts to the manufacturing firm. Firm minimizes the total procurement cost including raw
material cost, ordering cost, transportation cost, holding cost and carbon emissions cost over
the entire planning horizon. The carbon emissions are considered for the process of order-
ing, holding and transportation. The DSP model establishes an optimal trade-off between
costs incurred and emissions caused in procurement process. However, it is required for
the firm to minimize the order allocations made to the least preferred set of suppliers and
carriers to prevent supply chain disruptions. Excluding the least preferred suppliers and
carriers might result in increased procurement cost and possible infeasibility due to insuffi-
cient capacities by other suppliers. Therefore, a necessary trade-off must be established. The
data for problem in terms of demand, carrier capacity and supplier capacity is tabulated in
Appendix B.

5.1 Phase-I: qualitative models

5.1.1 Qualitative model for supplier selection

The set of criteria for selection of suppliers are considered for the manufacturing firm and
relative weightages of criteria are evaluated using DEMATEL. Table2 shows the list of
criteria considered and the weightage corresponding to each criterion. The procedure for
criteria identification and selection can be referred from Kaur et al. (2016). Based on these
criteria the six suppliers are ranked using AHP, TOPSIS, IRP, W-IRP and BAK and the final
ranking is derived using ILP. The Final supplier rankings are shown in Table3, from where it
can be seen that least preferred suppliers are S1 and S2, whereas S4 and S3 are most preferred
suppliers .

5.1.2 Qualitative model for carrier selection

The criteria for carrier selection are considered with the help of published literature (Vijay-
vargiya and Dey 2010; Yang and Regan 2013; Basu et al. 2016) and industry experts. The
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Table 2 List of criteria and criteria weights derived using DEMATEL (Kaur et al. 2016)

No. Criteria D R D + R D − R Criteria weights

C1 Technological and technical capability 0.923 1.7734 2.6995 −0.84732 0.089

C2 Market reputation 1.3486 1.2552 2.6032 0.09285 0.086

C3 Responsiveness 0.9376 1.5531 2.4907 −0.61553 0.082

C4 Product cost 1.5289 0.8935 2.4225 0.63542 0.080

C5 Delivery reliability 0.7551 1.4871 2.2422 −0.73199 0.074

C6 Product reliability 0.7478 1.3613 2.1091 −0.61349 0.070

C7 Geographical location 0.7887 1.0644 1.8532 −0.27567 0.061

C8 Engineering support 1.2103 0.6372 1.8475 0.57312 0.061

C9 Delivery lead time 0.9081 0.5614 1.4695 0.34664 0.049

C10 Production flexibility 0.8875 0.5245 1.4121 0.36299 0.047

C11 ERP system 0.5914 0.7610 1.3525 −0.16962 0.045

C12 Quality certification 0.7577 0.4978 1.2555 0.25994 0.041

C13 Logistics management cost 0.4553 0.7743 1.2297 −0.31906 0.041

C14 Continuous improvement program 0.9276 0.2681 1.1958 0.65946 0.040

C15 After sale support 0.6444 0.4871 1.1315 0.15738 0.037

C16 Financial health 0.5736 0.4202 0.9938 0.15345 0.033

C17 Environment responsibility 0.5192 0.2183 0.7375 0.30085 0.024

C18 Tariff and taxes 0.3765 0.3107 0.6872 0.06589 0.023

C19 Social responsibility 0.2471 0.2824 0.5296 −0.03532 0.018

Table 3 Final supplier ranking

Suppliers/method AHP TOPSIS IRP W-IRP BAK ILP

S1 3 5 5 5 5 5 Least preferred suppliers

S2 5 6 6 6 6 6

S3 2 2 2 1 2 2 Most preferred uppliers

S4 1 1 1 2 1 1

S5 6 4 3 3 4 3

S6 4 3 4 4 3 4

expert opinions are then used to derive criteria weights using DEMATEL. The list of crite-
ria and corresponding weightages are provided in Table4. The available 5 types of carriers
namely- truck (M1), open trailer (M2), trailer (M3), long haul (M4) and high cube (M5) are
ranked based on these set of criteria using MCDM techniques such as AHP, TOPSIS, IRP,
W-IRP and BAK. The responses of industry experts and interaction matrices for DEMATEL
and other MCDM techniques are shown in Appendix (Tables12, 13, 14, 15, 16, 17). The
various ranks obtained are integrated using ILP. The ranks obtained are shown in Table5. It
can be observed from the Table5 that carriers M1 andM2 are least preferred whereas carriers
M4 and M5 are most preferred carriers .
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Table 4 List of criteria for carrier selection and corresponding weightages derived using DEMATEL

Criteria D R D+R D-R Criteria weights

C1 Carrier reliability 1.728 1.936 3.665 −0.207 0.069

C2 Carrier repair rate 2.119 1.537 3.656 0.581 0.069

C3 Vehicle manoeuvrability 1.591 1.788 3.379 −0.196 0.064

C4 Inbuilt safety features 1.626 0.975 2.6014 0.650 0.049

C5 Pollution under control certification 1.555 1.610 3.165 −0.055 0.06

C6 Driver compatibility 2.036 2.027 4.063 0.009 0.077

C7 Geographical mobility 2.022 1.717 3.740 0.304 0.071

C8 Fuel performance 1.197 1.284 2.481 −0.087 0.047

C9 Customization capabilities 1.359 1.865 3.225 −0.505 0.061

C10 Roadside assistance 1.624 1.159 2.784 0.465 0.053

C11 Service personnel attitude 1.296 1.240 2.537 0.056 0.048

C12 Weather resistance 1.690 1.640 3.331 0.049 0.063

C13 Past performance 1.373 1.350 2.723 0.023 0.051

C14 Shipment tracing 0.544 1.289 1.83 −0.745 0.035

C15 Transit time 1.853 1.952 3.805 −0.098 0.072

C16 Transportation cost 0.886 1.643 2.530 −0.757 0.048

C17 Maintenance 1.942 1.430 3.373 0.512 0.064

Table 5 Final carrier ranking

Carriers/Methods AHP TOPSIS BAK IRP W-IRP ILP

Truck (M1) 3 4 4 4 4 4 Least preferred carriers

Open trailer (M2) 5 5 5 5 5 5

Trailer (M3) 4 3 3 3 3 3

Long haul (M4) 2 1 2 2 2 2 Most preferred carriers

High cube (M5) 1 2 1 1 1 1

5.2 Phase-II: dynamic sustainable procurement (DSP) model

DSP is solved for three periods, ten parts procurement problem using six suppliers and
five carriers. The model provides optimal solution in terms of lot-sizing, supplier selection
and carrier selection optimizing total procurement cost comprising of raw material cost,
ordering cost, transportation cost, holding cost and carbon emissions cost. Complete solution
demonstrating allocations for each product to each supplier as well as each carrier is shown in
Table6. The italic cells shows the allocationsmade either to least preferred supplier or carrier.
These allocations are observed as the model is purely based on quantitative parameters and
does not include qualitative preferences of the firm. This limitation is overcome using FDSP
model illustrated in Sect. 5.3.
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Table 6 Optimal solution of DSP model

T1 T2 T3

M1 M2 M3 M4 M5 M1 M2 M3 M4 M5 M1 M2 M3 M4 M5

P1 S1 0 0 0 0 230 0 0 0 0 0 0 0 0 0 0

S2 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0

S3 0 0 0 0 0 0 0 0 0 0 0 260 0 0 0

S4 0 0 0 0 260 0 0 0 0 0 0 0 0 0 0

S5 0 0 0 270 0 0 0 0 0 180 0 0 0 0 0

S6 0 0 0 0 0 0 220 0 0 0 0 0 0 0 0

P2 S1 0 0 0 0 130 0 0 0 0 0 0 0 0 0 0

S2 0 0 0 0 230 0 0 0 0 100 0 0 0 0 170

S3 0 0 0 150 0 0 0 0 0 0 0 0 0 0 0

S4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 80

S5 0 0 0 0 130 0 0 0 0 0 0 0 0 0 230

S6 0 0 0 0 0 0 0 0 160 0 0 0 0 0 0

P3 S1 0 0 0 0 190 0 0 0 0 0 0 0 0 0 0

S2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S3 0 0 0 0 0 0 220 0 0 0 0 0 0 0 0

S4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S5 0 0 0 0 260 0 0 0 0 200 0 0 0 0 0

S6 0 0 0 0 0 0 0 0 0 0 0 0 0 230 0

P4 S1 0 0 0 0 160 0 0 0 230 0 0 0 0 0 0

S2 0 0 0 0 150 0 0 0 0 0 0 0 0 0 190

S3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S4 0 0 0 0 70 0 0 0 0 240 0 0 0 0 0

S5 0 0 0 0 260 0 0 0 0 0 0 0 0 0 170

S6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

P5 S1 0 0 0 0 0 0 0 0 170 0 0 0 0 0 0

S2 0 0 0 0 0 0 0 0 0 210 0 0 0 0 140

S3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S4 0 0 0 0 140 0 0 0 0 0 0 0 0 0 40

S5 0 0 0 0 60 0 0 0 0 100 0 0 0 0 100

S6 0 0 0 0 240 0 0 0 0 0 0 0 0 0 0

P6 S1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 200

S2 0 0 0 0 0 0 0 0 0 120 0 0 0 0 0

S3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S4 0 0 0 0 160 0 0 0 0 250 0 0 0 0 160

S5 0 0 0 0 170 0 0 0 0 300 0 0 0 0 110

S6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6 continued

T1 T2 T3

M1 M2 M3 M4 M5 M1 M2 M3 M4 M5 M1 M2 M3 M4 M5

P7 S1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S2 0 0 0 0 280 0 0 0 0 150 0 0 0 0 0

S3 0 0 0 0 0 0 130 0 0 0 0 0 0 0 0

S4 0 0 0 0 180 0 0 0 0 0 0 0 0 0 280

S5 0 0 0 0 0 0 0 0 0 220 0 0 0 0 190

S6 0 0 0 0 0 0 0 0 0 0 0 190 0 0 0

P8 S1 0 0 0 0 290 0 0 0 0 0 0 0 0 0 0

S2 0 0 0 0 180 0 0 0 0 280 0 0 0 0 290

S3 0 200 0 0 0 0 0 0 0 0 0 0 0 0 0

S4 0 0 0 0 0 0 0 0 0 180 0 0 0 0 210

S5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

S6 0 0 0 0 0 0 0 0 0 0 0 160 0 0 0

P9 S1 0 0 0 210 0 0 0 0 220 0 0 0 0 0 140

S2 0 160 0 0 0 0 0 0 0 0 0 0 0 0 0

S3 0 0 0 0 0 0 250 0 0 0 0 0 0 0 0

S4 0 0 0 0 120 0 0 0 0 0 0 0 0 0 150

S5 0 0 0 0 120 0 0 0 0 0 0 0 0 0 0

S6 0 0 0 0 160 0 0 0 0 0 0 0 0 0 0

P10 S1 0 0 0 0 0 0 0 0 130 0 0 0 0 0 0

S2 0 0 0 0 160 0 0 0 0 0 0 0 0 0 210

S3 0 290 0 0 0 0 0 0 0 0 0 0 0 0 0

S4 0 0 0 0 0 0 0 0 0 260 0 0 0 0 0

S5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 180

S6 0 0 0 0 0 0 0 0 0 0 0 230 0 0 0

Italic values show the order allocations to least preferred suppliers and carriers

5.3 Phase-III: flexible dynamic sustainable (FDSP) model

The proposed FDSP model integrates the qualitative and quantitative models. It is observed
from quantitative model solution, orders are allocated to the least preferred suppliers and
carriers, due to low cost. However, in real practice, order allocation to least preferred suppliers
and carriers are discouraged as it might lead to late deliveries, unreliability and quality
issues. On the other hand, order allocations to highly preferred suppliers are encouraged
to ensure reliability. Hence, there is a need to consider solutions obtained from qualitative
and quantitative models together for an effective and efficient procurement. This need is
addressed in the proposed FDSP model using following steps.

Step 1: Solve qualitative model for suppliers
Suppliers are ranked through the qualitative model explained in Sect. 5.1.1. Results are
shown in Table3.

Step 1.1: Identify the set of most preferred suppliers
From Table3, the most preferred set of suppliers is given below. Here, best two
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suppliers are considered as the most preferred suppliers.

Most preferred suppliers: {S3,S4}
Step 1.2: Identify the set of least preferred suppliers
Similarly, set of least preferred suppliers from Table3 is shown below. Here, last two
suppliers are considered as the least preferred suppliers.

Least preferred suppliers: {S1,S2}
Step 2: Solve qualitative model for carriers
Carriers are ranked through the qualitative model explained in Sect. 5.1.2. Results are
shown in Table5.

Step 2.1: Identify the set of most preferred carriers
From Table5, the set of most preferred carriers is given below. Here, top two carrier
types are considered as the most preferred carriers.

Most preferred carriers: {M4,M5}
Step 2.2: Identify the set of least preferred carriers
Similarly, the set of least preferred carriers from Table5 is shown below. Here, last
two carrier types are considered as the least preferred carriers.

Least preferred carriers: {M1,M2}
Step 3: Solve quantitative model for DSP
The quantitative model for DSP shown in Sect. 4.2 is solved (refer Sect. 5.2). The optimal
solution obtained for DSP is shown in Table6.
Step 4: Compare the solution obtained at step 3 with step 1 and step 2
The optimal solution of DSP is compared with the set of least preferred suppliers (from
Step 1) and least preferred carrier types (from Step 2). It is found that the order allo-
cations are made to least preferred suppliers and carriers in some of the time periods.
The allocations made to least preferred suppliers and carriers are shown as italic cells in
Table6 and are shown here (Total forty allocations are made to least preferred suppliers
and carriers).
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

X(1,1,1,5) = 230 X(2,1,2,5) = 100 X(2,1,6,2) = 220 X(3,1,3,2) = 260 X(1,2,1,5) = 130
X(1,2,2,5) = 230 X(2,2,2,5) = 100 X(3,2,2,5) = 170 X(1,3,1,5) = 190 X(2,3,3,2) = 220
X(1,4,1,5) = 160 X(1,4,2,5) = 150 X(2,4,1,4) = 230 X(3,4,2,5) = 190 X(2,5,1,4) = 170
X(2,5,2,5) = 210 X(3,5,2,5) = 140 X(2,6,2,5) = 120 X(3,6,1,5) = 200 X(2,7,2,5) = 150
X(2,7,3,2) = 130 X(1,7,2,5) = 280 X(3,7,6,2) = 190 X(1,8,1,5) = 290 X(1,8,2,5) = 180
X(1,8,3,2) = 200 X(2,8,2,5) = 280 X(3,8,2,5) = 290 X(3,8,6,2) = 160 X(1,9,1,4) = 210
X(1,9,2,2) = 160 X(2,9,1,4) = 220 X(2,9,3,2) = 250 X(3,9,1,5) = 140 X(3,9,4,5) = 150
X(1,10,2,5) = 160 X(1,10,3,2) = 290 X(2,10,1,4) = 130 X(3,10,2,5) = 210 X(3,10,6,2) = 230

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

Since forty allocations are made to least preferred suppliers and carriers, so, GO TO Step
5.
Step 5: Construct elimination strategies
Elimination strategies are constructed considering least preferred suppliers and carri-
ers from step 1 and step 2. The elimination strategies are constructed such that no
allocation to be made to the least preferred combination of suppliers and carriers in
few or all periods. Table7 shows all the possible combination of elimination strate-
gies considering all nine possible combination of least preferred suppliers and carriers
{S1M1,S2M2,S1M2,,S2M1,,S1S2M1,,S1S2M2,,M1M2S1,M1M2S2,,S1S2M1M2} for
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Table 8 Objective function value of FDSP considering all elimination strategies

T1 T2 T3 T1T2 T1T3 T2T3 T1T2T3

S1M1 502,901.9 502,223.2 492,753.6 505,974 50,4521.3 496,153 507,985

S2M2 504,386 498,505 497,264 512,743 511,145 505,330 517,117

S1M2 503,717 494,364 492,807 507,764 506,014 496,824 517,607

S2M1 503,362 498,066 496,927 511,197 509,394 503,768 517,229.6

S1S2M1 *** 501,850 500,128 *** *** 512,218 ***

S1S2M2 *** 502,812 500,507 *** *** 513,840 ***

M1M2S1 503,695 494,442 492,777 507,784.9 506,062 496,875 510,146.7

M1M2S2 504,990 498,648 497,198 512,835.8 510,805 505,498 519,816

S1S2M1M2 *** 502,818 500,391 *** *** 513,469 ***

*** Indicates the infeasibility of the model

all possible combination of the time periods {T1,T2,T3,T1T2,T1T3,T2T3,T1T2T3}. A
total of sixty-three possible elimination strategies are constructed and shown in Table7.
Each cell of Table7 shows respective constraint generated from the corresponding the
corresponding elimination strategies.
Step 6: Formulate FDSP
FDSP is formulated by adding elimination strategy constructed at step 5 and the DSP
formulation described at Sect. 4.2 A total of sixty-three models would be formulated.
The generic formulation of FDSP by adding elimination strategy is shown here.
Objective function

Minimize Equation (1)

Subject to

Equations (2−11)
Elimination strategy (12)

For instance, elimination strategy to prevent order allocation to S1M1 for period T1 would
be written as equation (12) which is given below.

U1i11 = 0 ∀i (12)

Similarly, all sixty-three elimination strategies would be considered for FDSP.
Step 7: Solve FDSP
The FDSP formulated at step 6 is solved optimally for all elimination strategies. The
objective function value of optimal solution for all sixty-three FDSP models correspond-
ing to all sixty three elimination strategies are shown in table8. Some of the FDSP for
corresponding elimination strategies fails to give feasible solution and are also shown in
Table8.
Step 8: Generate deviation matrix
Percentage deviation is calculated from objective function value of DSP model obtained
at step 3 and objective function value of sixty-three FDSP obtained at step 7 for all
elimination strategies. Table9 shows percentage deviational.
Step 9: Construct Flexible Dynamic Sustainable Procurement (FDSP) decision

FDSP decision would be based on the percentage deviation of FDSP model calculated
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Table 9 Percentage deviational
for FDSP

T1 T2 T3 T1T2 T1T3 T2T3 T1T2T3

S1M1 2.53 2.39 0.46 3.16 2.86 1.15 3.57

S2M2 2.83 1.63 1.38 4.54 4.21 3.03 5.43

S1M2 2.7 0.79 0.47 3.52 3.17 1.29 5.53

S2M1 2.62 1.54 1.31 4.22 3.85 2.71 5.45

S1S2M1 *** 2.32 1.97 *** *** 4.43 ***

S1S2M2 *** 2.51 2.04 *** *** 4.76 ***

M1M2S1 2.69 0.81 0.47 3.53 3.18 1.3 4.01

M1M2S2 2.96 1.66 1.37 4.56 4.14 3.06 5.98

S1S2M1M2 *** 2.51 2.02 *** *** 4.69 ***

Italic values show the % deviation
of FDSP solution from DSP

at step 8 and the percentage deviation acceptable to the procuring firm. For an instance,
if the procuring firm accepts deviation upto 5% the solution obtained using elimination
strategy corresponding to deviation of 4.69% can be considered as the best suitable
procurement decision. Table10 shows order allocation by FDSP model with deviation of
4.69%. The FDSP solution restricts allocating orders to the least preferred suppliers (S1
and S2) and carriers (M1 and M2) for time period T2 and T3 respectively, however, it is
being allowed for T1. It can be further seen from Table8 that avoiding all least preferred
suppliers and carriers across entire period is not possible due to constraint violation
and hence, fails to give feasible solution. Therefore, the sustainable procurement has to
be flexible in deciding the most appropriate sustainable procurement decision to avoid
maximum possible least preferred suppliers and carriers. In the given flexible sustainable
procurement with 4.69% deviation, it can be seen that the least preferred suppliers and
carriers are not allocated in time period T2 and T3.
Table11 presents order allocation to suppliers and carriers of DSP and proposed FDSP
models. Table11 also provides detailed comparison of lot-sizing, order allocation to
suppliers and carriers from DSP and FDSP model. From the Table11, it can be seen that
allocation to the least preferred suppliers and/or carriers (shown in bold) is minimized
using FDSP model.
Step 10: Flexible dynamic sustainable procurement (FDSP) is obtained.
For the given acceptable % deviation, the FDSP decision is obtained and ensure the
minimum order allocation of all parts in all periods to the least preferred suppliers and
carriers. The details of FDSP solution is shown in Table11.

6 Managerial insights, contributions, and limitations

The section discusses the managerial insights, contributions and limitations of the proposed
FDSP framework.

6.1 Managerial insights

• The proposed FDSP model allows incorporating and integrating the qualitative prefer-
ences for suppliers and carriers in the quantitative modelling tominimize order allocation
to the least preferred suppliers and carriers.
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• The proposed framework provides the procurement managers with a number of possible
elimination strategies to avoid allocation to least preferred supplier and carrier. Hence,
the buying firm can select the best suited strategy for sustainable managers can choose
the strategy which works best for their firm.

6.2 Contributions

• The paper proposes the qualitative modelling for suppliers and carriers using various
MCDM techniques such as AHP, TOPSIS, IRP, W-IRP and BAK integrating these ranks
to derive final ranks through an integer linear program.

• The paper proposes a flexible dynamic sustainable procurement (FDSP) framework,
which is an integration of various qualitative models (AHP, TOPSIS, IRP, W-IRP and
BAK) and a quantitative model (i.e. DSP) in procurement.

• The proposed FDSP framework provides an approach for sustainable procurement. The
FDSP model modifies the procurement solution obtained from quantitative model (i.e.
DSP) by incorporating qualitative preferences through qualitative model.

6.3 Limitations

• The proposed FDSP framework considers deterministic data for qualitative and quanti-
tative model.

• The proposed FDSP framework is currently limited to AHP, TOPSIS, IRP, W-IRP and
BAK approaches for suppliers and carrier ranking.

7 Conclusions and future scope of work

The papermodels FDSP by integrating qualitative and quantitativemodel. Qualitativemodels
such as AHP, TOPSIS, IRP, W-IRP, BAK and ILP are applied for identifying the most
preferred and least preferred set of suppliers and carriers. Quantitative model (i.e. DSP)
is optimally solved for multi-part, multi-period procurement problem involving multiple
suppliers and carriers. The DSP being cost based model tend to allocate orders to suppliers
and carriers offering least cost but on the other hand these are least preferred by the firm.
This creates contradiction betweenDSP and qualitativemodel. To avoid such contradiction, a
flexible dynamic sustainable procurement (FDSP) framework is proposed which minimizes
the difference in solution of quantitative model (i.e. DSP) and quantitative models. The
proposed FDSPminimizes the order allocation in procurement problem to the least preferred
suppliers and carriers in the most flexible and sustainable way demonstrated through an
illustration. The proposed FDSP can be extended in future for stochastic and uncertain data.
The proposed FDSP can be also extended for fuzzy parameters. In addition more MCDM
techniques such as PROMETHEE, ELECTREE and VICKOR can also be applied to rank
suppliers and carriers.

Appendix A

See Tables12, 13, 14, 15, 16 and 17.
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Table 13 Pair-wise comparison matrices between carriers for all criteria (AHP)

Truck Open trailer Trailer Long haul High cube Priority vectors

Pair-wise comparison matrices

Carrier reliability

Truck 1 0.5 0.33 0.2 0.143 0.049

Open trailer 2 1 0.25 0.167 0.143 0.062

Trailer 3 4 1 0.2 0.33 0.138

Long haul 5 6 5 1 1 0.379

High cube 7 7 3 1 1 0.370

Carrier repair rate

Truck 1 0.33 0.33 0.125 0.2 0.040

Open trailer 3 1 1 1 0.25 0.153

Trailer 3 1 1 0.25 0.5 0.108

Long haul 8 7 4 1 3 0.476

High cube 5 4 2 0.33 1 0.223

Vehicle manoeuvrability

Truck 1 0.33 0.33 0.11 0.143 0.037

Open trailer 3 1 0.5 1 0.2 0.104

Trailer 5 2 1 0.2 0.5 0.142

Long haul 9 7 5 1 0.33 0.345

High cube 7 5 2 3 1 0.371

Inbuilt safety features

Truck 1 0.33 0.33 0.167 0.125 0.0417

Open trailer 3 1 0.33 1 0.143 0.106

Trailer 4 3 1 0.5 0.25 0.148

Long haul 6 4 2 1 0.5 0.251

High cube 8 7 4 2 1 0.453

Pollution under control certification

Truck 1 1 0.33 0.33 0.2 0.0724

Open trailer 1 1 0.33 1 0.2 0.0935

Trailer 3 3 1 1 0.33 0.191

Long haul 3 3 1 1 0.33 0.191

High cube 5 5 3 3 1 0.451

Driver compatibility

Truck 1 3 5 7 9 0.517

Open trailer 0.33 1 2 4 5 0.219

Trailer 0.2 0.5 1 3 4 0.139

Long haul 0.147 0.25 0.33 1 5 0.089

High cube 0.11 0.2 0.25 0.2 1 0.037
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Table 13 continued

Truck Open trailer Trailer Long haul High cube Priority vectors

Geographical mobility

Truck 1 7 5 2 3 0.410

Open trailer 0.147 1 0.5 0.125 0.25 0.042

Trailer 0.2 2 1 0.2 0.5 0.074

Long haul 0.5 8 5 1 4 0.340

High cube 0.33 4 2 0.25 1 0.133

Fuel performance

Truck 1 0.2 0.33 0.167 0.143 0.059

Open trailer 5 1 2 0.33 0.25 0.166

Trailer 3 0.5 1 0.5 0.33 0.128

Long haul 6 3 2 1 0.5 0.246

High cube 7 4 3 2 1 0.400

Customization capabilities

Truck 1 0.33 0.33 0.25 0.2 0.043

Open trailer 3 1 2 0.5 0.33 0.156

Trailer 3 0.5 1 0.5 0.33 0.118

Long haul 4 2 2 1 0.5 0.267

High cube 5 3 3 2 1 0.417

Roadside assistance

Truck 1 2 4 5 6 0.455

Open trailer 0.5 1 2 3 4 0.248

Trailer 0.25 0.5 1 2 3 0.145

Long haul 0.2 0.33 0.5 1 2 0.090

High cube 0.167 0.33 0.33 0.5 1 0.061

Service personnel attitude

Truck 1 0.5 0.33 0.2 0.125 0.047

Open trailer 2 1 0.5 1 0.167 0.108

Trailer 4 2 1 0.5 0.33 0.152

Long haul 5 4 2 1 0.5 0.257

High cube 8 6 3 2 1 0.436

Weather resistance

Truck 1 3 0.33 0.167 0.25 0.064

Open trailer 0.33 1 0.167 0.143 0.125 0.029

Trailer 3 6 1 0.33 0.25 0.141

Long haul 6 7 3 1 4 0.407

High cube 4 8 4 2 1 0.359
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Table 13 continued

Truck Open trailer Trailer Long haul High cube Priority vectors

Past performance

Truck 1 3 0.5 0.25 0.2 0.087

Open trailer 0.33 1 0.25 0.167 0.143 0.042

Trailer 2 4 1 0.2 0.33 0.133

Long haul 4 6 5 1 0.5 0.326

High cube 5 7 3 2 1 0.412

Shipment tracing

Truck 1 3 0.33 0.2 0.143 0.067

Open trailer 0.33 1 0.2 0.143 0.11 0.034

Trailer 3 5 1 0.25 0.167 0.124

Long haul 5 7 4 1 0.33 0.268

High cube 7 9 6 3 1 0.506

Transit time

Truck 1 4 0.5 0.125 0.167 0.078

Open trailer 0.25 1 0.166667 0.11 0.143 0.034

Trailer 2 6 1 0.33 0.5 0.16

Long haul 8 9 3 1 0.5 0.349

High cube 6 7 2 2 1 0.38

Transportation cost

Truck 1 1 2 3 5 0.32

Open trailer 1 1 2 2 4 0.289

Trailer 0.5 0.5 1 3 5 0.222

Long haul 0.33 0.5 0.33 1 2 0.109

High cube 0.2 0.25 0.2 0.5 1 0.058

Maintenance

Truck 1 2 3 5 7 0.428

Open trailer 0.5 1 2 4 6 0.276

Trailer 0.333 0.5 1 2 5 0.164

Long haul 0.2 0.25 0.5 1 3 0.09

High cube 0.143 0.167 0.2 0.33 1 0.042
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Table 15 Dominating interaction matrix (IRP and W-IRP)

M1 M2 M3 M4 M5

M1 C6, C7, C10, C12,
C13, C14, C15,
C16, C17

C6, C7, C10, C16,
C17

C6, C7, C10, C16,
C17

C6, C7, C10, C16,
C17

M2 C1, C2, C4, C5,
C8, C9, C11

C2, C6, C8, C9,
C10, C16, C17

C6, C10, C16, C17 C6, C10, C16, C17

M3 C1, C2, C3, C4,
C5, C8, C9, C11,
C12,C13,C14,C15

C1, C3, C4, C5,
C7, C11, C12, C13,
C14, C15

C6, C10, C16, C17 C6, C10, C16, C17

M4 C1, C2, C3, C4,
C5, C8, C9, C11,
C12,C13,C14,C15

C1, C2, C3, C4,
C5, C7, C8, C9,
C11, C12, C13,
C14, C15

C1, C2, C3, C4,
C5, C7, C8,9, C11,
C12,C13,C14,C15

C1, C2, C7, C10,
C12, C16, C17

M5 C1, C2, C3, C4,
C5, C8, C9, C11,
C12,C13,C14,C15

C1, C2, C3, C4,
C5, C8, C9, C11,
C12,C13,C14,C15

C1, C2, C3, C4,
C5, C7, C8, C9,
C11, C12, C13,
C14, C15

C3, C4, C5, C6,
C8, C9, C11, C13,
C14, C15

Table 16 Calculation of Net Dominance for carriers using IRP

M1 M2 M3 M4 M5 D Net dominance (D-B) Ranks

M1 0 9 5 5 5 24 −19 4

M2 7 0 7 4 4 22 −23 5

M3 12 10 0 4 4 30 −8 3

M4 12 13 13 0 7 45 22 2

M5 12 13 13 10 0 48 28 1

B 43 45 38 23 20

Table 17 Calculation of Net Dominance for carriers using W-IRP

M1 M2 M3 M4 M5 D Net dominance (D-B) Ranks

M1 0 0.5328 0.3117 0.3117 0.3117 1.468 −0.999 4

M2 0.4033 0 0.418 0.3117 0.3117 1.445 −1.117 5

M3 0.6889 0.582 0 0.3117 0.3117 1.893 −0.3539 3

M4 0.6889 0.759 0.759 0 0.436 2.6424 1.14349 2

M5 0.6889 0.6889 0.759 0.5636 0 2.6990 1.32745 1

B 2.4679 2.56189 2.24763 1.4989 1.37156

Appendix B

See Table18.
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