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Abstract: Synchromodality is an emerging concept in supply chain management. A synchromodal
supply chain can be defined as a multimodal transportation planning system, wherein the different
agents work in an integrated and flexible way that enables them to dynamically adapt the transport
mode based on real-time information from stakeholders, customers, and the logistic network. The
potential of synchromodality for the fast-moving consumer goods (FMCG) industry is related to
the nature of business. The FMCG market is characterized by relatively low margins and high
turnover, which is especially important in export supply chains. However, for a company, it may be
challenging to objectively evaluate the costs and benefits, not to mention the design of a synchronized
supply chain. In order to facilitate the adoption of the concept and guide the practitioners, our
study put forward the following research questions: What should be considered in incorporating
synchromodality in the export supply chain for FMCG? How should companies approach tradeoffs
among factors affecting the supply chain? To answer these questions, we propose an adaptable
framework, which should be considered a primary contribution of our study. The framework
incorporates the center of gravity model, mixed integer linear programming, and sensitivity analysis.
The framework is validated using a real-world problem from a multinational FMCG company. The
problem involves the optimal volume allocation and the selection of the most efficient transportation
mode for inland freight. Our study demonstrates that incorporating synchromodality in the export
supply chain could reduce the overall cost by 9% and enhance flexibility by allowing multiple modes
of transportation.

Keywords: synchromodality; supply chain; consumer goods; optimization

1. Introduction

Supply chains are the blood vessels of the global economy. From large retailers to
semiconductor manufacturers, business leaders worldwide use their supply chain as a
strategic weapon to achieve competitive advantage and maintain business continuity.
Supply chains constitute complex systems defined by the suppliers, plants, warehouses,
and the corresponding material flows. A substantial share of the total supply chain cost
is associated with the location of the facilities and the determination of optimal product
flows between them [1]. In order to remain competitive, contemporary supply chains
leverage the efficiency and effectiveness of their logistics network. That is why network
design and flow synchronization are critical factors in the success of any supply chain [2].
Synchronization is a common concept in various scientific disciplines, such as physics,
biology, and chemistry [3]. In a broader sense, synchronization means aligning a certain
behavior or state over time. For example, according to Osipov et al., “synchronization
is the capacity of objects of different nature to form a common operation regime due to
interaction or forcing” [4]. This mechanistic definition is well-aligned with the idea of
supply chain synchronization, which can be viewed as a process of matching supply with
demand through the coordination of material, financial, and information flows across
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multiple stages [5]. As a result, a synchronized supply chain is akin to a mechanism full of
gears and cogs that operate in harmony.

The importance of synchronized supply chains is especially notable in the context
of maritime freight and ocean export. Since the containerization revolution of the 1970s,
maritime transport has been vital for international trade [6]. Nowadays, it represents 80%
of global trade by volume and 70% by value. In 2020 alone, 10.7 billion tons of shipped
goods were seaborne, which is equivalent to 815.6 million twenty-foot equivalent units [7].
However, the COVID-19 pandemic disrupted supply chains, leading to canceled sailing,
port delays, and container shortages. The pandemic also generated changes in demand that
led to increased volatility, contributing to significant delays [8]. The trade contraction, in its
turn, forced container shipping firms to cancel scheduled sailings and consolidate shipping
routes to focus service on major ports. As trade recovered in the second half of 2020, the
container firms struggled to restore capacity to previous levels. The distributed system was
not prepared for the rapid recovery in demand, and firms had trouble getting products to
customers. As a result, vessels had to operate close to maximum capacity, which depleted
shipping container inventory at major ports [9]. The substantial imbalance between the
demand and supply resulted in an unprecedented growth in the price of container rates
and maritime freight costs [9]. To be more specific, the global schedule reliability dropped
from 75% in 2020 to 35% in 2021, and ocean freight rates increased by 800% compared to
pre-pandemic [10]. Newton’s first law states that every object will remain at rest unless
compelled to change its state by the action of an external force. Disruptions and “black
swan” events are the strongest drivers of innovation. The ocean export supply chains
experienced unprecedented shock, which increased awareness of synchromodality among
scholars and industry practitioners.

Synchromodality is an emerging concept in supply chain management, developed and
established in the Benelux region during the last decade [11]. The seminal study defined
the synchromodal supply chain as “a multimodal transportation planning system, wherein
the different agents involved in the supply chain work in an integrated and flexible way
that enables them to dynamically adapt the transport mode they use based on real-time
information from stakeholders, customers, and the logistic network” [2]. According to
Giusti et al., the primary purpose of synchromodality is to reduce costs, emissions, and
delivery times while maintaining the quality of supply chain service through efficient
utilization of available resources and synchronization of transport flows [11]. At this point
it is essential to highlight that the adopted definition is not arbitrary and further justified in
the literature review section.

Intuitively, synchromodality benefits companies, especially in the fast-moving con-
sumer goods (FMCG) industry. The potential of synchromodality for FMCG companies is
related to the nature of business. FMCG are the products that customers buy on a regular
basis, including blades and razors, fabric and home care, hair care, health care, oral care,
baby care, personal care, and skin care. The FMCG market is characterized by a wide
variety of consumers, potentially volatile demand, and low consumer loyalty [12]. FMCG
have relatively low costs and high turnover. So, while the margin of an individual product
is usually relatively small, the total net profits can be significant because of quantities and
scale [13]. In this context, objectively evaluating the tradeoffs between costs and benefits
and the design of a synchronized supply chain might be challenging. In this regard, we
postulate the following research questions: (1) What should be considered in incorporat-
ing synchromodality in the ocean export supply chain for fast-moving consumer goods?
(2) How should companies approach tradeoffs among factors affecting supply chains?

In order to answer the postulated research questions, we propose an adaptable frame-
work for synchronized supply chain design. The framework was initially developed as
part of the capstone research conducted at the MIT Center for Transportation and Logistics
in collaboration with a multinational FMCG company [14,15]. The framework incorporates
the center of gravity model, mixed integer linear programming (MILP), and sensitivity
analysis. The center of gravity analysis is applied to provide a recommendation for the
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mixing center location and confirm if the current location is suitable for the business. The
MILP model is used to allocate freight volume. The MILP model incorporates synchro-
modality by providing the mode switch mechanism and is implemented such that the
optimality of the transportation mode depends not only on the transportation cost but also
considers the inventory holding cost with regard to lead time and the expected service level.
In light of the scarcity of company resources, a sensitivity analysis is performed to help
decision-makers prioritize their investments for the most notable supply chain network
improvement.

The remainder of this paper is organized as follows. Section 2 presents the litera-
ture review that justifies the definition of synchromodality, classifies related work, and
highlights the research gap. Section 3 presents the problem that the multinational FMCG
company encountered. Section 4 introduces the methodology at a high level and provides
the rationale behind the choice of the individual components. Section 5 presents the
solution to the problem under consideration using the proposed methodology. Section 6
highlights the advantages of the proposed framework and explains how it can be gen-
eralized and applied to similar problems within the domain. This section also shares
the insights and managerial implications and discusses the impacts of the solution on
sustainability. Lastly, Section 7 summarizes the paper and suggests promising directions
for future research.

2. Literature Review

Even though the previously conducted literature reviews on synchromodality show
that the vast majority of the studies are predominantly theoretical, exploratory, and qual-
itative [2,11,16], our study attempts to pay attention to both theoretical and practical
contributions. Theoretical works have been analyzed to define the concept of synchro-
modality and understand the potential value it can bring. The practical works are studied
in order to adopt best practices, find the research gaps, and highlight the novelty of our
contribution.

2.1. Concept of Synchromodality

Synchromodality addresses a pivotal aspect in the transportation research debate:
identifying the most efficient and effective combination of transport modes [16]. Even
though synchromodality is the most recent modal shift paradigm, it is essential to point
out that there is a plethora of legacy logistics paradigms implying the use of modal shifts,
including multimodality, intermodality, combined modality, and comodality [17]. These
paradigms can be defined as follows:

• Multimodality is the transportation of goods by a sequence of at least two different
transport modes [17];

• Intermodality is the transportation of goods integrating at least two modes such that
the load is transported door to door using the same load unit [18];

• Combined modality is a sustainable form of intermodal transportation [19];
• Comodality is efficient transportation through optimal and sustainable use of re-

sources [20].

A recent study summarized the difference between synchromodality and legacy modal
shift paradigms, which allows us to view synchromodality as the outcome of the evolution
of modal shift paradigms [2]. Initially focused on improving the efficiency of the trans-
port system, these paradigms have gradually evolved and come to incorporate multiple
objectives to optimize the tradeoff between efficiency, service levels, and sustainability [11].
Table 1 highlights these differences with regard to such capabilities as integration, sustain-
ability, efficiency, and flexibility.
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Table 1. Comparison between synchromodality and legacy modal shift paradigms based on such
core capabilities as integration, sustainability, efficiency, and flexibility. Adapted from [2].

Concept Two or More Modes
of Transportation Integration Sustainability Efficiency Flexibility

Multimodality X
Intermodality X X

Combined X X X
Comodality X X X X

Synchromodality X X X X X

Integration is the process of connecting decisions and actions across an end-to-end
supply chain to drive total value for all stakeholders. This process involves strategy align-
ment, effective management of operations, and maintaining reciprocal flows of information
among stakeholders [21]. The definition of integration in the context of synchromodality
and multimodal transportation can be narrowed down to the process of connecting differ-
ent modes of transport to create a single, seamless transportation system. Integration of
the modes of transportation can also involve the real-time coordination of schedules and
other logistical factors [22]. Synchromodality is also closely associated with the concept of
flexibility, which refers to the ability of a transportation network to shift modes and routes
to accommodate changes in demand or unexpected events. The flexibility in a broader
sense can also include the ability to adjust the number and type of vehicles. Efficiency refers
to the ability of the supply chain network to minimize delays, reduce costs, and increase
service levels. Efficiency can also be viewed in light of the efficient utilization of resources
under various constraints and tradeoffs [23]. For example, synchromodal solutions are
especially sensitive to the tradeoff between transportation and inventory holding costs
because as companies ship more frequently or use faster modes with smaller maximum
capacity, transportation costs tend to increase, but inventory costs decrease. However, if the
priority is given to slower modes that can carry larger order quantities, the transportation
costs decrease, but inventory costs increase due to the increase in cycle stock. Additionally,
safety stock also becomes larger due to the longer lead times and increased lead time
variability [24].

Sustainability, in general, refers to the ability to meet the needs and aspirations of
the present generation without compromising the resources needed for future generations
to meet their needs [25]. In the context of synchromodality, sustainability refers to the
ability to maintain or improve the overall environmental impact of a supply chain without
undermining its efficiency [26]. At first glance, it may sound counterintuitive, but in many
cases, there is a congruence between environmental costs and financial costs related to
transportation and logistics. For example, faster modes of transport (such as trucks) use
more fuel and have much larger carbon footprints compared to slower modes of transport
(such as ships and railways) [27]. Additionally, capacity underutilization also consumes
large amounts of fuel. As a result, both shippers and carriers, as well as the environment,
bear the costs of underutilized capacity. Synchromodality allows the switch from trucks to
rail and better capacity utilization through flow consolidation. As a result, the company
can notably reduce its carbon footprint and enhance sustainability.

The view of synchromodal supply chains through these critical capabilities involves
considering the economic and environmental performance of the system as well as its
ability to adapt to changing needs, markets, and technologies. It emphasizes the importance
of creating a resilient, low-carbon transportation system that is ecologically sound and
economically viable while meeting stakeholders’ needs.

Synchromodality is an emerging and multifaceted concept. Since the concept covers
different and sometimes conflicting capabilities such as integration, sustainability, efficiency,
and flexibility, there is a slight disagreement and inconsistency among authors in the defini-
tion of the concept as well as in the advantages and potential value that the adoption can
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bring [16]. Table 2 summarizes the advantages and value of synchromodality emphasized
by different authors.

Table 2. Advantages of synchromodality and potential value it can bring.

Advantages and Value of Synchromodality Reference

A flexible, efficient, and sustainable transportation strategy [28]
An efficient, sustainable, and reliable transportation network [29]

Alternatives and options for flexibility and responsiveness [30]
Real-time design and coordination of value chains in the transportation system [31]

Flexibility in changing different modes, emission reduction [32]
Efficient transportation service based on real-time information [17]

Cost and emission reduction without sacrificing the service level [33]
Efficient, reliable, flexible, and sustainable services [11]

Dynamic mode adaptation based on real-time information [2]
Carbon footprint reduction and increased efficiency [34]

Given these facts, our study adopts the most pervasive definition of synchromodality
by Acero et al., which encompasses all the critical capabilities and highlights the value
that the adoption of the concept can bring: “a multimodal transportation planning system,
wherein the different agents involved in the supply chain work in an integrated and flexible
way that enables them to dynamically adapt the transport mode they use based on real-time
information from stakeholders, customers, and the logistic network” [2].

2.2. Strategic Tradeoffs in a Synchromodal Supply Chain

Even though synchromodality is an emerging concept, several research projects have
already demonstrated how supply chain objectives can be achieved by avoiding empty
capacity, reacting to disruptions, and reducing transportation by trucks in favor of slower
modes [11]. For example, Van Riessen et al. studied the effects of disturbances on the
operational planning of container transportation in a synchromodal network. The devel-
oped linear model optimizes the transportation flow and involves container consolidation.
Additionally, the authors proposed to measure the severity of a disturbance as the addi-
tional cost incurred by updated planning [35]. Rivera and Mes presented an approximate
dynamic programming model for selecting freights in intermodal long-haul round trips.
The approach was tested based on data from a Dutch logistic service provider [36]. Li et al.
proposed a model based on a predictive flow control approach. In this study, the authors
aimed to model cooperation among stakeholders, which is important within the framework
of synchromodality. The model considered flow optimization as well as consolidation in
multiple interconnected subnetworks [37]. Zhao et al. studied the location of consolidation
centers in China to improve the internal and China–Europe rail transport efficiency. First,
the authors established criteria to preselect some candidates and used the information
about railways, highways, and national roads to build a graph-based model. Then, they
used a K-shell method to evaluate the importance of each node and a MILP model to
find the best location [38]. Dong et al. proposed parallel optimization between transport
and storage, highlighting the importance of considering the synchronization of operations
across different levels. The authors used a case study to show how the proposed approach
could increase the utilization of rail transport, resulting in a reduction of emissions and
total cost savings. The total cost equation included transportation and inventory but did
not consider the cost associated with facilities’ operations [16]. Qu et al. developed a MILP
model to plan hinterland freight transportation. The model allowed mode switch from
truck to barge and could improve coordination by rescheduling the shipment flows [39]. In
a recently published study, Guo et al. considered a global synchromodal transport network.
The authors proposed a hybrid stochastic approach to match shipments. The performance
of the developed approach was evaluated in a numeric experiment with synthetic data [40].



Appl. Sci. 2023, 13, 3119 6 of 23

Synchromodality requires treating supply chains in an integrated and flexible way.
Therefore, it is crucial for a framework and the underlying model to incorporate strategic
decisions that affect total cost and supply chain performance. Table 3 classifies the related
work based on the strategic decisions allowed by a model.

Table 3. Related work with regard to strategic decisions.

Reference Mode Switch Flow Optimization Consolidation Facility Location

[35] X X X
[36] X X X
[37] X X
[38] X X X X
[16] X X X
[39] X X
[40] X X X

Additionally, in order to facilitate the holistic approach to supply chain design, the
objective function of the optimization model should incorporate transportation, inventory
holding, and facility operating costs in the total cost equation. For example, it is crucial
to consider both transportation and inventory holding costs and the tradeoff between
them [24,41]. Namely, as companies ship more frequently or use faster modes with smaller
capacity, transportation costs tend to increase, but inventory costs decrease. However, if the
priority is given to slower modes that can carry larger order quantities, the transportation
costs decrease, but inventory costs increase due to the increase in cycle stock. Safety stock
also becomes larger due to the longer lead times and increased lead time variability. Table 4
classifies the related work based on the cost structure in the total cost equation. The table
illustrates that most studies are focused exclusively on transportation and do not take
inventory and facilities into account.

Table 4. Related work with regard to cost structure.

Reference Transportation Inventory Facility Operation

[35] X
[36] X
[37] X
[38] X X
[16] X X
[39] X
[40] X

Summarizing, our contribution closes the research gap by incorporating such critical
strategic transportation network design decisions as mode switch, facility location, and
flow optimization into the MILP model and associated framework. Additionally, the
proposed model approaches the total cost equation holistically, paying specific attention to
the tradeoff between transportation and inventory and considering facility operation cost.
It is also worth mentioning that our framework and the underlying model are tested on
real data provided by one of the largest FMCG companies in the world.

3. Problem under Consideration

The FMCG company under consideration deals with 12 categories of products man-
ufactured by 13 plants in North America. These finished products are sent in domestic
pallets to a mixing center for consolidation. The mixing center performs three main activi-
ties: loading and unloading of trailers, case picking, and pallet exchange from domestic
pallets to export pallets. The mixing center manages approximately 7000 export containers
annually and sends them to 164 customers in 37 Latin American countries via 7 carri-
ers. The resulting supply chain is highly complex, with significant volume and multiple
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touchpoints. Moreover, the North American supply chain is designed and optimized for
domestic shipments, not for export shipments, which creates opportunities to optimize the
end-to-end process for these export shipments to offset the rising global commodity costs,
considering the company’s existing domestic supply chain.

Figure 1 illustrates the current supply chain design. The material flow from the supply
warehouses to the customers’ ports of discharge is subject to optimization. The location
of the mixing center of the FMCG company has crucial relevance, given that this will
determine the inland costs between the supply warehouse and the mixing center and the
freight transportation from the mixing center to the corresponding port of loading. There
are 13 supply warehouses, and they are located in the center and on the east coast of the
United States. Our study aims to confirm if the current mixing center location is optimal or
propose a new location based on the optimization model. There are 6 ports of loading on the
east coast of the country and 41 ports of discharge located in 37 countries in Latin America.
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The total cost of the supply chain incorporates transportation, inventory holding, labor,
warehouse, and stock-out costs. Transportation and inventory holding costs are composite.
The transportation cost includes a combination of different charges related to port expenses,
custom process, administrative fees for customs clearance and technical control, customs
broker fees, terminal handling charges, freight pick-up, freight transport, export charges,
import charges, fuel, and hedging against risk. The inventory holding cost, in its turn,
includes expenses related to storing or holding the products, warehousing, labor, insurance,
and rent.

Besides costs, lead times and service levels are important factors to consider. Lead
time refers to the time between a process’s initiation and finish [42]. Failure to replenish
stock is mostly caused by lead time delays, undermining inventory management and
customer satisfaction. According to Sharman, extended lead times can end up costing the
organization money, and there is a risk of running out of inventory or using unreliable
suppliers [43]. Speed to market is important for companies in a context where competitors
might introduce new products quicker and take market share. The straightforward ways to
reduce the lead time include an increase in order frequency and supply consolidation. The
service level can be defined as the probability that there will not be a stock-out within a
replenishment cycle [24].

Companies naturally try to satisfy as many customers as possible to maximize their
sales and revenue. However, in light of the cashflow scarcity, the service level creates a
tradeoff between the cost of inventory and the cost of stock-out [24]. In most sectors, target-
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ing high service levels is the norm because this is one of the key factors in strengthening
customer loyalty. However, maintaining high inventory levels is costly and risky, given
that products are expensive to buy or produce, they need space to be stored, they expire,
and become obsolete. In addition to costs, lead times, and service levels, the sustainability
and flexibility aspects are essential to consider. The synchromodality naturally improves
flexibility by allowing the mode switch from truck to rail, depending on the flows within
the network and market conditions. In many cases, there is also a congruence between
environmental costs and financial costs related to transportation and logistics. Although
emissions vary significantly across different modes of transportation and operating condi-
tions, faster modes of transport (such as trucks) generally use greater amounts of fuel and
have much larger carbon footprints compared to slower modes of transport (such as ships
and railways) [27]. Our study sees this fact as a “low-hanging fruit”. Synchromodality
allows the switch from trucks to rail and better container utilization through flow consoli-
dation. As a result, the FMCG company has the potential to reduce its carbon footprint and
improve sustainability, saving money simultaneously.

4. Methodology

The conducted literature review and the problem formulation allow us to set the scope,
identify best practices, and select the key variables related to costs, service level, lead time,
flexibility, and sustainability. The methodology is very multifaceted. Figure 2 illustrates
our methodology as a sequential flow. It visually reflects a summary of the process and the
key elements of the resulting framework.
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We start with data analysis and validation of the dataset obtained from the FMCG
company. Then, a center of gravity analysis is conducted on the existing supply chain to
understand whether the current mixing center location is optimal. Next, we take a strategic
view of the supply chain network focused on mixing center location and volume allocation
strategy using a MILP model. After that, the results are presented to the stakeholders as the
innovation that the FMCG company can adopt. Summarizing the quantitative results of
the model as well as the inputs from the stakeholders, we finally develop the framework.

4.1. Data Analysis and Validation

We visualize initial data in Power BI to better understand the current volume flow,
container distribution by port, volume by port of discharge, and the cost perspective.
Power BI is an interactive data visualization software product developed by Microsoft with
a primary focus on business intelligence [44]. The visual data analysis helps to ask the
company clarifying questions and come up with the next steps according to the available
information. Such an analysis is also handy for identifying outliers in terms of ocean freight
cost of containers from North America to different ports of discharge in Latin America.
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4.2. Center of Gravity

One of the key questions for the FMCG company is to identify the optimal location of
the mixing center that is required to send the shipments of different categories to the ports
of loading and, ultimately, to the ports of discharge in Latin America. Therefore, the center
of gravity analysis is applied to provide a recommendation for the mixing center location
and confirm if the current location is suitable for the business. The center of gravity analysis
consists of locating the facility considering the existing facilities, the distance between them,
and the volume of goods to be shipped between them. It involves expressions to compute
the two-dimensional coordinates of the point where the distance between facilities and
their expected volume of transportation activity are minimized (Equation (1)).

Cx =
∑ dix Vi

∑ Vi
; Cy =

∑ diy Vi
∑ Vi

, (1)

where Cx is a horizontal axis (longitude) for the new facility location, Cy is a vertical axis
(latitude) for the new facility location, dix is X coordinate of the existing ith location, diy is
Y coordinate of the existing ith location, Vi is volume of goods transported from the ith
location [45].

The results of the mixing center’s optimal location using center of gravity analysis can
be found in the following section.

4.3. MILP Model

The MILP model formulation follows conventions [46–48] and uses interpretable
notation. The problem formulation incorporates the elements of the uncapacitated facility
location [49], optimal network design [1], and transportation problem [50]. In addition, as
our study aims to provide flexibility to the business, the proposed MILP model incorporates
the mode switch mechanism between trucks and railroads from the supply warehouses to
the mixing center and from the mixing center to the ports of loading. The MILP model is
implemented such that the optimality of the transportation mode depends not only on the
transportation cost but also considers the inventory holding cost with regard to lead time
and the expected service level.

4.3.1. Notation

As the flow synchronization is the key factor in our study, the input variables include:
supply by supply warehouse, demand and standard deviation of demand by port of
discharge, lead time (via truck, railroad, and ocean), cost of running the mixing center,
target service level, review period by port of discharge, and container fill rate by port of
discharge. Both demand and supply are measured in containers. Costs are measured in US
dollars. The notation employed for formulating the model is described as follows.
Sets:

SWs: set of supply warehouses;
MCs: set of mixing centers;
POLs: set of ports of loading;
PODs: set of ports of discharge.

Parameters:

tcSW,MC: truck cost from the supply warehouse to the mixing center;
rcSW,MC: rail cost from the supply warehouse to the mixing center;
tcMC,POL: truck cost from the mixing center to the port of loading;
rcMC,POL: rail cost from the mixing center to the port of loading;
ocPOL,POD: ocean cost from port of loading to the port of discharge;
opc: operational cost associated with mixing centers;
Ce: holding cost;
DPOD: demand at port of discharge;
RPOD: review period at port of discharge;
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σPOD: standard deviation of demand at port of discharge;
k: safety factor that corresponds to the confidence in the data points within a certain
standard deviation value (k = 2.05 based on 98% service level);
LPOD: lead time at port of discharge;
SupplySW: supply at supply warehouse;
OpenMC: binary to reflect an open mixing center;
M: an arbitrary large number to ensure the linking constraints.

Decision variables:

tfSW,MC: truck flow from the supply warehouse to mixing center;
tfMC,POL: truck flow from the mixing center to port of loading;
rfSW,MC: rail flow from the supply warehouse to mixing center;
rfMC,POL: rail flow from the mixing center to port of loading;
ofPOL,POD: ocean flow from port of loading to the port of discharge;
RailOpenSW,MC: binary to reflect an open rail flow from supply warehouse to mixing center;
TruckOpenSW,MC: binary to reflect an open truck flow from supply warehouse to mixing
center;
RailOpenMC,POL: binary to reflect an open rail flow from mixing center to port of loading;
TruckOpenMC,POL: binary to reflect an open truck flow from mixing center to port of loading.

4.3.2. Objective Function and Constraints

Equation (2) represents the total cost equation, which is the objective function to
minimize. The cost structure is composite and includes the transportation cost (tc, tf, rc, rf,
oc, of ), the cost of running the mixing center (opc), and the inventory holding cost (Ce). The
transportation cost consists of the transportation cost from the supply warehouses to the
mixing center and from the mixing center to the port of loading, and the ocean freight cost
from the port of loading to the ports of discharge. The inventory holding cost, in its turn, is
associated with cycle stock, safety stock, and pipeline inventory.

minZ = ∑ tcSW,MC .t fSW,MC + ∑ rcSW,MC .r fSW,MC + ∑ tcMC,POL .t fMC,POL+

∑ rcMC,POL .r fMC,POL + ∑ ocPOL,POD .o fPOL,POD + ∑ opc. OpenMC+

∑ Ce(DPOD . RPOD
2 + k .σPOD + DPOD.LPOD)

(2)

The objective function has to be minimized subject to constraints represented by
Equations (3)–(19).

∑ tcSW,MC + r fSW,MC = SupplySW ; ∀ SW ∈ SWs (3)

∑ o fPOL,POD = DemandPOD ; ∀ POD ∈ PODs (4)

∑ t fSW,MC + ∑ r fSW,MC = ∑ t fMC,POL + ∑ r fMC,POL ; ∀ MC ∈ MCs (5)

∑ t fMC,POL + ∑ r fMC,POL = ∑ o fPOL,POD; ∀ POL ∈ POLs (6)

∑ OpenMC = 1 (7)

∑ RailOpenSW,MC + ∑ TruckOpenSW,MC = 1; ∀ SW ∈ SWs | MC ∈ MCs (8)

∑ RailOpenMC,POL + ∑ TruckOpenMC,POL = 1; ∀ MC ∈ MCs | POL ∈ POLs (9)

r fSW,MC ≤ RailOpenSW,MC M; ∀ SW ∈ SWs | MC ∈ MCs (10)

r fMC,POL ≤ RailOpenMC,POL M; ∀ MC ∈ MCs | POL ∈ POLs (11)

t fSW,MC ≤ TruckOpenSW,MC M; ∀ SW ∈ SWs | MC ∈ MCs (12)
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t fMC,POL ≤ TruckOpenMC,POL M ; ∀ MC ∈ MCs | POL ∈ POLs (13)

t fMC,POL , t fSW,MC ≥ 0 and integer ; ∀ MC ∈ MCs | SW ∈ SWs | POL ∈ POLs (14)

r fMC,POL, r fSW,MC ≥ 0 and integer; ∀ MC ∈ MCs | SW ∈ SWs | POL ∈ POLs (15)

o fPOL,POD ≥ 0 and integer; ∀ POL ∈ POLs | POD ∈ PODs (16)

OpenMC = {0, 1}; ∀ MC ∈ MCs (17)

RailOpenSW,MC, TruckOpenSW,MC = {0, 1}; ∀ MC ∈ MCs | SW ∈ SWs (18)

RailOpenMC,POL, TruckOpenMC,POL = {0, 1}; ∀ MC ∈ MCs | POL ∈ POLs (19)

Equations (3) and (4) balance the problem and prohibit supply over capacity and leave
demand unsatisfied. This type of constraint is also known as the consistency condition [50].
Equations (5) and (6) are the nodal flow conservation constraints. These constraints alge-
braically state that the sum of the flow through arcs directed toward a node equals the sum
of the flow through arcs directed away from that node. Equation (7) ensures that only one
mixing center is open, which will enforce the consolidation. Since we have incorporated
the option of transporting goods by truck or rail from the supply warehouse to the mixing
center and from the mixing center to the port of loading, Equations (8) and (9) are necessary
to ensure that only one mode of transportation is used for a specific lane. The subscript
Open refers to an active site or flow between two sites (supply warehouse, mixing center,
port of loading, or port of discharge). Equations (10)–(13) link the flow volumes with the
facilities. Equations (14)–(19) introduce nonnegativity and domain constraints.

Equation (2) requires a total lead time for pipeline inventory, which is calculated
according to Equation (20).

LPOD = ∑ RailOpenSW,MC.LSW,MC + ∑ TruckOpenSW,MC.LSW,MC

+∑ RailOpenMC,POL.LMC,POL + ∑ TruckOpenMC,POL.LMC,POL

+∑ LPOL,POD ; ∀ SW ∈ SWs | MC ∈ MCs | POL ∈ POLs

(20)

4.3.3. Implementation

The MILP model is implemented using Python 3.11 and Gurobi Optimizer, a state-of-
the-art solver for mathematical programming [51]. The MILP model outputs the value of a
minimal total cost and the optimal solution. The optimal solution consists of integer values
that correspond to the container flow allocation between nodes as well as binary values
that correspond to the mode choice and the choice of a mixing center for consolidation. The
MILP model, a pivotal part of the proposed framework, is tested based on the data provided
by the FMCG company. In this regard, it is important to point out that the FMCG company
deals with a very mature product, so the network is not subject to changes, demand
is quite stable, and the scale of the problem is small with regard to the computational
budget. If another company decides to adopt the proposed framework, the inputs should
be checked for feasibility, and the problem scale should be taken into account. If the
company adopting the proposed framework deals with a significantly larger network, cuts
and various heuristics to boost computation performance should be explored.

5. Results

This section starts with the data collection and analysis. We analyzed the available
information and performed visualizations in Power BI to obtain a perspective on the current
export supply chain of the company. Later, we present the results of the outcome of the
center of gravity analysis and the proposal for the grouping of the ports of discharge. After
that, we present the mixed integer linear programming model and the sensitivity analysis.
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5.1. Data Collection and Analysis

We built visualizations in Power BI to better understand the current volume flow,
container distribution by port, volume by port of discharge, and the cost perspective
(Figure 3). This data analysis helped to ask the stakeholders clarifying questions and
recommend the next steps according to the available information. This analysis was also
helpful in identifying outliers in terms of ocean freight cost of containers from North
America to different ports of discharge in Latin America.
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We also analyzed the cost information, where we found a noticeable increase in prices
of 15% on average compared with the previous year’s negotiation and up to 78% for some
lanes. We also discovered that the increase in transportation rates varies considerably
depending on the lane and the equipment type (Figure A1).

5.2. Center of Gravity Analysis

We performed the center of gravity analysis for the mixing center location and consoli-
dation of shipments to Caribbean islands. In order to recommend the optimal location for
the mixing center, it was necessary to compile the data of the current supply warehouse
and the existing ports of loading. Using the coordinates and the existing volume per facility,
the new optimal location of the mixing center should be close to the ports of loading. The
specific location, according to the center of gravity analysis, is South Carolina, compared to
the existing location of the mixing center in North Carolina.

Considering the current container fill rate of 60%, we proposed a shipping consolida-
tion in one of the islands to increase container utilization. In this case, we also invoked the
center of gravity analysis on the eastern islands of lower volume to recommend consolidat-
ing volume in one island and avoiding inefficient containers that affect the cost and the
traveled distance.

5.3. Modeling Results and Sensitivity Analysis

After implementing and running the MILP model using the Gurobi optimization pack-
age, we obtained the optimal volume flow from the supply warehouses to the mixing center,
from the mixing center to the ports of loading, and from the ports of loading to the ports
of discharge. The model used the current data of volume, costs, lead time, and expected
service level of the FMCG company. The model incorporates critical synchromodal capabil-
ities, including integration, flexibility, efficiency, and sustainability. The integration enables
a holistic approach to supply chain decision-making by allowing decisions regarding mode
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choice, facility location, and flow allocation within the same model. The flexibility in this
model is associated with modes shift and the ability to adjust the transportation flows
within the network. The efficiency is tied to the model’s objective function.

Since the objective function incorporates costs related to transportation, inventory, and
the facility itself, the MILP model optimizes the supply chain design and flow allocation,
taking into account the fundamental tradeoff between transportation and inventory holding
costs. Even though sustainability elements are not incorporated explicitly, they are expected
to be affected by the congruence between environmental costs and financial costs related to
transportation and logistics. For example, the switch from truck to rail, increased capacity
utilization, and improved container fill rate positively affect costs as well as emissions.

In order to analyze the results, we built a visualization dashboard using Power BI
that provides the perspective of the optimal supply chain design. Figure 4 summarizes the
comparison of the current scenario with the optimal one. The comparison considers the
total costs from the supply warehouses to the mixing center, from the mixing center to the
ports of loading, and from the ports of loading to the ports of discharge, as well as inventory
holding cost and the cost of running the proposed mixing center. Similarly, Appendix A
includes additional tabs with more specific information regarding the flow from the supply
warehouse to the mixing center (Figure A2), from the mixing center to the port of loading
(Figure A3), and from the port of loading to the port of discharge (Figure A4).
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The optimal supply chain design discovered using the MILP model will allow the
FMCG company to reduce total costs by 9%. The transportation costs can be reduced by
28% by the change in transportation mode of the inland freight from trucks to rail in certain
routes from the supply warehouses to the mixing center and from the mixing center to
the ports of loading. While this new volume allocation contributed positively from the
transportation point of view, it increased the inventory holding by 60%, which is subject
to a well-known tradeoff between transportation and holding costs [52,53]. Additionally,
due to the switch from truck to rail in certain lanes, the optimal solution also increases
the average lead time by 0.38 weeks from the supply warehouse to the mixing center and
by 1 week from the mixing center to the port of loading. However, overall, the savings in
transportation offset the impact of the inventory holding cost and longer lead time.
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There are multiple variables in the MILP model that supply chain decision-makers
can intervene in, namely, holding cost, transportation cost, and cost related to operating
the mixing center. All of these three factors can improve through negotiation. In addition,
holding costs can be reduced by better warehouse design and upgraded warehouse man-
agement systems. Transportation costs, in turn, can be reduced by upgrading the fleet and
introducing more cost-efficient vehicles. Costs related to operating the mixing center can
be reduced by upgrading equipment and automation.

Given limited company resources, a sensitivity analysis is performed to help decision-
makers prioritize their investments for the most notable supply chain network improve-
ment. For each model iteration, only one variable from the base case is modified to a range
from 50% to 150% of the base case value, while the rest of the variables are kept constant
at the base case value. Figure 5a shows the result of the sensitivity analysis of holding
costs, transportation costs, and mixing center costs. The gradient of lines represents the
sensitivities of variables. The result shows that holding cost SW_MC and mixing center cost
are the most sensitive factors, followed by transportation cost and holding cost POL_POD,
and the least sensitive factor is holding cost MC_POL. It implies that the company should
spend most resources on improving holding costs from the supply warehouse to the mixing
center and reducing the operation cost. Note that the sensitivity analysis lines are not
always straight, which is a sign of nonlinearity. The inflection points represent a change
in route choice, transportation mode, mixing center location, or volume allocation. Ad-
ditionally, the base case MILP model used a truck-to-rail transportation cost ratio of 3,
meaning the transportation cost of a truck is three times as expensive as rail. Therefore,
another sensitivity analysis was conducted to test the robustness of our supply chain cost
with respect to the transportation cost ratio. Figure 5b shows that the change in supply
chain cost decreases as the truck-to-rail transportation cost ratio increases. This behavior
aligns with our expectation as, at a ratio of 3, most of the optimized transportation mode is
already rail, and there is little leeway for the model to switch from truck to rail to further
reduce transportation costs as the ratio increases.
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6. Discussion

Our study was conducted within the framework that addresses such main fac-
tors as cost, lead time, service level, flexibility, and sustainability to help companies
identify the optimal network from the synchromodal standpoint. Figure 6 provides
the graphical representation of the framework and its core components. Even though
our study addressed the supply chain synchronization problem at a specific company,
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the proposed framework can be flexibly adapted to facilitate the decision-making for a
similar multinational company.
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At a high level, our study suggested that significant cost savings could be realized
through synchromodality and optimization in a broader sense. Therefore, we emphasize
that companies must challenge the status quo and leverage optimization models to consider
alternative supply chain network designs. The following subsections shed light on critical
insights, managerial implications, and promising directions for future research.

6.1. Insights and Managerial Implications

The modeling of the MILP to optimize the volume allocation provides versatility for
companies to change assumptions and anticipate the impact of potential adjustments to
the supply chain. When we ran different scenarios, we found that the FMCG company has
an opportunity of reducing by 9% their costs.

We found that in order to optimize the supply chain costs for the FMCG company, it
is essential to focus on a tradeoff between transportation and inventory holding costs. In
the optimal design, the transportation costs were reduced by 28%, mainly by the change
in transportation mode of the inland freight from trucks to rail in certain routes from the
supply warehouses to the mixing center and from the mixing center to the ports of loading.
In addition to the reduction in transportation costs, the introduction of synchromodality
will enhance the flexibility of the FMCG company by allowing a switch between modes of
transportation and enabling dynamic adaptation to changes in demand.

While the optimal volume allocation contributed positively from the transportation
point of view, it increased the inventory holding cost by 60%. In addition, given the supply
chain of the inland freight using rails compared to trucks for certain routes, the optimal
solution also increases the lead time by 0.38 weeks from the supply warehouse to the mixing
center and by 1 week from the mixing center to the port of loading. Nevertheless, the
savings in transportation offset the impact of the inventory holding cost with the increased
lead time.

We also tested the robustness of the supply chain costs with respect to the transporta-
tion cost ratio through sensitivity analysis. We found that the variation in supply chain
cost decreases as the truck-to-rail transportation cost ratio increases. Our results showed
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that holding cost from the supply warehouses to the mixing center and mixing center cost
are the most sensitive factors, followed by transportation cost and holding cost from the
ports of loading to the ports of discharge, and the least sensitive factor is holding cost from
the mixing center to the ports of loading. This fact implies that the company should spend
most resources on improving the holding cost from the supply warehouse to the mixing
center and on decreasing the mixing center operation cost.

6.2. Impacts on Sustainability

In 2020, global greenhouse gas emissions exceeded 50 billion carbon dioxide equiva-
lents [54,55]. Logistics and freight transportation account for approximately 5.5% of all
global carbon emissions. In its turn, over-the-road freight transportation, predominantly
the trucking industry, constitutes more than half of this amount, with ocean freight at
around 17% [56]. Indeed, the concept of sustainability is not limited to greenhouse gas
emissions and encompasses multiple dimensions, including environmental, social, and
economic factors. Even though all these dimensions are essential to creating thriving,
healthy, diverse, and resilient communities for this generation and generations to come,
they are outside of the scope of our study. However, in many cases, there is a congruence
between environmental costs and financial costs related to transportation and logistics.
Although vehicle emissions do vary significantly across different vehicle models and
operating conditions, faster modes of transport (such as trucks) generally use greater
amounts of fuel and have much larger carbon footprints compared to slower modes of
transport (such as ships and railways) [27]. In addition, much of the time, vehicles do
not carry a full load, and capacity underutilization or, simply speaking, moving empty
space also consumes large amounts of fuel. For example, statistics from the EU suggest
that trucks move empty 24% of the time, and only 57% are completely full when carrying
a load [56]. So, both shippers and carriers, as well as the environment, bear the costs of
underutilized capacity.

Our study sees these issues as a “low-hanging fruit”. Synchromodality allows the
switch from trucks to rail and better container utilization through flow consolidation. As a
result, the company can notably reduce the carbon footprint and improve sustainability
by saving money simultaneously. Additionally, apart from mode choices, transportation
performance in terms of costs and emissions is strongly determined by the network design.
In distribution networks, this refers, in particular, to the location of mixing centers or other
transport hubs such as distribution centers or cross-docks [57]. Due to the optimization
of the mixing center location and consolidation of the flow, shipments with different
origins and different destinations will be brought together in a “milk run”, a tour with
shared capacity over some portion of the route. Consolidation leads to a smaller carbon
footprint per shipment compared to sending partially full vehicles directly. Additionally,
consolidation enables the use of larger, more fuel-efficient vehicles for movements between
ports and mixing centers [58].

The container fill rate prior to optimization was 62%. Therefore, the grouping of the
ports of discharge in the Caribbean islands also represents an opportunity for the company
to increase container utilization and reduce the emissions related to inland freight and
ocean transportation. We recommend that the company pays attention to the container fill
rate and consider the consolidation of volume when possible to decrease the costs, reduce
the traveled distance, and ultimately minimize the impact on the environment.

6.3. Synchromodality in Light of Digital Transformation

The pervasive commoditization in the FMPG industry turns logistics capabilities
into a key driver of competitiveness. Operating under demand uncertainty and risks of
disruptions, businesses have to develop such critical capabilities as flexibility, efficiency,
and sustainability by balancing margin-oriented objectives and market responsiveness
in a real-time data-driven setting [59]. It follows the famous Leon C. Megginson quote
paraphrasing Charles Darwin: “It is not the strongest of the species that survives, nor the



Appl. Sci. 2023, 13, 3119 17 of 23

most intelligent, but it is the one that is most adaptable to change” [60]. Therefore, to stay
competitive, companies have to gain the capability to dynamically adjust toward changes
in volume, cost structure, and consumer preferences [61].

Synchromodality provides cost-efficiency through flow consolidation and flexibility
associated with the mode switch, allowing companies to adapt and adjust in a timely
manner. However, the true potential of synchromodality is unlocked if and only if all the
critical stakeholders obtain accurate real-time data, identify weaknesses, and streamline
processes. In this regard, an essential aspect of synchromodality is its connection with
information and communication technologies as well as the ongoing supply chain digi-
talization trend [62]. In light of digitalization, companies are paying particular attention
to emerging technologies and data-centric solutions that enable real-time connectivity,
flexibility, and visibility at a highly granular level [61,63–65]. Emerging digital technologies
such as the Internet of Things, AI, 5G, cloud, and edge computing applied in combination
with synchromodal operations have the potential to revolutionize value chains by closing
gaps between supply chain management, logistics, and transportation.

6.4. Limitations and Directions for Future Research

Given the computational and business process complexity that arises from the multi-
criteria nature of the problem, our study has certain limitations. Although the proposed
solution positively contributes to sustainability, the exact environmental impact still needs
to be quantified by calculating the carbon dioxide equivalent associated with transportation
and inventory lifecycle. In addition, the constraints related to emissions can be incorporated
into the MILP model explicitly. Additionally, the connection between synchromodality,
digital processes, and emerging technologies is a promising direction for future research.

The MILP model, a pivotal part of the proposed framework, has been tested based
on the data provided by the FMCG company. In this regard, it is important to point out
that the FMCG company deals with a very mature product, so the network is not subject to
changes, demand is quite stable, and the scale of the problem is small with regard to the
computational budget. If another company decides to adopt the proposed framework, the
inputs should be checked for feasibility, and the problem scale should be taken into account.
If the company adopting the proposed framework deals with a significantly larger network,
cuts and various heuristics to boost computation performance should be explored because
MILP models are NP-hard [66]. Therefore, we also postulate the analysis of computational
performance as another promising direction for future research.

Additionally, the proposed framework for synchronized supply chain design uses a
deterministic MILP model, which has many limitations in light of real-world uncertainty.
In our case, the FMCG company that provided the data deals with mature products that
have very stable demand. Even though the current model is deterministic, it uses the
standard deviation of demand as one of the inputs making safety stock proportional to
the standard deviation of demand at ports of discharge. However, the stochastic model
has the potential to provide more reliable results and facilitate decision-making in light of
uncertainty. Therefore, the adoption of stochastic optimization [67] is worth exploring in
future research.

Since seminal works emphasize the dynamicity and real-time coordination as crucial
aspects of synchromodality [2,17,31], the proposed framework will significantly benefit
from adopting Bayesian information updating [68], as well as Bayesian decisions [69]. This
modification will allow using model inputs not only based on historical observations but
also by taking into account the real-time situation.

7. Conclusions

Increasing ocean freight costs and volatility have attracted global attention. As a result,
multinational companies are looking to offset the rising cost. In order to approach this
issue, our study proposes a framework for companies to drive synchromodality in their
ocean export supply chain.
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The proposed framework is tested using data from a leading fast-moving consumer
goods company. The supply chain network under consideration is complex and includes
62 nodes, 284 possible arcs, and 6488 container shipments per year. After analyzing ocean
freight costs, we validated a significant price increase of 15% compared to the previous year.
We carried out an initial assessment of the current mixing center location using a center
of gravity analysis. This study concluded that companies could reap financial benefits
by locating a mixing center closer to ports rather than supply warehouses since ports are
notably less scattered than supply warehouses. Next, we developed a MILP model to
recommend mixing center location and shipping routes to optimize overall supply chain
cost, including transportation, inventory holding, and mixing center costs. The rail option
was added to the existing truck option for inland transport from the supply warehouse
to ports of loading. Although having multiple modes of transportation adds flexibility to
the model, the model also proved that incorporating synchromodality in the ocean export
supply chain could reduce the overall cost by 9%.

Considering that the company has many decisions to make along the supply chain
but limited resources on hand, we conducted a sensitivity analysis of the MILP model to
identify the most effective points of intervention. We recommended the company focus
on holding costs at the supply warehouse, followed by transportation costs from ports of
loading to ports of discharge. At the same time, the holding cost at the mixing center and
transportation to the ports of loading appeared to be less sensitive factors.

Even though our study addressed the supply chain synchronization problem at a
specific company, the proposed framework can be flexibly adapted to facilitate the decision-
making. Our study suggested that significant cost savings could be realized through
synchromodality and optimization in a broader sense. Therefore, we emphasize that
companies must challenge the status quo and leverage optimization models to consider
alternative supply chain network designs.

It is important to point out that the FMCG company deals with a very mature product,
so the network is not subject to changes, demand is quite stable, and the scale of the problem
is small with regard to the computational budget. If another company decides to adopt
the proposed framework, the inputs should be checked for feasibility, and the problem
scale should be taken into account. If the company adopting the proposed framework
deals with a significantly larger network, cuts and various heuristics to boost computation
performance should be explored because MILP models are NP-hard.
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