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ARTICLE INFO ABSTRACT

Handling Editor: Xin Tong There has been limited progress in addressing the demand uncertainty inherent over time and the sustainability
impact on food logistics. This paper aims to fill this gap, addresses the sustainability of cold food supply chains,

Keywords: . . . . . . .

Replenishment cycle policy and proposes e.i mlxed-lntegeF programming model to solve a multl-per.lod inventory routing problem.(IRP)

Cold food supply chain under non-stationary stochastic demand, route-dependent costs, and environmental concerns. The study inves-

Inventory routing tigates the replenishment and routing plans to minimise the total expected cost while producing a minimum

CO, emission amount of CO, emission. Due to the uncertainty of demand, we apply the static-dynamic strategy and propose
a mathematical model under the (R, S) replenishment policy to maintain flexibility in ordering decisions under
a pre-determined replenishment schedule. Our numerical experiments suggest that the (R,.S) policy reduces
inventory costs significantly, since it solves the excess inventory issue caused by the higher buffer stock levels
due to the pre-determined order quantities in the (R, Q) policy. However, the resulting CO, emission levels
and routing costs remain similar in both models. Due to the reduced inventory costs, the (R, .S) policy makes
a significant improvement on the total cost. Moreover, our numerical experiments show that the difference
between the cumulative ending inventory levels for the (R, Q) and (R, §) policies increasingly grows as the time
horizon gets longer, and it results in increasingly larger differences in the total cost values for both policies.

1. Introduction products requires additional energy consumption to keep them at

an ideal temperature, resulting in higher CO, emissions (see
The global food system faces pressing environmental sustainability Babagolzadeh et al. (2020)). A well-designed cold food supply chain

challenges, and in addressing these challenges, the food supply chain (CFSC) model is required to manage these costs and CO, emissions.
(FSC) is an area that has received increasing attention. Improved  The need for a practical CFSC model that explores the impact of non-
routing of food logistics can reduce time, costs, and related emissions. stationary stochastic demand on operational decisions of storage and
Over the last years, considerable literature has emerged addressing transportation in CFSCs leads to our motivation here. The proposed
vehicle routing in food logistics. In traditional food logistics, reducing model aims to assist decision-makers in reducing various costs associ-

ated with CFSCs—such as holding, transportation, unit ordering, fixed
replenishment, and refrigeration—while also focusing on CO, emission
reduction.

The well-known Inventory Routing Problem (IRP) offers a frame-
work to address both inventory management and routing challenges.
The NP-hard inventory routing problem handles inventory management
and vehicle routing simultaneously (Jemai et al., 2013). However, a
practical model could be achieved using the IRP. Limited studies have
been conducted on inventory routing problems with non-stationary
stochastic demand consideration. In most existing studies, the proba-
bility distribution function for uncertain demand is considered static.

costs and increasing responsiveness were the primary objectives of a
supply chain network. However, sustainability studies are becoming
increasingly crucial to protect the environment and also to improve
food supply chains’ social and economic aspects (see Bottani et al.
(2019)). Amorim and Almada-Lobo (2014) focuses on environmental
measures of CO, emissions within supply chain models, and Shashi
et al. (2018) states that one of the primary sources of CO, emissions in
a food supply chain is the transportation and inventory activities.
According to the Secretary-General, UN (2019), freight storage and
transportation activities will generate 36% of all permissible emissions
by 2050. Moreover, transporting and storing temperature-sensitive
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However, this does not reflect reality, creating a gap in the litera-
ture when it comes to investigating IRP in a non-stationary stochastic
environment. Soysal et al. (2015) presented a model to handle in-
ventory and routing decisions using the (R,Q) policy. This policy
pre-determines replenishment timing and order quantities before the
start of the planning horizon, and it does not allow enough flexibility in
making replenishment decisions. Moreover, the IRP models considering
CFSCs and environmental concerns have not been widely studied in
the literature. We aim to address this gap and make a significant
contribution to the field. Briefly, in this study, we develop a novel
model to determine the replenishment and vehicle routing plans of
a CFSC with non-stationary stochastic demand by taking routing and
refrigeration costs and total CO, emissions into account.

In this study we employ the (R, S) policy presented by Tarim and
Kingsman (2004, 2006). Using the (R, S) policy, replenishment periods
are determined at the start of the planning horizon, while order quanti-
ties are determined after observing the demand realisations, in a similar
manner to the static-dynamic strategy of Bookbinder and Tan (1988).

We argue that the presented model under the (R, .S) policy provides
a more effective way to deal with non-stationary demand uncertainty.
The aim is to determine the replenishment times, quantities, vehicle
routing plans, and CO, emissions. In the context of non-stationary
uncertain demand, this primary question addressed in this study is
how to optimise inventory management decision while also addressing
environmental concerns in CFSCs. The CFSC setting is a Distribution
Centre (DC) transporting items to a number of retailers, under the
requirement that the inventory levels must satisfy a fixed minimum
service level.

The structure of the rest of this paper is organised in the following
way: In Section 2, we provide a literature review about the IRP and
CFSCs. Then we describe the problem that we consider in Section 3,
introduce the methods that we use to calculate CO, emissions produced
due to transportation and refrigeration activities in Sections 3.1 and
3.2, respectively, formulate our mathematical model in Section 3.3
and introduce the deterministic-equivalent constraints in Section 3.4.
In Section 4, we present our numerical experiments and discuss the
results we obtained. Finally, we conclude our study in Section 5 and
outline several possible directions for future research.

2. Related literature

In this section we review the relevant contributions to identify the
existing research gap and position our study within the existing body
of knowledge. The literature reviewed primarily covers three areas, as
the problem overlaps with these literature streams. Table 1 summarises
the CFSC literature we conduct.

2.1. Sustainable cold food supply chain models

Most existing literature on CFSC pays particular attention to sustain-
ability. This is since preserving the temperature of cold products within
the recommended limits comes at the cost of higher energy consump-
tion and further emission. James and James (2010) studied the impact
of CFSCs on global climate change and discovered that cold storage
facilities account for approximately 50% of carbon emissions in these
chains. According to Waltho et al. (2019), transportation and storage
activities account for more than one-third of the total emission gen-
erated by a CFSC. This prompts an increasing research interest in the
sustainability aspects of CFSCs. Numerous researchers introduced math-
ematical models for CFSC to incorporate environmental considerations
into the traditional supply chain management models. These models
broaden the focus from merely the business aspects of supply chains to
include sustainability issues (Al Theeb et al., 2020, Allaoui et al., 2018).

A review of the relevant literature identifies the parameters to
be measured and lays the groundwork for our work. Studies have
been conducted to determine the CO, emission of an empty vehicle.
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A variety of metrics have been used to evaluate carbon emissions,
including the energy used by vehicles, distance travelled, and load
transferred. Validi et al. (2014), Hsiao et al. (2017), Bottani et al.
(2019), and Babagolzadeh et al. (2020) evaluated carbon emission only
in terms of the quantity of energy that was used by vehicles. Mallidis
et al. (2012), Pan et al. (2013), Soysal et al. (2014), Danloup et al.
(2015), Moheb-Alizadeh and Handfield (2018), Musavi and Bozorgi-
Amiri (2017), Hariga et al. (2017), Zhen et al. (2019) and Li et al.
(2019) calculated an empty vehicle’s emission per unit of distance
travelled. Mallidis et al. (2012), Elhedhli and Merrick (2012), Galal
and El-Kilany (2016), Ghahremani Nahr et al. (2020), Saif and El-
hedhli (2016), Boronoos et al. (2021), and Zarbakhshnia et al. (2019)
calculated carbon emission according to the quantity of load transfer.
As a result, distance and load unit are considered essential factors in
the computation of CO, emission. Authors such as Pan et al. (2013),
Bortolini et al. (2016), Danloup et al. (2015), Chen and Hsu (2015),
Soysal et al. (2014), Musavi and Bozorgi-Amiri (2017), Tordecilla-
Madera et al. (2018), Shamayleh et al. (2019), Jiang et al. (2020)
and Mohebalizadehgashti et al. (2020) computed the carbon emission
by concurrently calculating the distance and the amount of load trans-
mitted. Bozorgi et al. (2014), Bozorgi (2016) analysed transportation
emissions based on the number of fully loaded refrigerated trucks that
travelled during each period, the average load, and the distance trav-
elled for transferring various cold products. Similarly, Moheb-Alizadeh
and Handfield (2018) considered time, distance, and load quantity to be
the critical components of CO, emission. This implies that distance and
load unit are essential factors in CO2 emission computations. Stelling-
werf et al. (2018) adopted a broader perspective. They determined
the fuel consumption in a CFSC based on the load weight, road slope,
distance travelled, and vehicle speed. The carbon emission generated
by the chill transport is also addressed in their study by considering
the amount of fuel used to refrigerate the load. They discovered that
including chill transport emission in their calculations resulted in con-
siderable route adjustments. Galal and El-Kilany (2016) also addressed
the emission of chill transport in their studies, and Fichtinger et al.
(2015) studied the emission of chill inventory management. Chen and
Hsu (2015) and Stellingwerf et al. (2018) were unique in considering
the CO, emissions resulting from opening vehicle doors and unloading
products. However, recent studies such as Zhang and Chen (2014)
suggest that offloading in high-temperature environments significantly
impacts CO, emission. Recently, in order to enhance resilience and
sustainability of food supply chains, Singh et al. (2023) employ the
digital twin technology. Aazami and Saidi-Mehrabad (2021) considers
a multi-level supply chain for perishable products and develop a heuris-
tic. Turan and Ozturkoglu (2022) develop a conceptual framework
for CFSCs. Shi et al. (2022) propose an intelligent green scheduling
system, proposes a multi-objective optimisation model, and an optimi-
sation algorithm for a cold supply chain with deterministic demand,
by taking CO, emission concerns into account. Moreover, Chen et al.
(2022) study a CFSC model with deterministic demand and proposes
an optimal replenishment schedule by considering CO, emissions.

2.2. Cold food supply chain models and demand uncertainty

Uncertainty is an inherent aspect of decision-making in real-world
scenarios. Most supply chain and inventory management research as-
sumes that the demand parameter is known or the probability dis-
tribution is known and static if the parameter is unknown. In other
words, the parameter is stationary stochastic (Zhang and Chen, 2014)
and the safety stock was conveniently determined. Yavari and Geraeli
(2019), Soysal et al. (2015), Zhen et al. (2019), Mohebalizadehgashti
et al. (2020), Galal and El-Kilany (2016), Ghahremani Nahr et al.
(2020), Tamjidzad and Mirmohammadi (2017), Solyal1 et al. (2012),
Torabi et al. (2015), and Amin and Zhang (2013) are among the papers
considering stationary stochastic demand.



S. Jahdi et al. Journal of Cleaner Production 462 (2024) 142615

Table 1
Summary of the CFSC literature review. D, S, and NS represent deterministic, stationary stochastic, and non-stationary stochastic, respectively.

# Author Year Demand Fixed Fixed Linear Penalty  Holding  Empty Load Primary Chill Unloading
type dispatching ordering travel cost/ cost vehicle transferring refrigeration transfer emission
cost cost costs Service travelling  emission emission emission
level emission
1 Al Theeb et al. (2020) 2020 D * P *
2 Allaoui et al. (2018) 2018 D *
3 Amorim and 2014 D *
Almada-Lobo (2014)
4 Bortolini et al. (2016) 2016 D * * *
5 Bottani et al. (2019) 2019 D * P * *
6 Bozorgi et al. (2014) 2014 D * * *
7 Bozorgi (2016) 2016 D * * *
8 Chen and Hsu (2015) 2015 D * *
9 Danloup et al. (2015) 2015 D * * *
10 Elhedhli and Merrick 2012 D *
(2012)
11 Fichtinger et al. (2015) 2015 D * *
12 Hariga et al. (2017) 2017 D * * * *
13 Hsiao et al. (2017) 2017 D * * *
14 Li et al. (2019) 2019 D * * *
15 Mallidis et al. (2012) 2012 D * * * *
16 Meneghetti and Monti 2015 D
(2015)
17 Musavi and 2017 D * * *
Bozorgi-Amiri (2017)
18 Torabi et al. (2015) 2015 D * P *
19 Pan et al. (2013) 2013 D * * *
20 Tordecilla-Madera et al. 2018 D * * * * *
(2018)
21 Saif and Elhedhli (2016) 2016 D * * * *
22 Shamayleh et al. (2019) 2019 D * * * *
23 Soysal et al. (2014) 2014 D * * P * * *
24 Stellingwerf et al. (2018) 2018 D * * * *
25 Validi et al. (2014) 2014 D * * *
26 Zarbakhshnia et al. 2019 D * * *
(2019)
27 Babagolzadeh et al. 2020 S * P * * *
(2020)
28 Jiang et al. (2020) 2020 S * P *
29 Solyal1 et al. (2012) 2012 S * * *
30 Galal and El-Kilany 2016 S * S * * *
(2016)
31 Ghahremani Nahr et al. 2020 S * * P * *
(2020)
32 Amin and Zhang (2013) 2013 S *
33 Moheb-Alizadeh and 2018 S * * * * *
Handfield (2018)
34 Mohebalizadehgashti 2020 S * *
et al. (2020)
35 Yavari and Geraeli 2019 S * * *
(2019)
36 Zhen et al. (2019) 2019 S
37 Soysal et al. (2015) 2015 S * S * *
38 Tarim and Kingsman 2006 NS * P *
(2006)
39 Tarim and Smith (2008) 2008 NS * S *
40 Seth and Pandey (2009) 2009 NS P *
41 Tunc et al. (2011) 2011 NS * * P *
42 Zhang and Chen (2014) 2014 NS S
43 Pauls-Worm et al. (2014) 2014 NS * S *
44 Purohit et al. (2016) 2016 NS * * S *
45 Gutierrez-Alcoba et al. 2017 NS * P *
017)
46 Sinaga et al. (2016) 2016 NS * S *
47 Chen et al. (2022) 2022 D * * * * * * * * *
48 Shi et al. (2022) 2022 D * * P * * * * * *
49 Jahdi et al. 2024 NS * * S * * * * * *

Babagolzadeh et al. (2020) recently proposed a two-stage stochastic
programming model for minimising the economic and environmen-
tal impacts of a temperature-sensitive food supply chain with sta-
tionary stochastic input data. Similarly, Mohebalizadehgashti et al.
(2020) developed a multi-objective mixed-integer linear programming
model and applied several decision trees to analyse stationary un-
certainty. Soysal et al. (2015) presented an optimisation model for
minimising total cost while meeting CO, emission and service level
requirements and uncertain stationary demand. They employed the fuel
consumption parameters for transportation and refrigeration derived
in Barth et al. (2005), Franceschetti et al. (2013), Demir et al. (2012),
Stellingwerf et al. (2018), Bektas and Laporte (2011), and Tassou et al.
(2009) (Soysal et al., 2015) might be the most relevant research re-
garding the extent and objectives; thus, uncertain demand is considered
stationary, and emissions generated by cold facilities are neglected.
Recently, Koseli et al. (2023) combined refrigeration activities with
the IRP model and took CO, emissions generated by refrigeration into
account. Both Soysal et al. (2015) and Koseli et al. (2023) calculated
the CO, emissions using the amount of fuel consumption.

Demand often has a varying probability distribution in practice
(Graves and Willems, 2008). Stationary demand has a static distribu-
tion, though this is not the case with non-stationary demand (Silver,
1973). Zhang and Chen (2014) explain that if the probability distri-
bution is not steady, demand is non-stationary stochastic. However,

research on non-stationary demand in CFSCs is limited, with most stud-
ies focusing on stationary demand. Considering a stationary demand
rather than a non-stationary parameter significantly increases the costs
of a supply chain (Tunc et al., 2011). Therefore, conducting research
on CFSCs with non-stationary stochastic demand is critical.

2.3. Lot-sizing problem with non-stationary stochastic demand

Lot-sizing problem with non-stationary stochastic demand has been
studied by Silver (1973), Bollapragada and Morton (1999), Beyer and
Ward (2002), Zhang and Chen (2014), Ilida (2002), Seth and Pandey
(2009), Tunc et al. (2011), Pauls-Worm et al. (2014), Purohit et al.
(2016), Gutierrez-Alcoba et al. (2017), Sinaga et al. (2016), Tarim
and Smith (2008) and Tarim and Kingsman (2006). These studies
exclude supply chain routing, although inventory management and
vehicle routing significantly impact overall supply chain costs (Beyer
and Ward, 2002). As one of the primary contributions of this study,
we investigate the effect of non-stationary uncertainty on the inventory
management and routing of a CFSC using the (R, S) policy.

2.4. Our contribution and the literature gap addressed

The main contributions of our study could be summarised as fol-
lows: We propose a mixed-integer programming (MIP) IRP model that
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enables significant cost savings for CFSCs, allows flexibility in order-
ing decisions and solves the excess buffer stock and higher holding
cost issue caused by the pre-determined order quantities found by
the (R, Q) policy. Moreover, we incorporate CO, emissions caused by
various refrigeration activities to the non-perishable version of the
inventory routing problem in Soysal et al. (2015) by employing the
findings of Koseli et al. (2023) related to refrigeration. Hence, we
simultaneously cover environmental concerns regarding CO, emissions,
refrigeration and transportation activities, and inventory control under
non-stationary stochastic demand and a service level constraint. Our
aim is to fill this gap in the literature.

3. Problem description

In this paper, we study a single-item cold food supply chain (CFSC)
problem comprised of a single distribution centre and V' > 1 retailers.
The supply chain structure in this study is depicted in Fig. 1. Demand is
stochastic and non-stationary, demand distributions may vary over time
and across retailers, and demand realisations for each retailer i in each
period 1, d;;, are independent random variables with known probability
density functions g;(d;;) and cumulative distribution functions G;,(d;,).
We re-formulate the (R, Q) model developed by Soysal et al. (2015)
according to the static-dynamic (R, S) policy proposed by Tarim and
Kingsman (2004), and extend the model into the cold supply chain case
by taking the total CO, emission concerns into account.

Our motivation to re-model the problem can be explained as fol-
lows: The (R, Q) policy has been one of the most well-known policies
used for handling inventory systems. According to this policy, O units
are ordered as the inventory level is at the reorder point R. Therefore,
the exact timing and quantities of future orders are known to the
suppliers in advance. Soysal et al. (2015) have developed a multi-
period IRP model to compute all inventory and routing decisions under
the (R, Q) policy. Their study aims to find the optimised routes and
replenishment size for retailers in such a way that total expected costs
(including routing and inventory) are minimised. Given that the (R, Q)
policy provides rigid plans at the beginning of the planning horizon,
there would not be any flexibility to develop recourse actions later
to respond to future realisations of demand. To meet these uncertain
demands and to avoid stock-outs under the (R, Q) policy, it is essential
to keep more safety stocks which results in higher inventory holding
costs for the system. Therefore, to deal with these types of uncertainties
dynamically, we employ the (R, S) policy which allows us to develop
recourse actions to be able to deal with such uncertainties as they arise.
The (R, S) policy works in the same manner as Bookbinder and Tan
(1988)’s static-dynamic strategy. According to the (R,S) policy, the
replenishment timings are fixed at the beginning of the horizon. Order-
up-to-levels are also decided at the beginning of the planning horizon.
However, the order quantities are determined later as demand become
known. Thus, the distribution centre knows the timing of future orders
and prepares to fulfil them, although the order quantities are unknown.

Note that some other methods, i.e., the dynamic uncertainty strat-
egy of Bookbinder and Tan (1988) and the rolling horizon approach,
can provide optimal results. not necessarily recommended in practice,
since decisions need to be reviewed each period as the realised demand
value becomes known and the outcome of each decision may need a
set-up in the next period. This approach could require a decision set-
up almost every period (Bookbinder and Tan, 1988). Since we aim to
develop a model which is computationally efficient and easy to im-
plement in practice, and provides near-optimal results while allowing
flexibility in ordering decisions, we apply the static-dynamic strategy
and the (R, S) policy.

We define the problem on a complete graph ¢ = {V, A}, where
VY = {0,...,V} is the set of nodes in which the node O represents
the distribution centre and the remaining nodes represent the retailers,
and A = {(i,j) : i,j,€ V,i # j} is the set of arcs representing the
path between nodes i and j. We also denote V' = {1,...,V} by the
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set of retailers. Items are shipped from the distribution centre to each
retailer over a finite planning horizon of T periods, and using at most
K > 1 available identical vehicles with a known finite capacity C
per vehicle. We define the set of vehicles by £ = {1,...,K} and the
set of periods bt 1 € 7/ = {1,...,T}. We assume that the capacities
of the distribution centre and each retailer are unlimited. The load
carried by vehicle k from retailer i to retailer j, F;,, cannot exceed
the vehicle capacity at any time. The binary variable §;, indicates that
if a replenishment order for retailer i is scheduled at the beginning of
period ¢ or not. S;, denotes the order-up-to level for retailer i in period
t, and the ending inventory level for retailer i in period ¢ is denoted by
I;;. Orders for the same retailer can be shipped by multiple vehicles.
The part of the order for retailer i which is carried by vehicle k is
denoted by Q,;,. The binary decision variable X;;,, indicates if vehicle
k traverses the arc (i, j) in period ¢ or not. In each period ¢, vehicle k
can only travel a single route starting and ending at the distribution
centre, visits retailer i, and carries order for retailer i, i.e., Q;, > 0,
if and only if a replenishment order is scheduled for that retailer,
i.e.,, 6;, = 1. Thus, it is not required to visit all the retailers in each
period, and it is not required to operate all the K vehicles in a single
period. The inventory level for all retailers at the beginning of the
planning horizon, I, is set to be zero. Replenishment lead times are
not addressed in this study. However, lead times could be incorporated
without loss of any generality. There is a service level requirement,
therefore the customer demand in each period and for each retailer
must be satisfied with a probability of at least «. Unsatisfied demand
is backordered in the next period. Items have an indefinite shelf life
and no waste occurs due to perishability. In our problem, we classify
the costs as the inventory, transportation, and refrigeration costs. For
any retailer i, there are three different types of inventory costs: A fixed
setup cost per order which is represented by A; and a variable ordering
cost ¢; which is linear in the order quantity Zszl 0,; are incurred at
the beginning of each replenishment period. In addition, a holding cost
h; which is linear in the inventory on hand is incurred at the end of
period 1. Transportation costs consist of fuel consumption costs and
driver wages. The driver wage per second is denoted by r. Moreover,
the amount of fuel used for cooling the vehicles while transportation
and due to the heat entering while opening the vehicle doors to load or
unload the items result in refrigeration costs. Our aim is to determine
the replenishment periods, order-up-to levels, and shipment routes that
minimise the total inventory, transportation, and refrigeration costs
while producing minimal CO, emissions.

In the following, we explain the procedure that we apply to calcu-
late the total fuel consumption and emissions due to transportation and
refrigeration activities.

3.1. Emissions due to the transportation activities

Since the CO, emissions produced during transportation activities
are caused by fuel consumption, we estimate how much fuel is used. In
order to estimate the fuel consumption, we employ the same approach
as in Soysal et al. (2015) and Koseli et al. (2023). Hence, we estimate
the total fuel consumption as follows:

fi= /1<y(a/f) +rBaf* +ys(u+ F)a>, )

where «a is the distance (m), f is the constant speed (m/s), F is the
load (kg), 4 = &/(xy), y = k,N,V,, v = 1/(1000ew), f = 0.5C;A,p,
s = gsing + gC, cos ¢, k, is the engine friction factor (kJ/rev/l), N, is
the engine speed (rev/s), V, is the engine displacement (1), x is the curb
weight (kg), g is the constant of gravitation (9.81 m/s2), ¢ is the road
angle, C, is the coefficient of aerodynamic drag, C, is the coefficient
of rolling resistance, A, is the frontal surface area (m2), p is the air
density (kg/m3), e is the vehicle drive train efficiency, o is the diesel
engine efficiency parameter, ¢ is the fuel to air mass ratio, « is the
heating value of a typical diesel fuel (kJ/g), and y is the conversion
factor from (g/s) to (I/s). After we estimate the fuel consumption, we
use a conversion factor u in terms of (kg/l) in order to calculate the
amount of the CO, emission produced.
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Fig. 1. Schematic representation of the supply chain network in this study.

3.2. Emissions due to the refrigeration activities

We apply the formulation described in Koseli et al. (2023) to
estimate the CO, emission produced during refrigeration activities. The
energy used to maintain and control the temperature is dependent on
the heat entering through vehicle surface and the heat entered inside
the vehicle when the doors are opened for loading or unloading. Eq. (2)
calculates the total amount of heat (kWh) entering inside a vehicle in
period ¢ through vehicle surfaces:

_ E(i,j)eA ai,injktUSkAT

H,
3.6 % 100 f

w

(2)

Note that we divide the power by 3.6 * 10° to convert Joules (J) to
kilowatt-hours (kWh),t g; ; is the distance between retailers i and j (m),
U is the heat transfer coefficient (W/m2/K), S is the surface area
of vehicle k (m?), and AT is the temperature difference (K) between
the inside and the outside of the vehicle. Eq. (3) calculates the total
amount of heat enters inside the vehicle through the opened doors
during loading or unloading activities:

H, = Z Hixijkt’ 3
(i.))eA
where H; denotes the heat (kWh) entering inside the vehicle through

the opened doors at the location of retailer i. Then we calculate the
amount of fuel consumed for refrigeration, denoted by f,, as follows:

H,+H,
HepPr

where pu, denotes the efficiency for converting the chemical energy
from the fuel to electricity to supply power to the refrigeration system,
H, is the coefficient of performance, and P, is the energy content of the
fuel (kWh/1). Finally, by using the conversion factor u, we calculate the
total CO, emission produced while refrigerating the vehicles.

3.3. Mathematical model

We hereby present the chance-constrained model that formulates
our problem:

min TC = Z z <h,—I; + A;6; +¢;6,(S; — Ii,_1)+> (4a)
eV’ €T

> EZﬁ<y(a,-,-/f>Xu-m+rﬂaf2kar

(i,j))EA keEK teT

+ vs(uXijer + Fijr)aij ) 1 (4b)

+ z zz(aij/f)xijktr (40)

(i.j)eA ke teT

DD (4d)

(i,j))EA keK teT

subject to

Iy=0, ieV. )

1,=8,-d,, i€V, teT. )
z Qui=Sy—1,. i€V eT. @
kex!

S,‘t > Iit—17 i€ V’,I eT. (8)

Sy =TI,y <M, i€V ,teT. ©)

t t
I Ko = Y dy | Py
it = 1 di,r—s+1+di,r—x+2+--‘+d,-',( ) m its
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2 2 D Xy 20, 19
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Note that (x)* = max(x,0) and (x)~ = min(x, 0).



S. Jahdi et al.

The objective function given in Egs. (4a)-(4d) is composed of four
parts: Egs. (4a), (4b), (4c), and (4d) minimises the total inventory,
transportation, routing, and refrigeration costs throughout the planning
horizon, respectively. Constraints (5)-(12) are related to inventory
decisions. Constraint (5) initialises the inventory levels at the beginning
of the planning horizon to zero. Constraint (6) is the inventory balance
equation and reflects that the expected inventory level for each cus-
tomer at the end of each period is equivalent to the expected inventory
level at the beginning of the period subtracting the expected demands
in that period. The expected inventory level at the beginning of periods
could be interpreted as order-up-to-levels or the level that the inventory
could be raised to at the beginning of periods. If there is no replen-
ishment in that period, S;, is considered as the opening stock level.
Constraint (7) states that in each period 7, the sum of all the amount
of order for each retailer i carried by the operating vehicles must be
equal to the order-up-to level for that retailer. Constraints (8) and (9)
ensures if there is no replenishment in period ¢ for retailer i, the order-
up-to level is equal to the opening inventory level. Constraint (10)
is the service level constraint. Note that G;l vl denotes

=541 i —s424-4d;

the inverse cumulative distribution function of the total demand for
retailer i as of period ¢ since the last replenishment in period 7 — s + 1.
Constraints (11) and (12) track the last replenishment. Constraints
(13)—(17) are related to routing and flow control. In particular, con-
straint (13) ensures the flow conservation between nodes. According
to constraint (14), each vehicle can be assigned to at most one route
in each period. Constraint (15) states that the total load decreases
after each retailer is visited. According to constraint (16), the load
on each vehicle cannot exceed the vehicle capacity, and constraint
(17) ensures the total load on each vehicle cannot be non-negative
when returning to the distribution centre. Constraint (15) also performs
as a subtour elimination constraint since the load is monotonically
decreasing after each visit (see Bard and Nananukul (2009), Treitl et al.
(2014) and Soysal et al. (2015)). Finally, constraints (18) and (19)
enforce the total fuel consumption to be non-negative. Recall that f,
in Eq. (19) represents the fuel usage for refrigeration and the notation
is the same as in Koseli et al. (2023).

3.4. Deterministic-equivalent approximation

Since we determine the replenishment schedule before any demand
realisation occurs, we consider a deterministic-equivalent approxima-
tion to the model. Therefore, we replace the stochastic variables .S;;,
I;;, Oy and d, with their expectations ES;, EI,,, EQ;,, and Ed,,
respectively. Then, we re-write the objective function in terms of the
expected total cost as follows:

min ETC = )" 3 (h,.El,.j + A8y + ¢;8;,(ES;, — Eli,_l)+>
eV teT

DD IV <y(aij/f)Xijkr +7baf’ X

(i,))EA kEK teT
+ rs(uXiju + Fijidagj > !

+ Z Zz(aij/f)xijktr

(i,))EA kEK teT

+ Z Z Z S Xija
(i,))EA kEK teT
We finally re-write constraints (5)-(10) and (15)-(16) by replacing the
stochastic variables with their expectations, respectively:

El,,=0, ieV.

Er;

«=ES,—Ed,, ieV, teT.

Y EQy =ES, -El,_,, i€V, teT.

kex!
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Table 2

Input parameters for the experiments.
Input parameters Values
Fixed setup cost (A) {10, 25, 100}
Unit ordering cost (c) {0.05, 0.1}

Unit holding cost (h) 0.06
Service level (a) {0.95, 0.975}

Coef. of variation {0.05, 0.1, 0.2}
Vehicle speed (f) 80 km/h
Number of vehicles (K) 2
Vehicle capacity (C) 4 tonnes
Planning horizon (T) 8

ES, >El,,, i€V, teT.

it = i

ES;, —EI,_, <Ms¢;,, i€V, teT.

m=t—s+1

t t
—1 . /
Bl > 21<Gdi‘zx+l+d:.zs+2+-..+d,;, (@) - Z Edi"’>f’i’3" ieV.teT.
5= ’

JEV.i#]

Fije < CXjjiy —EQyyy,

JEV.i#]

i,HheAkekteT.
4. Numerical study

In this section we discuss the numerical experiments that we con-
ducted to test and evaluate our model, and compare the (R,.S) model
we propose with the (R, Q) model presented by Soysal et al. (2015).
In order to find the order-up-to levels, the replenishment periods,
and the vehicle routes, we implemented both models using IBM ILOG
CPLEX 22.1.0 software. We then performed simulation runs of 10,000
replications using MATLAB to find the order quantities and to measure
the service levels that we achieved. We conducted our numerical
experiments on a Macbook Pro with an Apple M1 Max 10 core CPU
and a 64 GB RAM.

4.1. Experimental design

In our experimental study, we consider various combinations of
demand patterns, fixed setup and unit ordering costs, service levels,
coefficient of variations, fuel prices, and vehicle speeds. In total, we
observe the performance of our model for 146 instances. We then use
a refrigeration cost added version of the (R, Q) model of Soysal et al.
(2015) without perishability, referred to as M in that paper and we
will refer to as RQ in our paper, as a benchmark to our (R,.S) model
which we will refer to as RS, and make comparisons between these two
models in terms of CO, emissions, costs, cumulative order quantities
and safety stocks, service levels, vehicle routes, and the number of
vehicles used. We generate instances in which the fixed setup cost
takes values from the set A € {10,25,100} and the unit ordering
cost takes values from the set ¢ € {0.05,0.1}. In our instances, we
consider the service levels to be taken from the set « € {0.95,0.975}.
We assume that there are K = 2 identical vehicles with a capacity of
C = 4000 kg which operate between V' = 4 retailers and a distribution
centre in a finite planning horizon of T = 8 periods. The fuel price
is I = 1.7 Euros per litre and all the vehicles has an average speed
of f/ = 80 km/h. We also test the base case for / = 1.2 and f =
40 We then test our model on a larger instance in which V' = 11,
K =2, and C = 15000. All these parameter values are summarised in
Table 2. Moreover, we run the numerical experiments for 4 normally
distributed different demand sets with the coefficients of variations
taking values from the set cv € {0.05,0.1,0.2}. We consider random,
seasonal, cyclic, and stationary demand distribution patterns for each
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Table 3
Demand patterns and parameters.
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Demand patterns Retailers Period
1 2 3 4 5 6 7 8
1 900 400 1000 600 500 1400 1300 300
Random 2 1400 1200 1700 1200 800 1100 1500 1800
3 500 500 1250 600 1300 600 1000 1900
4 1050 900 1500 1100 800 700 900 900
1 400 600 900 1000 1400 1300 500 300
Seasonal 2 1200 1200 1400 1700 1800 1500 1100 800
3 500 500 600 1250 1900 1300 1000 600
4 400 500 1100 2500 2200 1600 800 600
1 400 900 1000 600 500 1400 1300 300
Cvelic 2 1200 1400 1700 1200 800 1500 1800 1100
Y 3 500 600 1250 500 600 1300 1900 1000
4 500 2500 1100 400 800 2200 1600 600
1 800 800 800 800 800 800 800 800
Stationar 2 1350 1350 1350 1350 1350 1350 1350 1350
y 3 950 950 950 950 950 950 950 950
4 1200 1200 1200 1200 1200 1200 1200 1200
retailer. We refer to these demand patterns as the demand set 1, 2, 3, Table 4
and 4, respectively. In order to construct our demand set 1, we take the Vehicle and emission parameters.
base case demand set of Soysal et al. (2015) for the first 4 periods and Notation Description Value
the demand set 1 of Soysal et al. (2015) for the last 4 periods of our u Emission conversion factor (kg/1) 2.63
planning horizon. Since our aim is to observe the differences between 4 Fuel-to-air mass ratio 1
the performances of RQ and RS in a long enough planning horizon and a K Heating value of a typical diesel fuel (kJ/g) 44
large enough retailer set rather than in a larger retailer set, and in order v Con.versm'n 'factor (g/D 737
to speed up the computation, we take V' = 4. Since the computational ke Eng%ne friction factor (kJ/rev/1) 02
. . . . N, Engine speed (rev/s) 33
requirements increasingly grows as V' gets larger, we consider a subset v Engine displacement (1) =
of their retailer set and only take the first 4 retailers for our base pe Air density (kg/m?) 1.2041
case study and sensitivity analysis. We then sort the same demand A, Frontal surface area (m2) 3.912
means to obtain our demand sets 2, 3, and 4. Table 3 summarises the " Curb-weight (kg) 6350
demand distribution means for each demand pattern, retailer, and pe- g Gravitational constant (m/s2) 9.81
riod. Finally, we perform another numerical experiment by running our @ Road angle 0
model for different planning horizon lengths to analyse the relationship Cy Coefficient of aero dynamic drag 0.7
between the planning horizon length and the cumulative safety stock 1o CoefflmenF of r°1_1mg resistance 0.01
differences between RS and RQ. In this study we consider the same € Vehicle drive train efficiency ) 0.4
vehicle and emission parameter settings as of Soysal et al. (2015) and ;” Efﬁ?en.cy paraln.nteteg;)r diesel engines (1)3
. . . . . ue rice per litre .
the same refrigeration parameter settings as of Koseli et al. (2023). , DriveIr) wagi €/s) 0.003
Table 4 illustrates the values for the vehicle and emission parameters, -
and Table 5 illustrates the refrigeration parameter values, respectively.
Table 6 shows the distances between the distribution centre and each Table 5
retailer. We use the same distance set as in Soysal et al. (2015) in our Remger_amm parameters. —
study. Note that we consider the retailers 5-11 only in the extended Notation Description Value
case. Sk Surface area for the vehicle k 165
(m?)
4.2. Base case results AT Temperature difference (K) 18
- U Heat transfer coefficient 0.7
. . . . . (W/m?/K)
This section provides a numerical example in order to measure the " The chemical to refrigeration 0.3
performance of our (R, S) model RS. As the base case of our study, we energy conversion efficiency
consider the scenario in which the demand pattern is random, the fixed H, Coefficient of performance 0.67
setup cost is A = 25, the unit ordering cost is ¢ = 0.1, the service level is P, Energy content of the fuel 8.8
a = 0.95, and the coefficient of variation is cv = 0.1. We hereby present (kWh/1)
the results of the base case scenario and compare the performance of RS H, Heat entering during service 4

with RQ, in terms of total cost, CO, emissions, vehicle routes, service
levels, and cumulative safety stock levels.

Recall that using the deterministic-equivalent model, we determine
the replenishment cycle plan, the routes, and the assigned vehicles.
We then determine the order quantities by observing the realised
demand and the actual inventory state. For the base case, Table 7
summarises the optimisation results. As seen from Table 7, the routing
plan proposed by RS has a 32.27 h of total driving time which is
slightly less than that of RQ, 34.58 h. Since we assume the vehicle
speed is constant, the routing policy of RS leads to a lesser amount

time at stop i (kWh)

of total distance travelled. Hence, RS results in a lower total fuel cost
due to the transportation activities, 808.20, in comparison to 861.37
found by RQ. Similarly, the total wage paid to the drivers is less
in RS than in RQ, 348.48 vs 373.42. The lesser amount of the total
travelling distance reduces the total fuel consumption to refrigerate the
vehicles, and the refrigeration cost calculated by RS is 165.38 which
is less than the refrigeration cost of 172.73 incurred by RQ. Since the
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Table 6
Distances between the nodes (km). Retailers 5-11 are used in the extended case.
DC 1 2 3 4 5 6 7 8 9 10 11
DC 0 67 89.2 126 78.1] 70.6 106 66.3 64.4 156 151 35.5
1 73.2 0 154 191 143 144 141 101 74.3 166 176 61.5
2 70.8 136 0 65.9 62.9 113 158 118 126 218 212 97.2
3 126 192 69.5 0 98.9 171 233 193 182 274 268 153
4 78.4 144 63.2 99.7 0 123 185 145 134 226 220 105
5 70.9 144 105 163 115 0 50.2 58.4 120 155 220 105
6 106 131 161 222 175 50.9 0 41.6 75.3 105 199 84.4
7 66.5 91.2 121 182 135 58.2 40.1 0 35.3 117 159 44.4
8 67.4 149 185 137 92.7 0 74.4 34.5 0 92.1 120 34.8
9 158 166 239 276 228 155 106 116 92.4 0 69.6 126
10 150 176 232 268 220 221 192 152 119 70 0 119
11 35 60.3 116 153 105 106 83.6 43.7 30.6 123 118 0
Table 7
Summary of the base case optimisation results.
Model  Emission (kg)  Driving time  Transportation fuel cost ~ Refrigeration cost =~ Total wage  Total routing cost  Inventory cost  Total cost
(R,S) 1506.19 32.27 808.20 165.38 348.48 1322.06 4923.38 6245.44
(R,Q0) 1599.81 34.58 861.37 172.73 373.42 1407.52 5341.30 6748.82
Table 8
Summary of the base case simulation results, 10,000 reps.
Model Total routing cost Avg inventory cost Avg total cost 95% CI for avg total cost
(R, S) 1321.95 4939.32 6261.27 [6260.61, 6261.94]
(R,0) 1407.52 5339.88 6747.40 [6743.45, 6751.35]
Table 9
The replenishment plan and the order-up-to levels for the base case.
Retailer Period
1 2 3 4 5 6 7 8
Replenishment periods
1 1 0 1 0 0 1 0 1
2 1 1 1 1 0 1 1 1
3 1 1 1 0 1 0 1 1
4 1 1 1 1 1 1 1 0
Order-up-to levels
1 1462 562 2309 1309 709 3049 1649 349
2 1630 1397 1980 2237 1037 1281 1747 2096
3 1082 582 2078 828 2136 836 1165 2213
4 1281 2911 582 466 1863 2562 1565 765

total routing cost consists of the transportation, refrigeration and wage
costs, RS leads to a lower amount of total routing cost compared to
RQ which are 1322.06 and 1407.52, respectively. Moreover, since CO,
emissions occur as a result of fuel consumption, it is directly related to
the total fuel cost. Therefore, our RS model generates a lesser amount
of CO, emission of 1506.19 kg in comparison to 1599.81 kg of RQ.
The deterministic-equivalent solution results in a total inventory cost
of 4923.38 and 5341.30 according to RS and RQ, respectively. Thus,
the total deterministic-equivalent cost is 6245.44 for RS and 6748.82
for RQ.

Table 8 presents a summary of the simulation results. According
to Table 8, the average inventory cost over 10,000 replications is
4939.32 for RS and 5339.88 for RQ, which are very close to the
deterministic-equivalent inventory cost values. Notice that even though
all the routing decisions are pre-determined and is not affected by
random demand realisations, there is a slight difference of 0.11 in total
routing costs between the optimisation and simulation results. This is
due to the amount of vehicle load depends on order sizes and the fuel
consumption is affected by the amount of vehicle load. In Table 11,
the achieved service levels for each retailer and in each period are
given, and both RS and RQ are sufficient to meet the 95% service level
requirement.

The resulting ordering policy found by RS is given in Table 9. In
the Replenishment Periods section, 1 indicates there is a replenishment
order and O states that there is no ordering. For instance, for retailer
1 the replenishment periods are 1, 3, 6, and 8. At the beginning of
each replenishment period ¢ for each retailer i, the actual inventory
starting inventory level I;,_, is observed and an amount of order that
is sufficient to meet the order-up-to level S;, is placed. If ¢ is not a
replenishment period, even if I;,,_; is less than .S}, no order is placed.
Similarly, if there is sufficient inventory to meet S;, at the beginning of
replenishment period 7 no order placement occurs. Unlike RQ and as a
result of the static-dynamic strategy, there is a flexibility in ordering
decisions such that order quantities depend on the actual inventory
level and are determined after the demand realisations. Table 10 visu-
alises the order quantities and the ending inventory levels for the base
case and with respect to both RS and RQ. The order quantities in RS
are determined according to the ordering policy while in RQ they are
pre-determined and cannot be changed as demand is realised.

In Table 12, the assigned routes for each vehicle and the number
of assigned vehicles in each period with respect to RS and RQ are
given. Except in periods 1, 3, and 7, both RS and RQ propose the
same routes even though the assigned vehicles might differ. While RS
suggests employing only Vehicle 2 in period 7, RQ suggests employing
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Table 10

The order quantities and the ending inventory levels for the base case.
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Policy  Retailer  Order quantities Ending inventory levels
Period Period
1 2 3 4 5 6 7 8 0o 1 2 3 4 5 6 7 8
1 1462 0 2147 0 0 1487 1663 0 0 562 162 1309 709 209 1649 349 49
(R.S) 2 1630 1167 1783 1957 O 1044 1566 1849 0 230 197 280 1037 237 181 247 296
? 3 1082 0 1996 0 1908 0 929 2048 0 582 82 828 228 836 236 165 313
4 1281 2730 171 384 1797 2299 1203 O 0 181 411 82 66 263 362 765 165
1 1462 O 2202 0 0 1487 1663 O 0 562 162 1364 764 264 351 714 414
(R.0) 2 2179 724 1810 2063 O 1148 1542 1873 0 779 303 413 1276 476 524 566 639
? 3 1116 0 1990 O 1992 0 1037 2011 0 616 116 856 256 948 348 385 496
4 1281 3276 0 404 1670 2312 1421 0 0 181 957 457 461 531 643 1264 664
Table 11
Achieved service levels (%), a = 0.95, 10,000 reps.
a-Service levels
Policy Retailer Period
1 2 3 4 5 6 7 8
1 1.0000 0.9493 1.0000 1.0000 0.9489 1.0000 0.9655 0.9740
(R.S) 2 0.9512 0.9469 0.9486 1.0000 0.9496 0.9495 0.9526 0.9513
? 3 1.0000 0.9662 1.0000 0.9507 1.0000 0.9501 0.9491 0.9521
4 0.9532 0.9494 0.9597 0.9527 0.9492 0.9531 1.0000 0.9529
1 1.0000 0.9493 1.0000 1.0000 0.9460 0.9479 0.9973 0.9468
(R.0) 2 1.0000 0.9469 0.9476 1.0000 0.9462 0.9514 0.9480 0.9478
? 3 1.0000 0.9462 1.0000 0.9486 1.0000 0.9510 0.9494 0.9497
4 0.9532 1.0000 0.9482 0.9470 0.9469 0.9479 0.9994 0.9505
Table 12
Assigned routes for each vehicle and the number of assigned vehicles.
Routes
Period
Policy Vehicle 1 2 3 4 5 6 7 8
(R.S) A% 0-1-0 - 0-1-0 - 0-4-3-0 0-4-2-0 - -
? V2 0-4-3-2-0 0-4-2-0 0-4-3-2-0 0-4-2-0 - 0-1-0 0-4-3-2-0 0-3-2-0
(R.0) Vi 0-1-4-0 - 0-1-0 - 0-4-3-0 0-4-2-0 0-4-3-2-0 0-3-2-0
’ V2 0-2-3-0 0-4-2-0 0-3-2-0 0-4-2-0 - 0-1-0 0-1-0 -
. . (R, S) 2 1 2 1 1 2 1 1
No of vehicles vs policy (R.0) 9 1 9 1 1 9 5 1

both vehicles. In both RS and RQ, the same number of vehicles are
employed for all the other periods.

Table 13 shows that RQ yields a greater number of cumulative
order quantities and ending inventory levels compared to RS due to
its static nature. Thus the unit ordering and inventory holding costs
are higher in RQ. Moreover, since the amount of vehicle load affects
the fuel consumption it is possible that the larger amount of order size
might increase the fuel consumption and the total CO, emission. On
the contrary, the flexibility in order size decisions in RS allows lower
number of cumulative order quantities and ending inventory levels,
hence lower inventory costs. We will provide a detailed analysis on the
relationship between the planning horizon length and the cumulative
ending inventory levels and order quantities in Section 4.5.

4.3. Performance of the (R, .S) model

We hereby conduct an extensive sensitivity analysis and compare
the performance of RS with RQ under various parameter settings and
scenarios. Table 14 summarises the average percentage increases of RQ
above RS, i.e., 100(RQ/RS — 1) in terms of costs, cumulative order
sizes and ending inventory levels, and CO, emissions. We observe from
Table 14 that in all the instances, RS has a significant advantage over
RQ in terms of total cost. The average total cost by RQ was calculated

to be 9.35% worse than RS with a 95% confidence interval of [8.43,
10.26]. Although the average total routing costs for both models are
similar, the average inventory cost is 12.55% higher for RQ than that of
RS, as a result of higher inventory holding and variable ordering costs
caused by the accumulated ending inventory and larger order sizes.
This observation explains why RS performs better than RQ in terms
of total cost. On average, the cumulative ending inventory levels in RQ
are 52.76% greater than in RS and the cumulative order quantities are
found to be 4.82% greater in RQ compared to in RS. In other words, the
inventory holding costs and the total variable ordering costs are 52.76%
and 4.82% greater in RQ than in RS. The amount of CO, emission is
in line with fuel consumption, therefore both models generate similar
levels of emission and have similar environmental impact. Even though
RQ generates 0.54% more CO, than RS, we cannot conclude that RS
has less environmental impact or vice versa since the 95% confidence
interval is [-0.19, 1.27]. The performance of RS over RQ is similar for
all the 4 demand sets in terms of routing costs. However, RS performs
better than RQ in terms of total cost and inventory costs with similar
levels of percentage differences for all the demand patterns. In case of
the cyclic demand pattern, RS tends to have less environmental impact.
For all the other demand patterns, the environmental impact is similar.
The effect of a on the general performance of RS over RQ is similar
between each « values, and also similar to the overall performance
results. RS performs better than RQ in terms of total cost and inventory
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Table 13
Comparison of the cumulative order quantities and ending inventory levels.
Policy Period
1 2 3 4 5 6 7 8
Cumulative order quantity
(R, S) 5455 9352 15449 17790 21495 27678 31376 35273
(R,0) 6038 10038 16 040 18507 22169 27116 32779 36663
Cumulative Ending Inventory
(R,S) 1555 2407 4906 6946 8491 10919 12445 13268
(R,0) 2138 3676 6766 9523 11742 13608 16537 18750
Table 14

Average percentage increases of RQ above RS (i.e. 100 x (RQ/RS — 1)). All the other parameter values of the instances marked with (*) are the same as of the base case.

Parameter Avg Avg emission Avg cum Avg cum Avg cum Avg inv cost Avg transport Avg refrg Avg total Avg total Avg total Avg total
emission  95% CI order ending end fuel cost fuel cost wage routing cost  cost cost 95% CI
quantity  inventory inv + ord
Overall 0.54 [-0.19 1.27] 4.82 52.76 18.84 12.55 0.63 0.12 0.49 0.52 9.35 [8.43, 10.26]
Random 1.45 —0.22, 3.12] 4.46 51.96 19.27 11.88 1.55 1.00 1.66 1.51 9.41 7.49, 11.34]
Cyclic 1.67 0.21, 3.13]  5.66 52.16 19.12 13.04 1.92 0.42 1.79 1.70 9.99 8.06, 11.93]
Seasonal -0.79 —2.48, 0.90] 4.87 52.29 18.53 13.12 -1.00 0.33 -1.12 -0.88 9.31 7.49, 11.26]
Stationary ~ —0.19 —0.81, 0.43] 4.29 54.63 18.42 12.16 0.03 -1.27 —0.36 -0.23 8.68 7.08, 10.28]
=095 0.19 —0.75, 1.13] 4.40 51.13 17.61 11.66 0.28 —0.21 0.17 0.18 8.58 7.40, 9.76]
a=0975 0.88 —0.24, 2.00] 5.25 54.39 20.07 13.43 0.97 0.45 0.82 0.86 10.11 8.74, 11.49]
cv =005 —1.24 —2.50, 0.02] 2.05 38.91 9.64 6.46 —1.24 -1.18 -1.35 -1.27 4.18 3.81, 4.55]
cw=0.1 0.79 —0.21, 1.79] 4.17 50.30 16.87 11.12 0.89 0.35 0.92 0.82 8.33 7.59, 9.07]
=02 2.06 0.72, 3.40]  8.25 69.10 29.91 20.06 2.23 1.19 1.91 2.02 15.54 14.28, 16.79]
A=10 1.71 0.61, 2,81]  5.31 65.02 20.41 16.35 1.79 1.38 1.64 1.69 11.83 10.10, 13.56]
A=25 1.16 —0.33, 2.66] 5.14 58.91 19.74 13.75 1.17 1.16 1.09 1.14 10.24 8.73, 11.74]
A =100 -1.27 —2.27, 0.27] 4.02 34.35 16.36 7.54 -1.08 —2.18 -1.25 -1.26 5.98 5.07, 6.89]
=005 0.47 —0.53, 1.48] 4.79 52.29 18.69 14.23 0.56 0.08 0.42 0.46 10.07 8.68, 11.46]
c=0.1 0.60 —0.47, 1.67] 4.85 53.23 18.98 10.86 0.69 0.16 0.57 0.59 8.62 7.45, 9.80]
Base Case 6.22 - 3.71 39.71 13.61 8.11 6.58 4.44 7.16 6.46 7.76 -
I=12* —4.77 - 3.78 102.41 23.72 11.18 —4.08 -8.17 -3.75 -4.43 8.07 -
f = 40* -2.03 - 3.71 63.55 20.16 10.47 -1.08 —5.66 —0.86 ~1.54 7.42 -
cost for all the coefficient of variation values. As the coefficient of Table 15
variation increases, RS has a tendency to generate less CO, emission Demand parameters for the extended case.
and to incur less routing cost compared to RQ. For cv = 0.2, RS leads Retailers Periods
to produce less emission than RQ, and incurs less number of total 1 2 3 4
routing cost. Moreover, as the coefficient of variation increases, the 1 900 400 100 600
percentage cumulative ending inventory and order size increases of 2 1400 1200 1700 1200
RQ above RS gets larger, so RS proposes a much better solution in 3 500 500 1250 600
terms of order quantities and ending inventory levels, and inventory 4 1100 2500 500 400
costs. The average percentage difference in total cost increases from 5 1050 900 1500 1100
4.18 and to 15.54, yielding a much better total cost improvement since 6 1200 500 400 1400
the confidence intervals for each coefficient of variation do not overlap 4 800 700 500 500
each other. In contrast to the coefficient of variation, as the fixed 8 1900 400 300 1300
i : h diff ¢ ’ S d 9 800 400 700 1300
setup 1ncrea.ses the percentag.e ifferences o }.KQ oYer RS tend to 10 1100 1600 400 300
decrease. Despite the total cost incurred by RS still being lower than 11 2600 3200 2500 3200

by RQ, reducing A results in much better cost improvement and lower
number of accumulated ending inventory levels and ordered items.
While RS generates less CO, emission for A = 10, both models tend
to generate similar levels of emission for the larger fixed setup cost
values. As the unit ordering cost ¢ increases, the percentage total cost
increase of RQ above RS tend to decrease, but we cannot conclude that
it decreases since the confidence intervals overlap. For both the unit
ordering cost parameters ¢ = 0.05 and ¢ = 0.1, the total cost and the
order quantities are lower in RS than in RQ. As ¢ increases, the changes
in the percentage increases will not be significant. Finally, decreasing
the fuel price to / = 1.2 and the vehicle speed to f = 40 leads to poorer
RS performance over RQ in terms of the average routing costs and the
emissions, compared to the base case.

Note that due to the higher holding costs incurring in RQ, RS
outperforms all instances in terms of total cost. However, since RQ
is based on the static uncertainty strategy of Bookbinder and Tan
(1988), it might be more suitable for such cases in which a considerable
preparation is required before the time horizon begins (see Bookbinder
and Tan (1988)). In addition, since RS outperforms RQ in all instances
since it reduces the excess ending inventory and the inventory costs,
there is no threshold or certain critical values that would change the
superiority of RS over RQ.
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4.4. Modified larger case study

In order to test the performance of our model for larger network
setting, we have increased the number of retailers to V' = 11. For this
case, we use the demand pattern given in Table 15 and we extend the
distance matrix provided in Table 6 so as to include the retailers 5-11.
Since the total load on all vehicles might increase as V or T grows, we
need to increase K or C. For convenience, we employ K = 2 vehicles
with a capacity of C = 15000 and set the time horizon as T = 4 periods.
The demand pattern and the retailers given in Table 15 are the same
as the base case demand set of Soysal et al. (2015).

Increasing the number of retailers or increasing V' while keeping the
total capacity the same greatly increase the size (number of constraints,
decision variables, etc.) and the complexity of the model. Therefore, it
would take too much time to perform the numerical experiment for
all the instances in the previous numerical study. Increasing K without
changing C has no effect on the routes, costs, etc, and many vehicles
would stay intact. Moreover, the in the larger case we obtained similar
results to the base case.
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Table 16
Summary of the extended case optimisation results.
Model Emission (kg) Driving time (h) Transport fuel cost Refr cost Total wage Total routing cost Total inv cost Total cost
(R, S) 1363.10 26.99 748.24 132.84 291.49 1172.57 5286.72 6459.29
(R,0) 1370.80 26.99 753.02 132.84 291.49 1177.35 5558.83 6736.18
Table 17
Assigned routes for each vehicle and the number of assigned vehicles for the extended case.
Routes
Policy Vehicle Periods
1 2 3 4
(R, S) A2} 0-1-8-9-10-0 0-11-4-2-0 0-1-11-7-5-2-3-0 -
V2 0-11-7-6-5-2-3-4-0 - - 0-11-8-9-6-5-0
(R,0) V1 0-11-7-6-5-2-3-4-0 - - -
V2 0-1-8-9-10-0 0-11-4-2-0 0-1-11-7-5-2-3-0 0-11-8-9-6-5-0
No of vehicles vs policy (R,S) 2 1 1 1
(R,0) 2 1 1 1
Table 18
Comparison of the cumulative order quantities and ending inventory levels for the extended case.
Policy Period
1 2 3 4
Cumulative order quantity
(R, S) 23152 30902 42385 50658
(R,0) 23433 31836 43828 52591
Cumulative ending inventory
(R, S) 23152 65712 71697 74055
(R,0) 23433 68 860 76288 80579

Tables 16 and 17 give the deterministic-equivalent optimisation
results and the routing decisions for the larger case, respectively. In
general, the performance of RS over RQ is similar to the base case. As
seen from Table 17, both models propose the same routes and employs
the same number of vehicles, although the assigned vehicles for a
particular route might be different. Hence, both models offer the same
total driving time, refrigeration cost, and total wage. There is a minor
difference between the transportation fuel costs caused by the amount
of vehicle load since RQ has larger order quantities compared to RS,
as provided in Table 18. In addition, the number of cumulative ending
inventory levels is about 8.81% greater in RQ than in RS, and it is less
than the base case in which the percentage difference is 41.31% (see
Fig. 2).

4.5. Planning horizon length vs cumulative ending inventory and order size

We hereby analyse the relationship between the length of the plan-
ning horizon and the difference in the cumulative ending inventory
levels found via RS and RQ. In order to analyse that relationship, we
extend the planning horizon to T' = 40 periods. We consider the demand
set 1 and modify it such that after every 8 periods the 8-period demand
mean sequence is recurring. As seen from Fig. 1, the increase rate of
cumulative ending inventory levels for RQ is greater than that of RS.
Therefore, as t increases the difference between the cumulative inven-
tory levels for both models increases. Hence, the percentage differences
increase. For instance, when ¢ = 8, the cumulative ending inventory
levels for RS and RQ are found to be 15684 and 20408, respectively,
with a percentage difference of 30.12%. These values become 40014,
69381, and 73.39% for + = 20. At the end of the planning horizon
when ¢+ = 40, we obtain the cumulative ending inventory levels of
172595 for RQ and 76543 for RS, and a percentage difference of
125.49%. This phenomenon is the main factor that makes the model
of Soysal et al. (2015) find high inventory holding and total inventory
costs compared to our (R,.S) model. Therefore, we can conclude that
the static-dynamic structure of RS helps avoiding placing unnecessary
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orders and holding unnecessary items in the inventory. On the contrary,
even though RQ calculates larger order quantities than RS in most
periods, the percentage differences in the order quantities between RQ
and RS do not differ significantly, as seen in Fig. 1. The percentage
difference is 4.31% when ¢ = 8, while it is 2.91% for ¢t = 20 and 2.36%
for ¢t = 40.

In this study, a planning horizon with T' = 40 periods has been taken
to represent a long enough planning horizon in which the differences
between the ending inventory levels in RQ and RS are significantly
large. Although a 40-period planning horizon being taken as more of a
theoretical exercise, it also applies in medium-term tactical planning
or long-term strategic planning, etc., (see Okongwu et al. (2016)),
depending on the cold supply chain structure.

5. Concluding remarks and managerial insights

We have studied a cold supply chain model with refrigerated vehi-
cles, multiple retailer, and a single distribution centre. We formulated
the problem as an IRP model with the refrigeration cost component
and which employs the (R, S) policy proposed by Tarim and Kingsman
(2004). Then we compared the performance of our model with the
refrigeration component added and no perishability version of Soysal
et al. (2015)’s IRP model which employs the (R, Q) policy. Our numer-
ical experiments show that by applying the (R, S) policy instead of the
(R, Q) policy, although we did not make a significant improvement to
reduce CO, emissions and total routing costs, we reduced inventory
costs significantly. Since the majority of the incurred costs consists of
inventory costs, we made a significant improvement on the total cost.
This work is premised on a recognition that impact on sustainability
needs to be considered when seeking to reduce other costs in CFSCs.
Hence the inclusion of sustainability in the optimisation model devel-
oped in this study. The results are encouraging, as the model reduces
inventory costs together with a positive impact on harmful emissions.
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Fig. 2. Comparison of the cumulative ending inventory levels and percentage differences found via the (R, Q) and (R, .S) models.

Our model also solves the excess cumulative ending inventory level
issue resulted in Soysal et al. (2015)’s model and caused by the pre-
determined order quantities. Since our (R,.S) formulation calculates
order-up-to levels rather than order quantities it handles demand un-
certainties well, allows flexible order size decisions that consider the
actual inventory level and the realised demand, and prevents excess
ending inventory and excess inventory holding costs.

This study contributes to the body of knowledge via the (R,S)
policy and by developing a mixed-integer programming model re-
sponsive to non-stationary demand uncertainties inventory, transport,
and refrigeration costs, and CO, emissions in terms of cost. The ex-
tensive computational results indicate that the proposed model can
significantly reduce the total inventory costs compared to the more
conventional RQ model while dealing with stochastic demand. How-
ever, RS performs similarly to RQ in terms of CO, emissions. Given the
growing global concern for environmental sustainability, this finding
could be seen as a missed opportunity. Another possible way to reduce
the carbon footprint could be developing a multi-objective model in
order to allow trade-offs between the total cost and the total CO, emis-
sions. Adding carbon capacity constraints, i.e., limiting CO, emissions
per vehicle, etc., could be considered some other improvements in this
model.

Since RS provides highly accurate solutions, allows flexibility on
ordering decisions, and avoids replenishment timing decision set-ups
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and reviews which might be required for every period in the dynamic
strategy, it could be easily applied to most real-world food logistics
networks and utilised by executives and decision-makers concerned
with the CFSC logistics.

Several possible future directions related to this study might be
modifying this formulation for the multi-supplier and multi-retailer
problem setting, adding a positive lead time, or considering a fleet
consisting of non-identical vehicles with various properties in terms
of fuel consumption, refrigeration activities, capacity, etc. The model
could also be extended to consider additional environmental and social
sustainability measures, such as perishability, food quality and safety,
waste, shelf life, food expiration date, etc., as well as monitoring the
perishability of products by adding new variables to the current model
and keeping track of the age of products.
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