
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tprs20

International Journal of Production Research

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/tprs20

Quantitative insights into the integrated push and
pull production problem for lean supply chain
planning 4.0

John Reyes, Josefa Mula & Manuel Diaz-Madroñero

To cite this article: John Reyes, Josefa Mula & Manuel Diaz-Madroñero (07 Feb 2024):
Quantitative insights into the integrated push and pull production problem for
lean supply chain planning 4.0, International Journal of Production Research, DOI:
10.1080/00207543.2024.2312205

To link to this article:  https://doi.org/10.1080/00207543.2024.2312205

© 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

View supplementary material 

Published online: 07 Feb 2024.

Submit your article to this journal 

View related articles 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tprs20
https://www.tandfonline.com/loi/tprs20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00207543.2024.2312205
https://doi.org/10.1080/00207543.2024.2312205
https://www.tandfonline.com/doi/suppl/10.1080/00207543.2024.2312205
https://www.tandfonline.com/doi/suppl/10.1080/00207543.2024.2312205
https://www.tandfonline.com/action/authorSubmission?journalCode=tprs20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tprs20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/00207543.2024.2312205
https://www.tandfonline.com/doi/mlt/10.1080/00207543.2024.2312205
http://crossmark.crossref.org/dialog/?doi=10.1080/00207543.2024.2312205&domain=pdf&date_stamp=07 Feb 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/00207543.2024.2312205&domain=pdf&date_stamp=07 Feb 2024


INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH
https://doi.org/10.1080/00207543.2024.2312205

Quantitative insights into the integrated push and pull production problem for
lean supply chain planning 4.0

John Reyes a,b, Josefa Mula a and Manuel Diaz-Madroñero a

aResearch Centre on Production Management and Engineering (CIGIP), Universitat Politècnica de València, Alcoy, Alicante, Spain; bFaculty of
Systems Engineering, Universidad Técnica de Ambato, Ambato, Ecuador

ABSTRACT
Validated quantitative models for lean supply chain planning (LSCP) are still scarce in the literature,
particularly because conventional push systems have not been widely integrated and tested with
pull systems in sustainable and resilient environments in the Industry 4.0 context. Hence the main
contribution of this paper is to develop an optimisation model that is able to contribute to the LSCP
with the combination of push and pull strategies. Here we present an integrated just-in-time (JIT)
production system with material requirement planning (MRP) for a SC that takes a traditional five-
level structure based on a mixed-integer linear programming model (MILP) dubbed as LSCP 4.0.
The model is able to simultaneously plan the production and inventory of materials and finished
goods to satisfy demand from forecasts and firm orders. The selection of alternative suppliers as a
proactive measure to face disruptive events is also considered. Furthermore, sustainable practices
are included in the objective function for profit maximisation by considering CO2 emissions. This
proposal is tested in the footwear sector. The results demonstrate that the combined use of JIT and
MRP through aquantitative approach improve performance in leanness, sustainability and resilience
by decreasing the bullwhip effect at different SC levels.
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1. Introduction

Supply chains (SCs) are inherently vulnerable to lead
times and order quantities (Reyes, Mula, and Díaz-
Madroñero 2023b), disruptions in network structures
and demand fluctuations (Ivanov and Dolgui 2021). This
means that organisations are challenged to find new
ways to distribute production and diversify SC disrup-
tion risks to satisfy demand on timewith the least amount
of waste. Here the performance benefits of lean manu-
facturing (LM) tools are often remarkable because they
greatly improve quality (Psomas 2021), and the cost and
delivery of goods or services (Lander and Liker 2007)
and inventory levels (Green et al. 2019). Of these objec-
tives, just-in-time (JIT) for production planning and con-
trol (PPC) occupies a prominent place (Sugimori et al.
1977), more specifically to reduce the bullwhip effect
along the SC, as suggested by Lee, Padmanabhan, and
Whang (1997).

In this context, using JIT together with Industry
4.0 (I4.0) enabling technologies is a new scenario that
confers operational processes flexibility to improve col-
laborative relationships in the SC structure (Reyes,
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Mula, and Díaz-Madroñero 2023b) when facing possi-
ble disruptions (Ivanov and Dolgui 2021). As such, it
is necessary to efficiently integrate these practices into
SCs’ PPC processes from raw material procurement to
the fulfilment of customer demands (Lobo Mesquita
et al. 2021). In this sense, new digital technologies cre-
ate new challenges for the application of quantitative
analysis techniques, such as optimisation and simulation
to improve SC performance (Dunke et al. 2018). Here,
based on the conceptual proposal by Ivanov, Dolgui, and
Sokolov (2019) for the digital SC, we adopt optimisation
and cloud technology as I4.0 technologies to support lean
SC planning (LSCP).

Thus the development of optimisation models for
LSCP is uncommon in the scientific literature (Reyes,
Mula, and Díaz-Madroñero 2023b), which contemplates
lean, resilient and sustainable criteria at strategic, tactical
and operational decision levels in an integrated man-
ner. The literature also shows that when a quantitatively
validated LM theory is lacking, there are many theo-
ries to be tested and, therefore, opportunities for further
research (Pearce and Pons 2019). Consequently, there is a
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verywide research gap about employingmaterial require-
ment planning (MRP) and JIT approaches to improve the
performance of existing SCs.

In this context, the mathematical modelling, anal-
ysis and new mathematical solutions for SCs’ PPC
have been the focus of significant efforts made by
researchers (Díaz-Madroñero, Mula, and Peidro 2014;
Díaz-Madroñero, Peidro, and Mula 2015; Guzman,
Andres, and Poler 2022). Some of these studies address
lean sustainable SCs (Das 2018; Fahimnia, Sarkis, and
Eshragh 2015; Vafaeenezhad, Tavakkoli-Moghaddam,
and Cheikhrouhou 2019), lean-resilient SC (Das 2018;
Kaur et al. 2020; Shafiee, Zare Mehrjerdi, and Keshavarz
2021; Zamanian et al. 2020), flexible SCs in an envi-
ronment with I4.0 digital technologies (Oh and Jeong
2019) and agile SCs (Malmir and Zobel 2021; Rabbani,
Aghamohamadi-Bosjin, andManavizadeh 2021). Conse-
quently, no lean optimisation model has been addressed
in an integratedmanner to datewith twodifferent sources
of demand, as well as criteria to improve multilevel SCs’
resilience and sustainability. It is also important to high-
light the considerations for future research on mixed
deterministic inventorymodels of theMRP and JIT logis-
tics in collaborative SCP proposed by Pahl and Voß
(2014). Here this new SCP proposal, which integrates
push and pull strategies, focuses mainly on providing a
comprehensive deterministic model to be used as a real
or potential application and to be, ultimately, transferable
to production systems.

Hence the objective of this study is to design and
develop a new optimisation model that simultaneously
manages two sources of demand to improve an SC’s per-
formance in raw material supply and finished product
flow terms by applying lean, sustainable and resilient
practices. Here, the economic, environmental and social
aspects of sustainability, are addressed in terms of min-
imisation of costs, reduction of CO2 emissions and
improvement in the service level of inventories according

to Becerra, Mula, and Sanchis (2021), respectively.
To reduce supplier disruptions, the model increases
resilience to SCs through back-up suppliers in line
with Ivanov and Dolgui (2021). Specifically, the pro-
posed model, dubbed as LSCP 4.0 uses a JIT production
approach capable of simultaneouslymanaging a push and
pull demand system for decreasing inventory waste at
the tactical and operational decision levels in a tradi-
tional multilevel SC context, the characteristics of highly
fragmented industrial sectors, such as the footwear or
textile sector, among others. Thus demand management
separately considers demand from forecasts and demand
from firm customer orders (Rota, Thierry, and Bel 1997)
compared to an MRP context (Mula, Poler, and Gar-
cia 2006). The main research objectives of this paper
are oriented to: (i) design and formulate a new optimi-
sation model, LSCP 4.0, to improve SCs’ performance
under multiple demand conditions, based on the previ-
ous work by Reyes, Mula, and Díaz-Madroñero (2023b)
that provides an LSCP4.0 conceptual proposal; (ii) exper-
iment the proposed mixed-integer linear programming
(MILP) model; (iii) apply it functionally to a real-world
SC from the footwear sector by comparing the JIT and
MRP SC modelling approaches. Alternative models are
compared in Table 1 (Das 2019; 2018; Fahimnia, Sarkis,
and Eshragh 2015; Oh and Jeong 2019; Shafiee, Zare
Mehrjerdi, and Keshavarz 2021). Nevertheless, the pro-
posed model also contemplates criteria for sustainable
and resilient SC paradigms.

The rest of the article is organised as follows. Section 2
provides a literature review on the optimisation mod-
els taken as references and discusses the contribution
of several authors to the LSCP paradigm according
to resilience and/or sustainability improvement criteria.
Section 3 introduces themethodology. Section 4 presents
the description of the addressed problem and proposes
the design of its modelling. Section 5 formulates the
new LSCP 4.0 model and provides a solution approach.

Table 1. Survey of the papers that address LSCP through mathematical programming models.

SC paradigms

Authors Decision level
Modelling
approach

PPC
system

Industrial
application Lean Resilient Sustainable Flexible Agile

Fahimnia, Sarkis, and Eshragh
(2015)

Tactical Operational MINLP MRP Metal- mechanical x x x

Das (2018) Strategic MILP JIT Not provided x x
Das (2019) Strategic MILP JIT Food x x x
Oh and Jeong (2019) Tactical MINLP JIT Electronics x x x
Vafaeenezhad, Tavakkoli-
Moghaddam, and
Cheikhrouhou (2019)

Tactical MILP MRP Wood and paper x x

Zamanian et al. (2020) Tactical MILP JIT Energy x x x
Shafiee, Zare Mehrjerdi, and
Keshavarz (2021)

Tactical Operational MILP JIT Not provided x x x

Gholami-Zanjani, Jabalameli,
and Pishvaee (2021)

Tactical MILP MRP Food x x x

Ourmodel Tactical MILP JIT/ MRP Footwear x x x



INTERNATIONAL JOURNAL OF PRODUCTION RESEARCH 3

Section 6 presents and analyses the results applied in
an SC in the footwear sector by comparing the JIT and
MRP approaches. Finally, Section 7 draws conclusions
and indicates future research directions.

2. Background and related literature

This section discusses the main theoretical foundations
onwhich this proposal is based, i.e. push andpull produc-
tion strategies, lean paradigms and mathematical pro-
gramming in the SCP context.

The SC is a multilevel network of facilities in which
inventories of rawmaterials, work-in-process and/or fin-
ished goods aremanagedmainly through twomajor PPC
philosophies: push and pull (Ganeshan 1999). In this con-
text, the push approach is associated with multistage pro-
duction systems based on demand forecasts, such asMRP
(Orlicky 1975), while the pull approach relies on JIT to
create products based on firm demands (W.Wang, Fung,
and Chai 2004). So the implementation and integration
of MRP and JIT have always been positively related to
manufacturers’ performance in an intracompany con-
text (Roy 2020; Z. Chen and Shang 2008). Additionally
in an SC context, changes in customer demand con-
stantly trigger JIT operations fromdistributors,manufac-
turers and suppliers (Yang et al. 2021). Other stochastic
(Govindan andCheng 2018) or fuzzy SCPPC approaches
(Alavidoost, Jafarnejad, and Babazadeh 2021), and fuzzy
sustainable lean SC approaches (Ghahremani-Nahr and
Ghaderi 2022), have also been proposed to deal with
uncertainty. Implementing optimisation under uncer-
tainty requires a detailed characterisation of the uncer-
tain parameters by stochastic or fuzzy approaches,
which can result in very large and computationally
demanding mathematical models (Lejarza, Kelley, and
Baldea 2022) that require the implementation of com-
plex solution algorithms (Shapiro 2004). Thus deter-
ministic inventory models have been used mainly to
solve cost reduction problems in push systems, such
as economic order quantity (EOQ), and to improve
service levels. Stochastic inventory models address rel-
evant aspects, such as the evaluation of operations
and inventory policies, by focusing on SC management
(Vidal 2023).

Most studies on lean paradigms (Reyes, Mula, and
Díaz-Madroñero 2023b) related to resilient (Shafiee, Zare
Mehrjerdi, and Keshavarz 2021), sustainable, flexible,
and agile perspectives conclude that they are manage-
ment methods capable of increasing SCs’ performance
(Reyes, Mula, and Díaz-Madroñero 2023a ; Zekhnini
et al. 2021). Thus recent studies have established future
research directions related to the use of lean tools in con-
junction with digital technologies adopted by companies

from an SC perspective, which demonstrates the recent
growing interest in these fields (Danese, Manfè, and
Romano 2018).

Here the main mathematical programming models
for LSCP are identified and analysed (Table 1). Pso-
mas (2021) provides future LM research methodolo-
gies and mathematical modelling techniques. In this
regard, and given the importance of optimisation in
LSCP to improve SCs’ performance, the reviewed lit-
erature can be classified in terms of decision levels.
SCs’ PPC decision levels can be classified as strategic,
tactical and operational according to the time hori-
zon that is taken into account (Govindan and Cheng
2018). Thus MILP solution approaches incorporate tac-
tical and operational decisions (Gholami-Zanjani, Jabal-
ameli, and Pishvaee 2021; Shafiee, Zare Mehrjerdi, and
Keshavarz 2021; Vafaeenezhad, Tavakkoli-Moghaddam,
and Cheikhrouhou 2019; Zamanian et al. 2020), and
mixed-integer non-linear programming (MINLP)
(Fahimnia, Sarkis, and Eshragh 2015; Oh and Jeong
2019). Strategical or long-term planning models have
also been addressed by Das (2019; 2018). In addition,
some practical applications of optimisation models for
strategic, tactical and operational decision levels in real
production contexts are identified.

Of the reviewed works, Fahimnia, Sarkis, and Eshragh
(2015) propose MINLP using lean and green criteria for
tactical LSCP. Subsequently, an MILP scenario for SC
planning with JIT raw material supply is put forward by
Hein and Almeder (2016). Das (2018) developsMILP for
integrating LM into sustainable SC planning. Optimis-
ing SC performance from the economic, environmen-
tal and social sustainability points of view has remark-
ably attracted researchers’ attention (Das 2018; Fahimnia,
Davarzani, and Eshragh 2018; Fahimnia, Sarkis, and
Eshragh 2015; Gholami-Zanjani, Jabalameli, and Pish-
vaee 2021). Therefore, models based on environmen-
tal sustainability in terms of minimising carbon emis-
sions have generally posed a research gap in the supplier
selection process (Das 2019; Kaur et al. 2020). Con-
sequently, recent studies have used methods to evalu-
ate the importance of sustainability criteria for selecting
alternative suppliers with an MILP model (Shafiee, Zare
Mehrjerdi, and Keshavarz 2021). However, the applied
criteria are limited to cost minimisation and this could
be detrimental to financial performance. Additionally,
understanding the causes of waste and waste generation
points facilitates production planning and control. Here
LM tools like JIT that impact the management of SC
operations in an I4.0 context occupy a prominent place
(Reyes, Mula, and Díaz-Madroñero 2023b). Yet in prac-
tice, most models currently only address I4.0 technolo-
gies in the LM context from a conceptual or descriptive



4 J. REYES ET AL.

point of view (Oh and Jeong 2019), which also makes
the impact of digitisation and I4.0 on SC disruption
risk management a promising research line (Llaguno,
Mula, andCampuzano-Bolarin 2022). Fromour perspec-
tive, although LMoptimisationmodels are still employed
mainly for SC inventory control purposes (Brunaud et al.
2019; Gholami-Zanjani, Jabalameli, and Pishvaee 2021),
other researchers have also shown that LM is especially
useful for reducing costs by eliminating otherwaste types,
such as energy uses and greenhouse gases (Vafaeenezhad,
Tavakkoli-Moghaddam, andCheikhrouhou 2019).Other
mathematical modelling approaches have used MINLP
to minimise lead times using smart SC performance (Oh
and Jeong 2019), and underutilised capacity in terms of
SCs’ environmental sustainability and resilience (Zama-
nian et al. 2020).

Regarding the PPC system, on the one hand the LM lit-
erature has indicated that JIT could be positively applied
to manage customer demand in activities such as raw
material supply (S. Wang and Sarker 2006), warehous-
ing (Bortolotti, Danese, and Romano 2013) and fin-
ished goods distribution (Biswas and Sarker 2020). How-
ever, balancing demand variations is a major challenge
for implementing LM practices (Panwar et al. 2015).
Thus changes in demand affect both sustainability and
resilience aspects, which verifies the need to combine
these concepts (Mehrjerdi and Shafiee 2021). Therefore,
to reduce the risk of inventory depletion (Brunaud et al.
2019), companies can implement JIT processes driven by
pull strategies to manage demand (Yang et al. 2021) or
for improving the service level by minimising lateness
of orders (Karakutuk and Ornek 2023). Based on this
approach, sourcing from multiple sources is especially
important when suppliers suffer disruptions and are
unable to supply the necessary raw materials (Mehrjerdi
and Shafiee 2021). The advantage of this system is the
reduction in inventory costs (Das 2018), the lead time
of customer orders and the improvement of after-sales
service (Shafiee, Zare Mehrjerdi, and Keshavarz 2021),
but research into this topic is still constantly being con-
ducted. On the other hand, MILP with MRP processes
based on push strategies of buffer stocks to prevent peaks
in demand (Lahrichi, Damand, andBarth 2022) and bull-
whip effect reduction (Mula et al. 2014), and to man-
age demand in SCs, has also been addressed (Gholami-
Zanjani, Jabalameli, and Pishvaee 2021; Vafaeenezhad,
Tavakkoli-Moghaddam, andCheikhrouhou 2019). These
approaches do not, however, consider resilient actions
to cope with demand variations from multiple sources.
Unlike these authors, LSCP 4.0 considers the comparison
of JIT andMRPmodelling approaches (see Table 1). As a
consequence of the aforementioned reasons, the combi-
nation of push and pull strategies in optimisation models
for an SC planning problem is still a research gap.

3. Methodology

In the methodological context, process modelling is
described in several stages by Cameron and Hangos
(2001) to be applied in engineering processes. Win-
ston (2004) presents the process of building mathe-
matical models to solve business problems. From these
approaches, a systematic three-step methodology has
emerged to develop the LSCP 4.0 model (Figure 1).

The key thought that lies behind this methodol-
ogy is the problem definition, which explains the need
for research based on a previous literature review. So
the modelling objective is limited with the appropri-
ate assumptions and necessary information to develop
the model’s mathematical equations.- Here from the lit-
erature or via parameter estimation, the sets of values
of the model’s input and output variables for SCP are
defined. Then a suitable analytical or numerical method
is selected to solve the developed mathematical model
through equations. Finally, to examine the effects of the
solution obtained in a case study of the footwear indus-
try, the model is experimented with in several scenarios,
and the consistency of the results obtained is analysed to
support the findings and conclusions of this research.

4. Model definition

4.1. Problem description

Based on the conceptual model for LSCP 4.0 developed
by Reyes, Mula, and Díaz-Madroñero (2023b), it is estab-
lished that the problem under study is to determine the
maximum profit in a traditional SC by employing lean,
sustainable and resilient practices to cope with possible
interruptions in the supply of raw materials and the flow
of finished goods through correct LSCP. So the impor-
tance of minimising emissions, namely carbon dioxide
(CO2) (Fahimnia, Sarkis, and Eshragh 2015), and inven-
tory waste (Oh and Jeong 2019) in SC planning is high-
lighted. Consequently, this research proposes an LSCP
approach based on a newMILPmodel that places empha-
sis on JIT productionwhich separately considers demand
forecasts and firm customer orders for four SC levels.
Hence the considered costs are classified as follows: pro-
duction, inventory, backorder, transportation or supply
of raw materials and finished goods, and carbon emis-
sions from suppliers.

In resilience and sustainability terms, for the push
system, and in order to manage demand variability,
safety inventories proportional to the expected service
level are incorporated (Brunaud et al. 2019), which is
done with the flow of finished goods from warehouses
to retailers that mitigate delays in the delivery of firm
orders. However in the pull system, safety inventory is
not considered because the essential success factor of
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Figure 1. LSCP 4.0 modelling and experimentation methodology.

JIT is stock minimisation (Z. Chen and Shang 2008).
So a JIT model will provide a solution with zero safety
inventory (Brunaud et al. 2019). The economic aspect
also contemplates the maximisation of SC profits. For the
environmental aspect, the selection of suppliers based on
their CO2 emissions is incorporated into the model (Das
2019; Fahimnia, Sarkis, and Eshragh 2015). Finally, the
social sustainability aspect is addressed by, on the one
hand, increasing service levels and, on the other hand,
enhancing the incorporation of alternative SC suppliers
to address local suppliers’ raw material supply problems
(Shafiee, Zare Mehrjerdi, and Keshavarz 2021).

The main novelties of this study’s proposal are mani-
fested in three distinct areas related to LM, sustainability
and resilience practices:

(i) a mixed approach with two sources of push and
pull demand in a traditional five-level SC context:
second-level suppliers, first-level suppliers, man-
ufacturers, warehouses or logistics operators and
retailers. As such, demand management separately
contemplates demand forecasts and firm orders
from retailers at four levels. This is due to the
fact that when taking the bullwhip effect as the
variability of demand upstream at the SC levels
(Fransoo and Wouters 2000), the further upstream
one goes at the SC levels, the wider the variability

of orders will be. This is aligned with F. Chen et al.
(2000), who show that it is adequate to centralise
demand information to reduce the magnitude of
the bullwhip effect. For this reason, SC level five,
which corresponds to second-level suppliers, has
been designed with the aggregated demands (fore-
casts and firm order; see Figure 2). Additionally,
to decrease variability in demand (Boutsioli 2010),
an integrated inventory system for both sources of
demand proposed by Rota, Thierry, and Bel (1997)
is established, which takes into account firm orders
and forecasts at the same time through the SC.
This is specified as a combination of tactical and
operational decisions based on forecasts and driven
by firm order demand (Alavidoost, Jafarnejad, and
Babazadeh 2021). Thus waste reduction in terms
of waiting times and excess inventories is contem-
plated with the application of LM practices, such as
JIT production, to meet the demand for firm orders
at all levels where raw materials or finished goods
are produced;

(ii) economic considerations for SC profit maximisa-
tion. This includes sales revenue from the push
demand from forecasts and the pull demand from
firm orders from retailers, which are analysed based
on the conditions of each order and prioritised
according to the profit they make;
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Figure 2. LSCP 4.0 design.

(iii) a social approach to satisfying service levels inware-
house safety inventories is also included. Moreover,
proactive measures for disruptive events (Llaguno,
Mula, and Campuzano-Bolarin 2022) in the sup-
ply of raw materials are contemplated. Therefore,
the selection of qualified first-level suppliers for
the production of raw materials is based on their
availability and ability to supply production plants.
Finally, rawmaterial supply problems are addressed
by using alternative first-level suppliers.

Figure 2 shows the flow of raw materials and finished
goods of the SC under study, which has five levels:
second-level suppliers, first-level suppliers, manufactur-
ers, warehouses and retailers. Thus based on the LSCP 4.0
conceptual model of Reyes, Mula, and Díaz-Madroñero
(2023b), the logistic flow of raw materials from different
second-level suppliers to local and alternative first-level
suppliers through several production plants is shown.
Finally, finished goods are sent to warehouses to be deliv-
ered to retailers (see the model notation in Table 2).

Firm orders and retailer forecasts can be viewed as two
complementary types of external demands. This conse-
quently generates two sources of demand for rawmateri-
als, whichmotivate the integration of resilient practices to
copewith disruptive events from local first-level suppliers
during disruptive events via the supply of raw materi-
als from alternative suppliers. To pay more attention to
sustainable practices, local first-level suppliers are pri-
oritised based on lean and sustainability criteria. Firstly,
each local supplier is rated based on its availability to
supply raw materials; secondly, each local supplier is

rated based on its availability to supply raw materials.
Next when demand exceeds the local first-level suppli-
ers’ supply capacity, part of production is allocated to
qualified alternative suppliers to provide materials. To
take into account the environmental aspect, the costs of
direct CO2 emissions from first-level suppliers’ produc-
tion and logistics system are considered. Additionally,
multitier production allows the sourcing of raw materi-
als from second-level suppliers. This implies that finished
goods manufacturers have limited production and stor-
age capacity, and can operate on a regular or overtime
basis. In addition, finished goods warehouses have lim-
ited storage capacity and are located at different distances
from each production plant to supply retailers.

For a lean scheme, the SC in Figure 2 includes a
JIT production system for firm order demand at all lev-
els, which includes first- and second-level suppliers, and
manufacturers that transport raw materials and finished
goods to warehouses. One of the advantages of this sys-
tem is the reduction in inventory costs. For this purpose,
the proposed model allows the service level to be con-
trolled through the simultaneous optimisation of safety
inventory levels, which are calculated based on the quan-
tities of finished goods supplied to distributors.

4.2. Assumptions

The parameters that characterise the different strate-
gic decisions for supplying raw materials from second-
level suppliers (selection of the local first-level suppliers),
tactical (security inventories) and operational (manufac-
turing orders and shipments, among others) of LSCP are
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Table 2. Notation of the LSCP 4.0 model.

Set of indexes
G Set of second-level raw materials (indexed by g: g = 1, . . . ,|G|)
I Set of finished goods (indexed by i: i = 1, . . . ,|I|)
J Set of retailers of finished goods (indexed by j: j = 1, . . . ,|J|)
K Set of first-level raw materials (indexed by k: k = 1, . . . ,|K|)
L Set of first-level local suppliers (indexed by l: l = 1, . . . , |L|)
M Set of production plants for finished goods (indexed by m: m = 1, . . . ,|M|)
N Set of alternative first-level suppliers (indexed by n: n = 1, . . . ,|N|)
O Set of firm orders for finished goods (indexed by o: o = 1, . . . ,|O|)
T Set of time periods (indexed by t: t = 1, . . . ,|T|)
X Set of second-level suppliers (indexed by x: x = 1, . . . ,|X|)
W Set of warehouses for finished goods (indexed by w: w = 1, . . . ,|W|)
Data
βiw Level of risk of shortage of supply defined for i in w
ρakl Cost of carbon emissions in production processes and logistics of supplier l to produce k
ρbkn Cost of carbon emissions in production processes and logistics of supplier n to produce k
Aagk Required quantity of g to produce a unit of product k
Abki Required quantity of k to produce a unit of product i
biim Unit profit for producing i of firm orders in m
Ccggx Penalty cost of a soft JIT production coverage constraint for material g on x
Cclkl Penalty cost of a soft JIT production coverage constraint for material k on l
Ccnkn Penalty cost of a soft JIT production coverage constraint for material k on n
Ccmim Penalty cost of a soft JIT production coverage constraint for the product i on m
Cfkm Backorder cost per unit of demand of k in m for the demand forecasts of finished goods
Cfhkm Backorder cost per unit of demand of k in m for firm orders of finished goods
Cf iij Backorder cost per unit of firm order demand of i in j
Cf jij Backorder cost per unit of forecasting demand of i in j
Cf lgl Backorder cost per unit of first-level raw material demand g in l
Cflakl Backorder cost per unit of demand of k in l for demand forecasts of finished goods
Cflbkl Backorder cost per unit of demand of k in l for firm orders of finished goods
Cfngn Backorder cost per unit of first-level raw material demand g in n
Cfnakl Backorder cost per unit of demand of k in n for demand forecasts of finished goods
Cfnbkl Backorder cost per unit of demand of k in n for firm orders of finished goods
Cfwiw Backorder cost per unit of forecasting demand for i in w
Cfxiw Backorder cost per unit of firm order demand for i in w
Cfygx Backorder cost per unit of second-level raw material demand g in x
Cjij Inventory storage unit cost i in j
Ckkm Inventory storage unit cost of k in m
Cklkl Inventory storage unit cost of k in l
Cknkn Inventory storage unit cost of k in n
Clklm Transport and distribution unit cost of k from l to m
Clxgxl Transport and distribution unit cost of g from x to l for first-level raw material orders
Clygxn Transport and distribution unit cost of g from x to n for first-level raw material orders
Cmimw Transport and distribution unit cost of i fromm to w
Cnknm Transport and distribution unit cost of k from n to m
Cpim Labour cost per hour for the regular time production of i in m
Cpeim Labour cost per hour for the overtime production of i in m
Cplkl Labour cost per hour for the production of k in l
Cpnkn Labour cost per hour for the production of k in n
Cpxgx Labour cost per hour for the production of g in x for second-level raw material orders
Csiwj Transport and distribution unit cost of i from w to j
Cwiw Inventory storage unit cost of i in w
Cxgx Inventory storage unit cost of the second-level raw material inventory of g in x
Cxlgl Inventory storage unit cost of the second-level raw material inventory of g in l
Cxngn Inventory storage unit cost of the second-level raw material inventory of g in n
Dijt Forecasted demand for i in j during time period t
Doijot Demand of product i in j to satisfy firm orders o during time period t
ECm Capacity hours for over time production of plant m
Flkl Estimated carbon emissions generation ofCO2 as kg of first-level supplier l to produce k
Flkn Estimated carbon emissions generation ofCO2 as kg of first-level supplier n to produce k
Eoimt Big number
Hxgx Programmed receptions of rawmaterial g in x
Hlgl Programmed receptions of rawmaterial g in l
Hlakl Programmed receptions of rawmaterial k in l for finished goods demand forecasts
Hlbokl Programmed receptions for firm orders o of finished goods of material k in l
Hngn Programmed receptions of rawmaterial g in n
Hnakn Programmed receptions of rawmaterial k in n for finished goods demand forecasts
Hnbokn Programmed receptions for firm orders o of finished goods of material k in n
Hmakm Programmed receptions of material k in m for finished goods demand forecasts

(continued).
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Table 2. Continued.

Hmbokm Programmed receptions for firm orders o of finished goods of material k in m
Hmcim Programmed receptions of the product i in m for finished goods demand forecasts
Hmdoim Programmed receptions for firm orders o of finished goods i in m
Hwaiw Programmed receptions of the product i in w for finished goods demand forecasts
Hwboiw Programmed receptions for firm orders o of finished goods i in w
Hjaij Programmed receptions of the product i in j for finished goods demand forecasts
Hjboij Programmed receptions for firm orders o of finished goods i in j
ILl Inventory storage capacity of g in l
ILAl Inventory storage capacity of k in l
IMm Inventory storage capacity of k in m
IMAm Inventory storage capacity of i in m
INn Inventory storage capacity of g in n
INAn Inventory storage capacity of k in n
IWw Inventory storage capacity of i in w
IXx Inventory storage capacity of g in x
JCj Inventory storage capacity of i in j
LCl Capacity hours for the regular-time production of first-level supplier l
LDn Capacity hours for the regular-time production of first-level supplier n
LXx Capacity hours for the regular-time production of second-level supplier x
Lolklm Maximum transport capacity of k from l to m
Lonknm Maximum transport capacity of k from n to m
Lotgg Production lot size of rawmaterial g
Lotii Production lot size of product i
Lotkk Production lot size of rawmaterial k
LTjiwj Lead time to deliver one unit of i from w to j
LTlklm Lead time to deliver one unit of k from l to m
LTnknm Lead time to deliver one unit of k from n to m
LTxgxl Lead time to deliver one unit of g from x to l
LTygxn Lead time to deliver one unit of g from x to n
NCn Capacity hours for the regular-time production of supplier n
PCm Capacity hours for the regular-time production of plant m
SLklm Available suppliers l that can supply materials k to m
SNknm Available suppliers n that can supply materials k to m
TSGgx Required processing time (hours) to produce one unit of g in x
TSLkl Required processing time (hours) to produce one unit of k in l
TSNkn Required processing time (hours) to produce one unit of k in n
TSim Required processing time (hours) to produce one unit of in m
Vpij Price of product i agreed with retailer j

Decision variables
baoklmt 1 if supplier l qualifies to ship at time k in t, 0 otherwise
bboknmt 1 if supplier n qualifies to ship at time k in t, 0 otherwise
goimt Number of units to satisfy firm orders o of i produced at a regular time in m and t
geoimt Number of units to satisfy firm orders o of i produced overtime in m and t
ijijt Inventory quantity available of i in j to satisfy forecast demand and inventory to be used for the firm orders during t
ijaijt Inventory quantity used to satisfy the forecast demand of i in j during t
ijboijt Inventory quantity available to satisfy firm orders o of i in j during t
ijcoijt Inventory quantity used to satisfy firm orders o of i in j during t
ilglt Inventory quantity of available g in l to satisfy the demand for the first-level raw materials during t
ilaoklt Inventory quantity used to satisfy firm orders o of k in l during t
ilbklt Inventory quantity available of k in l to satisfy the forecast demand and inventory to be used for the firm orders during t
ilcoklt Inventory quantity available to satisfy firm orders o of k in l during t
ildklt Inventory quantity used to satisfy the forecast demand of k in l during t
ingnt Inventory quantity of available g in n to satisfy the demand for the first-level raw materials during t
inaoknt Inventory quantity used to satisfy firm orders o of k in n during t
inbknt Inventory quantity available of k in n to satisfy the forecast demand and inventory to be used for the firm orders during t
incoknt Inventory quantity available to satisfy firm orders o of k in n during t
indknt Inventory quantity used to satisfy the forecast demand of k in n during t
imkmt Inventory quantity available of k in m to satisfy the forecast demand and inventory to be used for the firm orders during t
imakmt Inventory quantity used to satisfy the forecast demand of k in m during t
imbokmt Inventory quantity available to satisfy firm orders o of k in m during t
imcokmt Inventory quantity used to satisfy firm orders o of k in m during t
ipimt Inventory quantity available of i in m to satisfy the forecast demand and inventory to be used for the firm orders during t
ipaimt Inventory quantity used to satisfy the forecast demand of i in m during t
ipboimt Inventory quantity available to satisfy firm orders o of i in m during t
ipcoimt Inventory quantity used to satisfy firm orders o of i in m during t
iwiwt Inventory quantity available of i in w to satisfy the forecast demand and inventory to be used for the firm orders during t
iwaiwt Inventory quantity used to satisfy the forecast demand of i in w during t
iwboiwt Inventory quantity available to satisfy firm orders o of i in w during t
iwcoiwt Inventory quantity used to satisfy firm orders o of i in w during t

(continued).
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Table 2. Continued.

ixgxt Inventory quantity of g in x to satisfy the demand for the second-level raw materials in t
jagxt Auxiliary variable to generate a soft production constraint for raw material g in x during t
jboklmt Auxiliary variable to generate a soft production constraint to satisfy firm orders o of k in l in m during t
jcoknmt Auxiliary variable to generate a soft production constraint to satisfy firm orders o of k in n in m during t
jdoimt Auxiliary variable to generate a soft production constraint to satisfy firm orders o of i in l in m during t
lggxt Number of lots to be produced of rawmaterial g in x during t
liimt Number of lots to be produced of product i in m to satisfy the forecasted demand for the finished goods during t
liaoimt Number of lots to be produced of product i in m to satisfy firm orders o of the finished goods during t
lklklmt Number of lots to be produced of rawmaterial k in l to satisfy the forecasted demand for the finished goods in m during t
lklaoklmt Number of lots to be produced of rawmaterial k in l to satisfy firm orders o of the finished goods in m during t
lknknmt Number of lots to be produced of rawmaterial k in n to satisfy the forecasted demand for the finished goods in m during t
lknaoknmt Number of lots to be produced of rawmaterial k in n to satisfy firm orders o of the finished goods in m during t
plklmt Number of units k produced in l to satisfy the forecasted demand for the finished goods in m during t
plaoklmt Number of k units produced in l to satisfy firm orders o of the finished goods in m during t
pnknmt Number of k units produced in n to satisfy firm orders o of the finished goods in m during t
pnaoknmt Number of k units produced in n to satisfy firm orders o of the finished goods in m during t
pimt Number of i units produced in m in a regular time to satisfy the forecast demand during t
peimt Number of i units produced in m in overtime to satisfy the forecast demand during t
pxgxt Number of g units produced in x to satisfy the demand for the second-level raw materials during t
qklmt Number of units of k supplied from l to m to satisfy the forecasted demand for the finished goods during t
qaknmt Number of units of k supplied from n to m to satisfy the forecasted demand for the finished goods during t
qbLoklmt Number of units of k supplied to satisfy firm orders o from l to m during t
qbNoknmt Number of units of k supplied to satisfy firm orders o from n to m during t
qxgxlt Number of units of g supplied from x to l to satisfy the demand for the first-level raw materials during t
qygxnt Number of units of g supplied from x to n to satisfy the demand for the first-level raw materials during t
rjijt Number of units of i in j required to satisfy the forecast demand during t
rjaoijt Number of units of i in j required to satisfy firm orders o during t
rlglt Number of units of g in l required to satisfy the aggregate demand for the first-level raw materials during t
rlaklt Number of units of k in l required to satisfy the demand for the first-level raw materials during t
rlboklt Number of units of k in l required to satisfy firm orders o during t
rmkmt Number of units of k in m required to satisfy forecast demand t
rmaokmt Number of units of k in m required to satisfy firm orders o during t
rngnt Number of units of g in n required to satisfy the aggregate demand for the first-level raw materials during t
rnaknt Number of units of k in n required to satisfy forecast demand t
rnboknt Number of units of k in n required to satisfy firm orders o during t
rpimt Number of units of i in m required to satisfy forecast demand t
rpaoimt Number of units of i in m required to satisfy firm orders o during t
rwiwt Number of units of i in w required to satisfy forecast demand t
rwboiwt Number of units of i in w required to satisfy firm orders o during t
rygxt Number of units of g in x required to satisfy the demand for the second-level raw materials during t
sjiwjt Number of units of i shipped from w to j to satisfy the forecast demand during t
sjaoiwjt Number of units of i shipped from w to j to satisfy firm orders o during t
smimwt Number of units of i shipped fromm to w to satisfy the forecast demand during t
smaoimwt Number of units of i shipped fromm to w to satisfy firm orders o during t
ssoiw Quantity of the safety inventory of i in w to satisfy firm orders
yoimt 1 if the firm order o of i is produced in m during t, 0 otherwise

considered in the LSCP model, including the application
of proactive resilience measures (alternative suppliers)
to supply raw materials and the production of finished
goods on a given planning horizon with t time periods.
Finally, the proposed LSCP 4.0 model is based on the
following key model inputs and assumptions:

• First- and second-level suppliers are considered to
determine first- and second-tier requirements, deliv-
eries and inventories in a synchronisedmanner, which
can be beneficial for the SC (Coronado Mondragon
and Lyons 2008)

• First-level suppliers’ supply capacity is finite and
known. There is an ignorable risk of disruption for
alternative suppliers. Therefore, the capacity of these
alternative suppliers is considered infinite; i.e. they

are always available to supply the necessary raw
materials

• The production capacity of first-level suppliers is finite
and known becausemost, if not all, production goes to
the manufacturer

• The supply capacity of second-tier suppliers is not
known because their production is not primarily for
the manufacturer, and is considered to be unlimited

• There are regular and overtime production capacity
constraints of finished goods manufacturers to min-
imise backorders

• Pre-established lot sizes are contemplated for pro-
ducing raw materials and finished goods to satisfy
manufacturing and logistics processes

• The variety of types of finished goods to be produced
is known
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• The number, location and capacity of production
plants and warehouses are known

• The number and location of retailers are known
• Manufacturers and warehouses have storage capacity

limitations due to space constraints
• Retailers’ finished goods demand forecasts are known,

but irregular, because they present a variability coeffi-
cient over 0.2 (Winston 2004)

• The firm order demand for finished goods from retail-
ers behaves like a JIT production system, which can
also use the inventory generated from demand fore-
casts whenever necessary. A variability coefficient of
firm order demand higher than 0.2 is also assumed
(Winston 2004)

• The selling price of finished goods, the costs of raw
materials, labour, storage, backorder and CO2 emis-
sions, are predetermined

• Production costs, which include standard production,
and JIT production slack costs, inventory and trans-
portation of raw materials and finished goods for
demand from forecasts and firm orders, are consid-
ered to be the same

• The lead time of a finished good from warehouses to
retailers is known during each planning time period

• To emulate JIT delivery for firm order demand, the
local first-level suppliers who do not have supply avail-
ability are not assigned to produce raw materials. So
alternative suppliers are assigned such orders. Disrup-
tive events that affect lead time or capacity in the flow
of rawmaterials from local suppliersmay occur. In this
case, alternative suppliers would also be assigned

• Due to the JIT delivery system, there is no lead time
from manufacturing plants to finished goods ware-
houses

• JIT production is considered for first-level suppliers
and firm order manufacturers. This is another LM
aspect that MILP considers. Thus finished goods are
produced as closely as possible to demand genera-
tion. For this purpose, pre-established penalty costs
are considered for the possible need of slack for JIT
production

• Manufacturing plants maintain raw materials inven-
tories

• Finished goods warehouses maintain safety invento-
ries only for the production that results from firm
order demand, i.e. no safety inventories are considered
for demand forecasts

• CO2 emissions fromfirst-level suppliers in production
and logistics processes are known

5. Mathematical formulation

The MILP formulation of the LSCP 4.0 model uses the
following mathematical notation (see Table 2).

The aim of the optimisation model in Equation (1) is
to maximise the total profit as a measure of operational
performance. Total profit, which considers the total
incomes (TI) as defined in Equation (2), minus the total
costs (TC) as defined in Equation (3), is a measure of
overall economic sustainability. It is calculated based on
the total revenues from the sale of finished goods ware-
houses to retailers to satisfy forecast demand and firm
orders. A production profit is also considered for finished
goods, which provides a production priority to satisfy
firm orders. Costs are classified as follows: production
planning costs (AC) from the suppliers and manufactur-
ers detailed in Equation (4); inventory costs (IC) set out
in Equation (5); cost of backorder demand (BC) defined
in Equation (6); cost of the supply of raw materials and
finished goods (MC) determined in Equation (7); cost
of carbon emissions from the local and alternative first-
level suppliers (LC) expressed in Equation (8); penalty
costs (CC) for the need for slack to ensure that pro-
duction is always as close as possible to the firm order
demand requirement as a criterion for the JIT production
expressed in Equation (9).

Max Z = Total Income (TI) − Total Costs (TC) (1)

TI =
∑
iεI

∑
wεW

∑
jεJ

∑
tεT

Vpijsjiwjt

+
∑
oεO

∑
iεI

∑
wεW

∑
jεJ

∑
tεT

Vpijsja0iwjt

+
∑
oεO

∑
iεI

∑
mεM

∑
tεT

bimyoimt (2)

TC = AC + IC + BC + MC + LC + CC (3)

AC =
∑
gεG

∑
xεX

∑
tεT

(Cpxgxpxgxt)

+
∑
kεK

∑
lεL

∑
mεM

∑
tεT

(Cplklplklmt)

+
∑
oεO

∑
kεK

∑
lεL

∑
mεM

∑
tεT

(Cplklplaoklmtbaoklmt)

+
∑
kεK

∑
nεN

∑
mεM

∑
tεT

(Cpnknpnoknmt)

+
∑
oεO

∑
kεK

∑
nεN

∑
mεM

∑
tεT

(Cpnknpnaoknmtbboknmt)

+
∑
iεI

∑
mεM

∑
tεT

(Cpimpimt + Cpeimpeimt)

+
∑
oεO

∑
iεI

∑
mεM

∑
tεT

(Cpimgoimt + Cpeimgeoimt)

(4)
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IC =
∑
gεG

∑
xεX

∑
tεT

(Cxgxixgxt)

+
∑
gεG

∑
lεL

∑
tεT

(Cxlglilglt)

+
∑
gεG

∑
nεN

∑
tεT

(Cxngningnt)

+
∑
kεK

∑
lεL

∑
tεT

(Cklklilbklt)

+
∑
oεO

∑
kεK

∑
lεL

∑
tεT

(Cklklilcoklt)

+
∑
kεK

∑
nεN

∑
tεT

(Cknkninbknt)

+
∑
oεO

∑
kεK

∑
nεN

∑
tεT

(Cknknincoknt)

+
∑
kεK

∑
mεM

∑
tεT

(Ckkmimkmt)

+
∑
oεO

∑
kεK

∑
mεM

∑
tεT

(Ckkmimbokmt)

+
∑
iεI

∑
wεW

∑
tεT

(Cwiwiwiwt)

+
∑
oεO

∑
iεI

∑
wεW

∑
tεT

(Cwiwiwboiwt)

+
∑
iεI

∑
jεJ

∑
tεT

(Cjijijijt)

+
∑
oεO

∑
iεI

∑
jεJ

∑
tεT

(Cjijijboijt) (5)

BC =
∑
gεG

∑
xεX

∑
tεT

(Cf ygxrygxt)

+
∑
gεG

∑
lεL

∑
tεT

(Cf lglrlglt)

+
∑
gεG

∑
nεN

∑
tεT

(Cf ngnrngnt)

+
∑
kεK

∑
lεL

∑
tεT

(Cflaklrlaklt)

+
∑
oεO

∑
kεK

∑
lεL

∑
tεT

(Cflbklrlboklt)

+
∑
kεK

∑
nεN

∑
tεT

(Cfnaknrn2knt)

+
∑
oεO

∑
kεK

∑
nεN

∑
tεT

(Cfnbknrnboknt)

+
∑
kεK

∑
mεM

∑
tεT

(Cfkmrmkmt)

+
∑
oεO

∑
kεK

∑
mεM

∑
tεT

(Cf hkmrmaokmt)

+
∑
iεI

∑
wεW

∑
tεT

(Cfwiwrwiwt)

+
∑
oεO

∑
iεI

∑
wεW

∑
tεT

(Cf xiwrwaoiwt)

+
∑
iεI

∑
jεJ

∑
tεT

(Cf jijrjijt)

+
∑
oεO

∑
iεI

∑
jεK

∑
tεT

(Cf iijrjaoijt) (6)

MC =
∑
gεG

∑
xεX

∑
lεL

∑
tεT

(Clxgxlqxgxlt)

+
∑
gεG

∑
xεX

∑
nεN

∑
tεT

(Clygxnqygxnt)

+
∑
kεK

∑
lεL

∑
mεM

∑
tεT

(Clklmqklmt)

+
∑
oεO

∑
kεK

∑
lεL

∑
mεM

∑
tεT

(ClklmqbLoklmt)

+
∑
kεK

∑
nεN

∑
mεM

∑
tεT

(Cnknmqaknmt)

+
∑
oεO

∑
kεK

∑
nεN

∑
mεM

∑
tεT

(CnklmqbNoknmt)

+
∑
iεI

∑
mεM

∑
wεW

∑
tεT

(Cmimwsmimwt)

+
∑
oεO

∑
iεI

∑
mεM

∑
wεW

∑
tεT

(Cmimwsmaoimwt)

+
∑
iεI

∑
wεW

∑
jεJ

∑
tεT

(Csiwjsjiwjt)

+
∑
oεO

∑
iεI

∑
wεW

∑
jεJ

∑
tεT

(Csiwjsjaoiwjt) (7)

LC =
∑
kεK

∑
lεL

∑
mεM

∑
tεT

ρaklFlkl(plklmt + plaklmt)

+
∑
kεK

∑
nεN

∑
mεM

∑
tεT

ρbknFnkn

× (pnknmt + pnaknmt) (8)

CC =
∑
gεG

∑
xεX

∑
tεT

(Ccggxjagxt)

+
∑
oεO

∑
kεK

∑
lεL

∑
mεM

∑
tεT

(Cclkljboklmt)

+
∑
oεO

∑
kεK

∑
nεN

∑
mεM

∑
tεT

(Ccnknjcoknmt)

+
∑
oεO

∑
iεI

∑
mεM

∑
tεT

(Ccmimjdoimt) (9)
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The model is subject to the following constraints:

qbLoklmtSLklm ≤ Lolokltbaoklmt ∀o ∈ O, k ∈ K, l ∈ L,

m ∈ M, t > 1 (10)

qbNoknmtSNknm ≤ Lonokntbboknmt ∀o ∈ O, k ∈ K,

n ∈ N,m ∈ M, t > 1 (11)

qklmt−LTl +
∑
oεO

qbLoklmt−LTl ≤ Lolklm

∀k ∈ K, l ∈ L,m ∈ M, t > 1 (12)

qaknmt−LTn +
∑
oεO

qbNoknmt−LTn ≤ Lonknm

∀k ∈ K, n ∈ N,m ∈ M, t > 1 (13)∑
gεG

TSGgxpxgxt ≤ LXx ∀g ∈ G, x ∈ X, t ∈ T (14)

∑
kεK

TSLklplklmt +
∑
oεO

∑
kεK

TSLklplaoklmt ≤ LCl

∀o ∈ O, l ∈ L, t ∈ T (15)∑
kεK

TSNknpnknt +
∑
oεO

∑
kεK

TSNknpnaoknt ≤ NCn

∀o ∈ O, n ∈ N, t ∈ T (16)∑
iεI

TSimpimt +
∑
oεO

∑
iεI

TSimgoimt ≤ PCm

∀m ∈ M, t ∈ T (17)∑
iεI

TSimpeimt +
∑
oεO

∑
iεI

TSimgeoimt ≤ ECm

∀m ∈ M, t ∈ T (18)

pxgxt = Lggxt ∗ Lotgg ∀g ∈ G, x ∈ X, t ∈ T (19)

plklmt = Lklklmt ∗ Lotkk
∀k ∈ K, l ∈ L,m ∈ M, t ∈ T (20)

plaoklmt = Lkla0klmt ∗ Lotkk
∀o ∈ O,∀k ∈ K, l ∈ L,m ∈ M, t ∈ T (21)

pnknmt = Lknknmt ∗ Lotkk
∀k ∈ K, n ∈ n,m ∈ M, t ∈ T (22)

pnaoknmt = Lkna0knmt ∗ Lotkk
∀o ∈ O,∀k ∈ K, n ∈ N,m ∈ M, t ∈ T (23)

pimt = Liimt ∗ Lotii ∀i ∈ i,m ∈ M, t ∈ T (24)

goimt = Liaoimt ∗ Lotii
∀o ∈ O,∀i ∈ i,m ∈ M, t ∈ T (25)

pxgxt + jagxt =
∑
lεL

qxgxlt +
∑
nεN

qygxnt

∀g ∈ G, x ∈ X, t ∈ T (26)

plaoklmt + jboklmt =
∑
mεM

qbLoklmt

∀o ∈ O,∀k ∈ K, l ∈ L,m ∈ M, t ∈ T (27)

pnaoknmt + jcoknmt =
∑
mεM

qbNoknmt

∀o ∈ O,∀k ∈ K, n ∈ N,m ∈ M, t ∈ T (28)

goimt + jdoimt =
∑
wεW

sm2oimwt

∀o ∈ O,∀i ∈ i,m ∈ M, t ∈ T (29)

pxgxt + ixgxt−1 + Hxgxt − rxgxt−1

=
∑
lεL

qxgxlt +
∑
nεN

qygxnt ∀g ∈ G, x ∈ X, t ∈ T

+ ixgxt − rxgxt (30)∑
xεX

qxgxlt−LTx + ilglt−1 + Hlglt − ilglt−1

=
∑
kεK

Aagk

(∑
mεM

plklmt ∀g ∈ G, l ∈ L, t ∈ T

+
∑
oεO

∑
mεM

plaoklmt

)
+ ilglt − rlglt (31)

∑
xεX

qygxnt−LTy + ingnt−1 + Hngnt − rngnt−1

∀g ∈ G, n ∈ N, t ∈ T

=
∑
kεK

Aagk

(∑
mεM

pnknmt +
∑
oεO

∑
mεM

pnaoknmt

)

+ ingnt − rngnt (32)∑
mεM

plklmt−LTl + ilbklt−1 +Hlaklt −
∑
oεO

ilaoklt

− rlaklt−1 ∀k ∈ K, l ∈ L, t ∈ T

=
∑
mεM

qklmt + ilbklt − rlaklt (33)

∑
mεM

plaoklmt−LTlba + ilcoklt−1 + Hlboklt + ilaoklt

− rlbklt−1 ∀o ∈ O,∀k ∈ K, l ∈ L, t ∈ T

=
∑
mεM

qbLoklmt + ilcoklt − rlboklt (34)

∑
mεM

pnknmt−LTn + inbknt−1 + Hnaknt

−
∑
oεO

inaoknt − rnaknt−1 ∀k ∈ K, n ∈ N, t ∈ T

=
∑
mεM

qaknmt + inbknt − rnaknt (35)
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∑
mεM

pnaoknmt−LTnbb + incoknt−1 + inaoknt + Hnboknt

∀o ∈ O,∀k ∈ K, n ∈ N, t ∈ T − rnbknt−1

=
∑
mεM

qbNoknmt + incoknt − rnboknt (36)

∑
lεL

qklmt +
∑
nεN

qaknmt + Imkmt−1 + Hmakmt

−
∑
oεO

imcokmt ∀k ∈ K,m ∈ M, t ∈ T − Rmkmt−1

=
∑
iεI

Abki(pimt + peimt) + imkmt − rmkmt (37)

∑
lεL

qbLoklmt +
∑
nεN

qbNoknmt + Imbokmt−1 + Hmbokmt

+ imcokmt ∀o ∈ O, k ∈ K,m ∈ M,

t ∈ T − rmaokmt−1

=
∑
iεI

Abki(goimt + geoimt) + imbokmt

− rm2okmt (38)

pimt + peimt + ipimt−1 + Hmcimt −
∑
oεO

ipcoimt

− Rmkmt−1 ∀i ∈ I,m ∈ M, t ∈ T − rpimt−1

=
∑
wεW

smimwt + ipimt − rpimt (39)

goimt + geoimt + ipboimt−1 + Hmdoimt + ipcoimt

− rpaoimt−1 ∀o ∈ O, i ∈ I,m ∈ M, t ∈ T

=
∑
wεW

smaoimwt + ipboimt − rpaoimt (40)

∑
mεM

smimwt + iwiwt−1 + Hwaiwt −
∑
oεO

iwcoiwt

− rwiwt−1 ∀i ∈ I,w ∈ W, t ∈ T

=
∑
jεJ

sjiwjt + iwiwt − rwiwt (41)

∑
mεM

smaoimwt + iwboiwt−1 + Hwboiwt + iwcoiwt

− rwaoiwt−1 ∀o ∈ O, i ∈ I,w ∈ W, t ∈ T

=
∑
jεJ

sjaoiwjt + iwboiwt − rwaoiwt (42)

∑
wεW

sjiwjt−LTj + ijijt−1 + Hjaijt −
∑
oεO

ijcoijt − rjijt−1

= Dijt ∀i ∈ I, j ∈ J, t ∈ T + ijijt − rjijt (43)∑
wεW

sjaoiwjt−LTj + ijboijt−1 + Hjboijt + ijcoijt

− rjaoijt−1 ∀o ∈ O, i ∈ I,w ∈ W, j ∈ J,

= Dooijt + ijboijt − rjaoijt t ∈ T (44)∑
oεO

ilaoklt + ildklt = ilbklt ∀k ∈ K, l ∈ L, t ∈ T (45)

∑
oεO

inaoknt + indknt = inbknt ∀k ∈ K, n ∈ N, t ∈ T

(46)∑
oεO

imcokmt + imakmt = imkmt

∀k ∈ K,m ∈ M, t ∈ T (47)∑
oεO

ipcoimt + ipaimt = ipimt ∀i ∈ I,m ∈ M, t ∈ T

(48)∑
oεO

iwcoiwt + iwaiwt = iwiwt ∀i ∈ I,w ∈ W, t ∈ T

(49)∑
oεO

ijcoijt + ijaijt = ijijt ∀i ∈ I, j ∈ J, t ∈ T (50)

ssoiw = β
√
Liw

|T|
∑
oεO

∑
jεJ

∑
tεT

sjaoiwjt

∀i ∈ I,w ∈ W, j ∈ J, t ∈ T (51)∑
oεO

iwooiwt ≥ ssoiw ∀i ∈ I,w ∈ W, t ∈ T (52)

∑
gεG

ixgxt ≤ IXx ∀x ∈ X, t ∈ T (53)

∑
gεG

ilglt ≤ ILl ∀l ∈ L, t ∈ T (54)

∑
gεG

ingnt ≤ INn ∀n ∈ N, t ∈ T (55)

∑
kεK

ilbklt +
∑
oεO

∑
kεK

ilcoklt ≤ ILAl ∀l ∈ L, t ∈ T (56)

∑
kεK

inbknt +
∑
oεO

∑
kεK

incoknt ≤ INAn ∀n ∈ N, t ∈ T

(57)∑
kεK

imkmt +
∑
oεO

∑
kεK

imbokmt ≤ IMm ∀m ∈ M, t ∈ T

(58)∑
iεI

ipkmt +
∑
oεO

∑
iεI

ipboimt ≤ IMAm

∀m ∈ M, t ∈ T (59)∑
iεI

iwiwt +
∑
oεO

∑
iεI

iwboiwt ≤ IWw ∀w ∈ W, t ∈ T

(60)
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∑
iεI

ijijt +
∑
oεO

∑
iεI

ijboijt ≤ JCj ∀j ∈ J, t ∈ T (61)

∑
wεW

∑
tεT

sjiwjt +
∑
oεO

∑
wεT

∑
tεT

sjaoiwjt

≤
∑
tεT

Dijt +
∑
oεT

∑
tεT

Dooijt ∀i ∈ I, j ∈ J (62)

goimt ≤ Eoimtyoimt ∀o ∈ O, i ∈ I,m ∈ M, t ∈ T (63)

rjijT = 0 ∀i ∈ I, j ∈ J,T (64)

rjaoijT = 0 ∀o ∈ O, i ∈ I, j ∈ J,T (65)

goimt , geoimt ,Hjaijt ,Hjboijt ,Hnaknt ,Hlglt ,Hlaoklt ,

Hmakmt , ∀g ∈ G, i ∈ I, j ∈ J, k ∈ K,

Hmbokmt ,Hmcimt ,Hmdoimt ,Hngnt ,Hnaknt ,Hnboknt ,

Hwaiwt , l ∈ L,m ∈ M, n ∈ N, o ∈ O,

Hwboiwt ,Hxgxt , ilglt , ilaoklt , ilbklt , ilcoklt , ildklt , imkmt ,

imakmt , w ∈ W, t ∈ T

imbokmt , imcokmt , ingnt , ina0knt , inbknt , incoknt , indknt ,

ipimt , ipboimt , ixgxt , jagxt , jboklmt , jcoknmt , jdoimt , lggxt ,

liimt , liboimt , lklklmt , lklboklmt , lknknmt , lknboknmt , ssoiw,

pimt , peimt , plklmt , plaoklmt , pnknmt , pnaoknmt , pxgxt ,

rwiwt , qklmt , qaknmt , qbLoklmt , qbNoknmt , qxgxlt , qygxnt ,

rjijt , rjaoijt , rlglt , rlaklt , rlboklt , rmkmt , rmaokmt , rngnt ,

rnaknt , rnaoknt , rpimt , rpaoimt , rwiwt , rwaoiwt , rygxt ,

sjiwjt , sjaoiwjt , smimwt , smaoimwt , ssoiw ≥ 0 (66)

goimt , geoimt , ipimt , ipaimt , ipboimt , ipcoimt , ijijt , ijaijt ,

ijboijt , ∀o ∈ O, i ∈ I, j ∈ J,m ∈ M,

ijcoijt , iwiwt , iwaiwt , iwboiwt , iwcoiwt , jdoimt , pimt ,

peimt , rjijt , w ∈ W, t ∈ T

rjaoijt , rpimt , rpaoimt , rwiwt , rwaoiwt , sjiwjt , sjaoiwjt ,

smimwt , smaoimwtεZ (67)

baklt ε{0, 1}, bbknt ε{0, 1}, yoimt ε{0, 1}
∀i ∈ I, k ∈ K, l ∈ L,m ∈ M, n ∈ N, o ∈ O, t ∈ T

(68)

Equations (10) and (11) represent the local and alter-
native first-level suppliers that qualify in time (Tirkolaee
et al. 2020) for the supply of raw materials to fulfil firm
order demand. Equations (12) and (13) ensure that ship-
ments of the materials for forecast demands and firm
orders do not exceed the supply capacity during each
planning period from each local and alternative first-
level supplier to all the production plants (Farahani and
Elahipanah 2008). Unlike conventional SCP models, in

this research five-level SC constraints are developed for
the first time for two types of finished goods demand: the
first one from demand forecasts and the second one for
firmorders. Equations (14)–(16) limit the capacity for the
raw materials production by the first- and second-level
suppliers. Equations (17) and (18) limit the capacity for
the finished goods production in regular working hours
and overtime, respectively. Equations (19)–(25) allow the
total production of the first-level and second-level mate-
rials, as well as finished goods, during each period of time
to be multiples of a given lot that may be required for the
needs of each production process. This group of lot-size
constraints is deactivated at the different SC levels when
they are not required.

Equations (26)–(29) correspond to the JIT production
of raw materials and finished goods. This contemplates
a penalty cost in the objective function due to the need
for slack to cover parts production. Here the function
of penalty costs is to ensure that the parts production
levels at the end of each time period come as close as
possible to the sum of the demands during the following
time periods according to the supply cover. This group
of lean constraints is activated at the different SC lev-
els when the model is pull and deactivated in the push
model.

With raw materials, Equations (30)–(32) represent
the inventory balances of the second-level suppliers,
where the requirements to produce first-level raw mate-
rials are entered. In Equations (33)–(38), the inventory
balances of the first-level suppliers are detailed, where
inputs correspond to the quantities of raw materials to
be ordered, and come from the finished goods pro-
duction needs of each planning period. Equations (34)
and (36) present a product of a binary decision variable
and a continuous decision variable, which result in an
MINLP model. To avoid such non linearity, this vari-
able relation can be converted into a linear expression
by adding an auxiliary variable according to (Williams
2013). Equations (39) and (40) consider the inventory
balances of finished goodsmanufacturers. Equations (41)
and (42) establish the inventory balances of warehouses
for finished goods demand forecasts and firm orders,
respectively. Equations (43) and (44) determine retailers’
inventory balances, where inputs correspond to shipped
quantities, the backorder of firm orders, the quanti-
ties required to meet demand forecasts and the inven-
tory during the previous period. Outputs refer to the
demand forecasts and firm orders for each finished good.
Here the delivery time from warehouses to distributors
is considered. It should be noted that Constraints (33)
through to (44) integrate inventories from both demand
sources, i.e. forecasts and firm orders. Equations (45)
through to (50) ensure that the total amount of inventory
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does not exceed the inventory level capacity levels at
the first-level suppliers, manufacturers, warehouses and
distributors.

Regarding the safety inventory in finished goodsware-
houses for the firm orders of the push model, and
considering that the service level is given, the lead time
(Liw) is constant and the standard deviation is propor-
tional to the flow of finished goods that must cover
variation in demand. Thus the safety inventory is propor-
tional to the production flow proposed by (Brunaud et al.
2019). Parameter β indicates the level of risk of stockouts
defined as a percentage andT is the final planning period.
In this case, the safety inventory would be a percentage of
the quantity supplied from warehouses to retailers mul-
tiplied by the square root of the replenishment lead time.
In previousworks, the safety inventorywas not a variable,
but a given parameter. Equation (51) provides a method
to optimise the safety inventory according to the flow to
the retailer. In the proposed formulation, safety inventory
is used as the lower inventory limit (51) and the upper
inventory level is limited by Equation (52). These two
equations are deactivated at warehouse levels when they
are not required.

Equations (53) through to (55) limit the storage capac-
ity of the second-level raw materials by suppliers. Equa-
tions (56) through to (58) set limits on the storage of
the first-level raw materials at the local, alternative sup-
pliers and finished goods manufacturers. Consequently,
Equations (59), (60) and (61) ensure that the inven-
tory for both firm orders and forecasts does not exceed
the storage capacity at manufacturers, warehouses and
retailers, respectively. Equation (62) ensures that the fin-
ished goods supplied from warehouses to distributors do
not exceed demand. Equation (63) guarantees produc-
tion prioritisation for the demand from firm orders in
relation to the demand from forecasts. This generates
a fixed extra profit charge when a firm order is pro-
duced, which is discounted from TI at the end of the
model run to obtain the real total profit. Equation (64)
ensures that the forecast demand of the production plan
will be satisfied during the last planning period T. This
is a pull criterion because it allows a delay in the demand
for firm orders so that this production will be planned
whenever required. Equation (65) ensures that the firm
orders of the production plan will be satisfied during
the last time period T. These two last constraints are
activated or deactivated according to production system
requirements.

Equation (66) establishes the non-negativity condi-
tion for the decision variables. Equation (67) refers to the
integer condition for the decision variables. Finally, the
formulations in Equation (68) establish the condition of
the binary variables.

6. Experimentation and solution

6.1. Solution approach

The established solution approach is the exact resolution
of the MILP model through the CPLEX solver. So the
LSCP4.0 model was implemented in modelling language
MPL (mathematical programming language). Finally, the
model’s input and output data are managed with a rela-
tional database. The multilevel MILP was solved on a
computerwith 12GbRAMand an Intel® Core® i7-1065G7
microprocessor CPU@1.30GHz frequency.

In addition, the input data are provided in the formof a
normalised metastructure (see appendices) for LSCP 4.0
cloud computing to be integrated into the C2NET man-
ufacturing platform (Andres, Poler, and Sanchis 2021;
Reyes et al. 2024).

6.2. Real-world case study

The case company (BUF) is engaged in the manufac-
ture and distribution of leather and thermoplastic safety
footwear, among others. The company traditionally fol-
lows a serial production strategy formanufacturing safety
footwear based on forecast demand. However, customers
constantly diversify their orders in terms of quantity and
variety of models. This has led decision makers to plan
demand for firm orders with production prioritisation
from a lean perspective for waste reduction, which forces
suppliers to respond more quickly. With the COVID-
19 pandemic however, severe fluctuations in demand,
disruptions in SC structures, and changes in delivery
times from suppliers, took place. BUFhas twoproduction
plants (M = 2) and a central warehouse (W = 1) that
consolidate all the finished goods to be shipped to a vari-
ety of retailers, namely the six main retailers (J = 6), to
which the three main footwear models (I = 3) are deliv-
ered from two sources of demand: (a) forecasted push
demand; (b) pull demand from firm orders (O = 16).
BUF imports or produces directly most of its rawmateri-
als. However, on the bill of materials (BOM) for footwear
manufacturing there is a group of eight essential raw
materials (K = 8) that are supplied by several local first-
level suppliers (L = 5), as well as a group of alterna-
tive suppliers (N = 4) that can supply these materials
if needed. Of these materials, two of them, given their
importance (leather and soles), are exploded on a second
BOM to be supplied by second-level suppliers (X = 4),
for which 15 raw materials are produced (G = 15). For
the planning horizon, a 16-week tactical and operational
decision level (T = 16) is considered. In inventory man-
agement terms, BUF and all the first- and second-level
material suppliers have established policies, such as lim-
ited storage capacity, scheduled receipts and a predefined
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Table 3. Design of the experiments for each SC level.

Scenario code
Production strategy

(MRP/JIT) Backorders
Suppliers level

2 (x)
Local suppliers

level 1 (l)
Alternative suppliers

level 1 (n) Plants (m) Warehouses (w) Retailers (j)

e1 MRP + X X X X SS X
e2 MIXED + X X X O SS X
e3 MIXED + O X X X SS X
e4 MIXED + X O O O SS X
e5 MIXED + X O O X SS X
e6 JIT + O O O O X
e7 MIXED + X X X O X
e8 MIXED + O X X X X
e9 MIXED + X O O X X
e10 MIXED + O O O X X
e11 JIT + O O O O SS X
e12 MRP Ï§ + X X X X SS X
e13 BEST MIXED Ï§ + X X X O X
e14 MRP ∗ + X X X X SS X
e15 JIT ∗ + O O O O X
e16 MRP † X X X X SS X
e17 JIT † O O O O X
e18 BEST MIXED † X X X O SS X
e19 MRP ++ X X X X SS X
e20 JIT ++ O O O O X
e21 BEST MIXED ++ X X X O SS X

Note: O: pull systemwith JIT production; X: push systemwith MRP tools; SS: safety inventory;+: null backorders during the last time period for demand forecasts;
† : null backorders during the last time period for firm orders; ++: null backorders during the last time period for forecasts and firm orders; Ï§: all the demand
consolidated for firm orders; ∗without lot-sizing production; BLANK: with no safety inventory.

supply time. The harmful emissions measured as kilo-
grams of CO2 from manufacturing footwear raw mate-
rials at the local and alternative first-level suppliers are
based on the results of (Cheah et al. 2013). Additionally,
production capacity, which is lot-based, is limited at all
the levels, and overtime can be worked only in BUF’s
production plants.

The other features that lead to different size problems
in BUF are described in Table 3. The small-sized problem
comprises demand forecasts and minimum firm orders
to obtain a solution. Themedium-sized problem specifies
the actual values of both demand sources. The large-sized
problem details a scenario with such demand increases
that the production system is brought to its maximum
capacity. So to perform experiments, 21 scenarios were
designed at each SC level for every problem type, which
consider applyingMRP criteria for a push system and JIT
production for a pull system (see Table 3).

Table 4 shows the optimality gap value, runtime, costs,
revenues and final profit in each scenario for the three
tested size problems. Here in a demand variability con-
text, mixed strategy e7 generates the lowest inventory
and backorder costs, which provides the highest eco-
nomic profit. There is, however, a cost improvement
from changes in the production plan when consolidat-
ing demand from forecasts into demand fromfirmorders
(see scenario e13). It is also worth noting that when fully
MRP and JIT scenarios are experimented (e1 and e6),
but without production lot sizes (e14 and e15), there is
improvement in profits. Thus, the fact that the results
obtained from the best scenarios are the same for the

three tested size problems is confirmed. However, when
experimenting with the scenarios with the highest eco-
nomic profit (e1, e6 and e7) of medium- and large-sized
problems in the scenarios with null backorders during
the last time period for firm orders (e16, e17 and e18),
an improvement in e1 is noticed (MRP strategy), which
is depicted in e16. Thus MRP scenarios perform better
with lot sizing and null backorders for demand forecasts
during the last time period constraints. Moreover for the
small-sized problem, e17 improves performance on e6
(JIT strategy). Hence JIT scenarios perform better with-
out lot-sizing constraints and with null backorders for
firm orders during the last time period. Regarding the
MRP and BEST MIXED strategies, scenarios e19 and
e2 with null backorders constraints during the last time
period for forecasts and firm orders improve profits in
large-sized problems by producing more and diminish-
ing backorders along the time horizon. Finally for the JIT
scenarios with null backorders constraints for demand
forecasts and firm orders during the last time period for
large-sized problems, no solution is obtained with the
current computation resources. Thus it can be stated that
JIT scenarios are computationally more costly thanMRP
and MIXED ones.

By considering the costwith the highest standard devi-
ation in the scenarios under study, Figure 3 provides the
results of the experiments in inventory cost and total
profit terms for the medium-sized problem. The total
profit results are grouped in descending order across
the studied scenarios. This analysis shows that the BEST
MIXED scenarios (e13, e7, e18 and e21), which provide
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Table 4. Objective function values and runtime per instance.

Total costs (TC) ($) Total incomes (TI) ($)

Size problems
Scenario
code Gap (%)

Runtime
(seconds)

Production
(AC)

Penalisation of JIT
production
coverage (CC)

Inventory
(IC)

Transport
(MC)

Backorder
(BC)

CO2
emissions

(LC) Sales

Fixed charge for
production of firm

orders Total profit ($)

Small e1 0.02 696 93740 0 2061 16294 0 1980 160.495 92160 46420
e2 0.02 1140 93744 0 2054 16294 0 1979 160.495 92160 46424
e3 0.61 1265 93856 0 9495 16209 548 1979 160.495 92160 38408
e4 3.57 32400 94285 620 6411 16361 10 2076 160.495 92160 40732
e5 3.70 32400 94266 540 6239 16465 182 2067 160.447 92160 40688
e6 4.46 32400 94208 685 13852 16154 184 2120 160.495 92160 33292
e7 0.00 723 93617 0 1956 16279 0 1977 160.495 92160 46666
e8 4.54 5160 94208 685 13852 16154 184 2120 160.495 92160 33292
e9 5.02 32400 94468 380 6932 16445 119 2528 160.495 92160 39623
e10 4.77 32400 94346 300 14029 16258 64 2182 160.495 92160 33316
e11 4.10 32400 94307 765 13761 16221 0 2087 160.495 92160 33354
e12 0.34 472 119211 0 3708 21051 936 4922 201.760 92160 51932
e13 0.25 2275 118816 0 3444 21006 961 4804 201.760 92160 52729
e14 0.00 725 93618 0 1952 16279 0 1977 160.495 92160 46669
e15 3.7 32400 94227 690 12169 16506 279 2139 160.495 92160 34485
e16 0.10 871 93739 0 2061 16294 101 1980 160.495 92160 46320
e17 4.01 21780 94283 155 13922 16305 17 2070 160.495 92160 33743
e18 0.03 935 93712 0 2062 16289 0 1979 160.452 92160 46410
e19 0.06 234 93735 0 2062 16293 55 1979 160.495 92160 46371
e20 4.37 21840 94311 375 14013 16243 36 2146 160.495 92160 33371
e21 0.02 167 93738 0 2061 16293 0 1979 160.495 92160 46424

Medium e1 0.19 671 302.676 0 7597 49818 581 8.679 481.430 92160 112079
e2 0.21 244 302.489 0 7.644 49.788 793 8.706 481.430 92160 112010
e3 0.01 1748 302538 0 15017 49688 340 8678 481.430 92160 105169
e4 3.46 32400 303712 385 11990 50039 844 9041 481.430 92160 105419
e5 3.20 32400 303853 305 11744 50000 782 8947 481.430 92160 105799
e6 3.77 32400 303496 191 19583 49865 751 9091 481.430 92160 98453
e7 0.00 151 302403 0 7165 49767 410 8636 481.430 92160 113049
e8 0.00 90 302481 0 14474 49661 370 8667 481.430 92160 105777
e9 4.94 32400 305733 310 12126 50404 442 9252 481.430 92160 103163
e10 4.39 32400 304746 610 18609 49795 806 9552 481.430 92160 97312
e11 3.57 32400 303899 390 19226 50044 822 8773 481.430 92160 98276
e12 0.47 4740 311330 0 8750 51108 1522 8798 493.312 92160 111804
e13 0.16 1250 310677 0 7449 50950 1582 8610 493.312 92160 114044
e14 0.02 568 302556 0 7633 49798 360 8656 481.430 92160 112427
e15 5.28 32400 304654 610 19872 50064 681 9881 481.430 92160 95668
e16 0.10 195 302561 0 7618 49799 335 8681 481.430 92160 112436
e17 4.17 32400 304647 80 18796 50086 494 9474 481.430 92160 97853
e18 0.03 846 302484 0 7640 49788 373 8704 481.430 92160 112441
e19 0.07 1088 302484 0 7640 49788 373 8704 481.430 92160 112321
e20 4.51 19688 302563 0 7609 49799 460 8678 481.430 92160 96976
e21 0.00 144 305261 305 19551 49983 130 9224 481.430 92160 112440

(continued).
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Table 4. Continued.

Total costs (TC) ($) Total incomes (TI) ($)

Size problems
Scenario
code Gap (%)

Runtime
(seconds)

Production
(AC)

Penalisation of JIT
production
coverage (CC)

Inventory
(IC)

Transport
(MC)

Backorder
(BC)

CO2
emissions

(LC) Sales

Fixed charge for
production of firm

orders Total profit ($)

Large e1 0.1 1292 980904 0 20916 150777 23270 30758 1.442 92160 235865
e2 0.11 794 980963 0 20925 150784 23416 30766 1.442 92160 235644
e3 0.01 317 981484 0 28313 150779 23133 30761 1.442 92160 228028
e4 9.20 32400 987498 590 34500 151525 26172 35457 1.443 92160 207956
e5 11.42 32400 991616 666 37917 151612 26042 34357 1.444 92160 202080
e6 5.36 32400 984795 525 37750 151174 27715 32980 1.444 92160 209351
e7 0.01 72 978634 0 20148 150548 23127 30814 1.442 92160 239227
e8 0.00 65 979175 0 27568 150546 23086 30813 1.442 92160 231310
e9 5.55 32400 984394 305 28623 150998 23213 33956 1.442 92160 221009
e10 11.35 32400 996732 460 35572 151706 26340 35402 1.444 92160 198078
e11 6.49 32400 988841 560 36522 151397 24384 34188 1.444 92160 208238
e12 0.04 480 980904 0 20916 150777 23270 30758 1.442 92160 235865
e13 0.01 62 978634 0 20148 150548 23127 30814 1.442 92160 239227
e14 0.00 1826 980913 0 20932 150780 23580 30762 1.442 92160 235531
e15 7.88 32400 984673 454 42738 151699 23744 33794 1.444 92160 207188
e16 0.19 997 999563 0 22540 153067 15123 30358 1.460 92160 239965
e17 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
e18 0.13 1560 999530 0 22550 153065 14939 30360 1.460 92160 240204
e19 0.11 1183 999580 0 22602 153073 14855 30366 1.460 92160 240258
e20 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
e21 0.08 1516 999493 0 22619 153059 14787 30347 1.460 92160 240343

Note: Total profit = Sales – Total costs (TC); N/A: non-feasible solution.
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Figure 3. Relation between inventory cost and profits for the medium-sized problem.

Table 5. Computational efficiency.

Size problems Scenario code Iterations Constraints Variables Integers Non-zeros Density (%)

Small e1 88317 238670 354192 71760 950706 11.00
e6 5408987 276494 354192 71760 1108722 11.00
e7 35299 237185 354195 71760 951525 11.00

Medium e1 131338 237185 354195 71760 951525 11.00
e6 6120129 276494 354192 71760 1108722 11.00
e7 36270 238670 354192 71760 950706 11.00

Large e1 98724 237185 354195 71760 951525 11.00
e6 8981257 276494 354192 71760 1108722 11.00
e7 38050 238670 354192 71760 950706 11.00

the highest overall profits are the mixed scenarios, which
have lower inventory costs. Thus our results support the
approach of (Ganeshan 1999), which states that a mixed
push–pull system generates better profits due to lower
costs.

In terms of the solver’s solution optimisation, Table 5
illustrates the computational efficiency related to the
threemain scenarios of the proposed SC planningmodel:
(a)MRP; (b) JIT; (c) the bestMIXED. The computational
efficiency for eachmodel at the three tested size problems
is also included. The data are related to the iterations that
the solver uses to find the solution, number of constants,
variables, integers, non-zero elements and the density of
the constraint set to execute the model. These iteration
values are the same for themedium and large sizes, which
implies that themodel needsmore time to obtain an opti-
mal solution due to the large amounts of data. So a time
limit of 9 h is set in each run.

It is important to highlight the analysis of the bull-
whip effect measure (BEM) according to the method
proposed by Fransoo and Wouters (2000). In line with
this, the BEM calculation is determined for the products
and orders aggregated in the set of SC levels as the quo-
tient of the coefficient of variation of demand generated

by this set of levels (Cout) and the coefficient of varia-
tion of demand received by this level (Cin), using the
expressions presented in Equations (69)–(71). Here the
Cout calculation is made with the standard deviation (σ )
of the demand going out to the next upstream level Dout ,
and with the average (μ) of such demand during the time
interval (t,t+T). In addition,Cin is calculated in a similar
way, but with demand coming from the next downstream
level.

BEM = Cout

Cin
(69)

Cout = σ(Dout(t, t + T))

μ(Dout(t, t + T))
(70)

Cin = σ(Din(t, t + T))

μ(Din(t, t + T))
(71)

Table 6 shows the BEM at each SC level for the three
main scenarios experienced in the medium-sized prob-
lem. So for the second-level suppliers, there is no demand
variability due to the availability of the inventory from
scheduled receipts at the SC’s downstream level. For the
first-level suppliers, the BEM is lower in the JIT (e6)
optimisation model, but variability of demand is slightly
amplified from 1.64 withMRP (e1) to 1.66 in theMIXED
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Table 6. Bullwhip effect measures.

Scenario code

Suppliers
level 2
(X)

Suppliers
level 1
(L+N)

Plants
(M)

Ware-
houses
(W)

Retailers
(J)

e1 (MRP) 1.00 1.64 1.65 1.54 1.42
e6 (JIT) 1.00 1.58 1.64 1.63 1.33
e7 (BEST MIXED) 1.00 1.66 1.66 1.64 1.35
e16 (MRP†) 1.00 1.63 1.65 1.54 1.42

Note: †values of scenario e1 (MRP) when considering null backorders during
the last time period for firm orders.

(e7) approach, which implies that the inventory at this SC
level increases due to scheduled receipts. Thus in ware-
houses, the BEM increases from 1.54–1.64 due to safety
inventories. With finished goods in production plants,
the BEM is lower in the JIT approach (e6) with a value of
1.64. Retailers decrease demand variability slightly from
1.42 in MRP (e1) to 1.33 in JIT(e6), but this rises to
1.35 in MIXED (e7) due to increased safety inventories
in warehouses. It is important to highlight that the BEM
remains constant at 1.66 at the production plant and first-
level supplier levels in the MIXED (e7) scenario, which
implies that inventory levels do not have marked vari-
ation because the supply of materials from suppliers is
appropriate and final products are moved immediately to
warehouses. Additionally, when profit is higher in MRP
(scenario e16), the BEM remains the same, but slightly
lowers at suppliers level 1. Finally, the JIT strategy cannot
be improved in any other scenario in BEM terms.

In particular, we demonstrate that the BEM is lower
to a greater extent at the SC levels corresponding to the
first-level suppliers, production plants and retailers in the
models that use JIT production versus traditional MRP.
However, the further upstream at the SC levels, the higher
the BEM is.

Based on the highest total profit from Table 4, Figure 4
shows the amplification of the net inventory value at three
levels of the downstream SC under study for scenario e7
addressed in Table 6. As expected, the amplification of
inventory variations of finished goods is progressive from
retailers to warehouses and to plants. These results also
illustrate JIT production system behaviour, which is per-
formed as close to production orders as possible. Thus

inventories are generated during the latter time periods
of each scenario because null backorders during the last
time period are constrained.

Finally, after replicating this BEM analysis to the other
three main experienced scenarios (e1, e6 and e16), the
amplification of the net inventory value is also similar at
each SC level (see Table 6).

Regarding the managerial implications for BUF, the
presented SCP model demonstrates that by combining
the push and pull strategies to manage inventories, costs
can be reduced (scenarios e7 and e13), even with mul-
tiple demand sources of firm orders and forecasts, as
well as sourcing from suppliers in disruptive situations.
Managers should consider using MRP systems with JIT
production to ensure operational performance improve-
ments in terms of the total profit for all the involved prob-
lem sizes compared to using a traditional MRP strategy
(see Tables 3 and 4).

7. Conclusions

The first research objective of this paper is the design
and formulation of a new tactical and operational math-
ematical model, LSCP 4.0 for PPC in a traditional mul-
tilevel SC context (Section 5). Then by experimenting
with LSCP 4.0, which is the second research objective
(Section 6), we demonstrate that using mixed MRP and
JIT planning systems can serve as a proactive measure
of resilience to possible demand variability disruptions
in SCs. In particular, into MILP we integrate the orders
from firm orders with pull demand and the forecasts with
push demand in a five-level SC. Other resilient practices
are also applied to select the first-level backup suppliers
in a profitmaximisation problem. In sustainability terms,
the model incorporates costs related to carbon emis-
sions in the first-level suppliers’ production processes.
The novelty of the applied case studies, which is the third
research objective (Subsection 6.2), lies in demonstrat-
ing that applying lean practices, such as JIT production,
can improve the performance of a traditional footwear SC
in terms of decreased inventory costs and the bullwhip
effect.

Figure 4. Supply chain net inventory amplification in scenario e7.
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7.1. Implications to theory and practice

The main results from this study are summarised as
follows:

• Providing a novel multilevel model for SC plan-
ning that considers a combination of push and pull
strategies for inventory control, which integrates lean,
resilient and sustainable aspects. Here the computa-
tional results show that inventory costs tend to be
lower when using MRP systems at higher SC lev-
els, while JIT production systems applied at lower SC
levels stabilises inventory levels and improves overall
performance costs.

• The LSCP 4.0 model obtains feasible expected profit
solutions for a real case study in the footwear industry
with three different problem sizes based on irregular
demand datasets: small, medium and large. The out-
comes indicated that as problem size grows, inventory
levels tend to stabilise in the MRP and JIT scenarios.
Consequently, when comparing both strategies, the
mixed approach is recommended for LSCP because it
offers lower backorder and penalty costs for the possi-
ble need of slack for JIT production for all the problem
sizes.

• The measurements of the bullwhip effect in the best
mixed SC scenario under study reflect a fluctuation
of orders caused by upstream demand amplification,
which amounts to 18.6% at the fourth SC level (sup-
pliers level 1). These values improve the SC’s perfor-
mance compared to the theoretical foundations that
present 35% in, for example, the textile industry (Tow-
ill and McCullen 1999).

7.2. Key lessons learnt

LM can be applied to a traditional five-level SC with pos-
itive effects on performance. Nevertheless, researchers
and practitioners should implement combined JIT and
MRP operations strategies to achieve better SC per-
formance in terms of reducing production, inventory,
backorders, transportation and environmental costs.
Consequently, the knowledge acquired from this study
can be used to foster the experimentation and validation
of SC operations strategies at the three decision levels, i.e.
strategic, tactical and operational, by mathematical pro-
gramming models, which support the decision-making
processes effectively in real-world problems that target
other industry types.

7.3. Limitations and future research

Regarding the limitations and further research of our
proposal, firstly the data about all the footwear company’s

demands are limited to operational decisions. This
implies that more information can be experimented with
in a tactical and strategic environment. The model has
also been designed with a single objective, that of profit
maximisation. So the next stage can be extended to mul-
tiple objectives of the LSCP 4.0 model by, for instance,
considering the social aspect of the sustainability in the
objective function. Additionally, future work aims to
extend experimentation to other types of SC structures,
such as lean, e-procurement-based, electronic point of
sales and vendor management inventory. In line with
this, we encourage other researchers to apply the model
presented herein to case studies from other industrial
sectors by using other LM tools, for example Kanban.
Moreover, future research could consider using other I4.0
technologies, such as big data analytics and trace and
tracking systems, to address the problem of information
exchange between supply network nodes. Future work
could also incorporate decision making under uncer-
tainty for supplier selection in the event of disruptions
through robust, stochastic or fuzzy optimisation. Last but
not least, other potential research would be related to
approach a decentralised and collaborative SC, in which
factories perform the BOMs explosion to first-level and
second-level suppliers to diminish the bullwhip effect
along the upstream SC. Finally, a forthcoming work aims
to generate a Python code using Pyomo and Gurobi to
provide our model with more flexibility and computa-
tional efficiency during operational processes through
the C2NET manufacturing platform.
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