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Abstract: Cold chain management has gained increasing interest among practitioners, researchers
and academics; similarly, sustainability is also proving to be an increasingly critical topic in all supply
chains and in cold chains in particular. In line with this, this study proposes a model to estimate
the economic and environmental impacts in a food cold supply chain (FCSC). The model intended
to estimate the total cost and CO2 emissions of a company operating in the cold supply chain,
was carried out in Microsoft Excel™. Specifically, the model reproduces the main FCSC processes,
i.e., Product collection, Backroom storage, Product delivery and Reverse logistics. For each process,
we have exposed the implemented equations. Results show that the product delivery process is the
most critical in both economic and environmental terms. Conversely, product collection and reverse
logistics process contribute to the total cost and emission to a limited extent. The results obtained
provide useful guidelines for supply chain managers to undertake operation decisions aimed at
decreasing the economic and/or environmental impact of a FCSC.

Keywords: food cold supply chains (FCSCs); case study; sustainability; analytic model

1. Introduction

The notion of “sustainability” emerged in The Ecologist’s A Blueprint for Survival, in
1972 [1]. In recent years, incorporating sustainability practices into a supply chain network
(SCN) has attracted wide attention from both academics and practitioners [2,3] defined
sustainability in supply chain management (SCM) as “strategic, transparent integration
and achievement of an organization’s social, environmental and economic goals in the
systematic coordination of critical interorganizational business processes for improving the
long-term financial performance of the individual and its supply chain (SC) [4]. With the
publication of the Brundtland Report “Our Common Future”, the concept of sustainable
development has spread since 1987 [5,6]. When considering the complexity of sustainable
development in the context of SCM, it is a management concept extending beyond a SC’s
performance metrics of cost, time, and flexibility [7]. Indeed, the triple bottom-line (TBL)
indicates that in order to achieve sustainable development, firms should take into account
social and environmental performance in addition to economic considerations [8]. The TBL
has continuously gained relevance for managerial decision making in general and for SCM
and operations management in particular [9].

The equipment and processes used to protect, store, and transport temperature sensi-
tive items along a SC and the logistical planning to protect the integrity of these shipment
are referred to as the cold chain [10]. Food cold supply chain (FCSC) can also be defined
as a set of comprehensive facilities and management means that use certain technological
means to make fresh food kept incessantly under suitable conditions and furthest keep
the quality of fresh food during the whole process of harvest, processing, packaging, stor-
age, transportation and sales and the logistics system formed by all logistics links under
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complete low temperature environment is called food cold chain logistics [11]. Besides the
general characteristics of SCs, FCSC needs specialized refrigeration equipment, namely,
refrigerated trucks and cold storage facilities during the cold chain food’s processing, stor-
ing, distribution, sales and other links [12]. In fact, refrigerated systems and refrigeration
in general, impact not only the economic aspects of the distribution chain, i.e., its costs, but
also the attention to environmental performance of the system [13]. A few studies related to
sustainability in food SCs have been conducted, which majorly include food SC, agri-retail
SC, cold chains and agri-SC [14]. Optimization of cost, time and storage conditions of fresh
food during transportation has a significant practical value and has received great attention
in the research [15]. Moreover, the adoption of mathematical models to support the design
and management of the different phases of food SCs is widely diffused in the literature [16].

In line with these considerations, this study aims to evaluate the economic and envi-
ronmental sustainability of the FCSC by presenting a mathematical model that takes into
account transport and storage activities. This paper builds upon the study by [17] and
represents the second part of a wider research project, whose general aim is to model and
optimize the sustainability of FCSC. A mathematical model based on costs and environ-
mental impacts has been developed to this end. Starting from the previous study, which
has focused on evaluating the economic and environmental performance of the reverse
logistics process only, this paper goes ahead by analyzing and optimizing the sustainability
of the remaining processes in the same FCSC, by means of an analytic approach developed
under Microsoft Excel™. The approach follows the typical logistics processes of a FCSC
(i.e., product collection, backroom storage, product delivery and reverse logistics). More-
over, a case study is presented for showing the usefulness and effectiveness of the model
proposed.

This paper is organized as follows. Section 2 presents a literature review about
sustainability in the context of FCSCs. The next section defines the methodology used
for the model and presents the assumptions useful in its development. Section 4 shows
the computation of the total cost and emission and also presents the application to the
case study of an FCSC. Section 5 presents the primary outcomes obtained for each process
analyzed. Finally, in the last section the implications, limitations and suggestion for further
research activities are discussed.

2. Theoretical Overview

Sustainability, in terms of the consideration of environmental factors and economic
aspects in SCM, has become a highly relevant topic for researchers and practitioners, with
a relevant number of papers published on the subject [9]. In line with the aim of this
study, the analysis of the literature was focused on those papers that dealt with the issue of
evaluating the sustainability of FCSCs.

Ref. [18] has applied safety and reliability concepts to establish fresh food distribution
routing optimization model with time windows and solved the model using MAX-MIN Ant
System (MMAS) in a real FCSC. To be more precise, the problem was how the distribution
center needs to arrange its distribution route and priority order so as to generate the lowest
distribution costs, at the same time satisfying the constraints of arrival time windows.

Ref. [19] has examined an inventory model for cold items that considered temperature-
controlled unit capacities associated with holding and transporting the cold items in a SC.
In addition, both the cost and emission functions for such an environment are analyzed.

In the attempt to improve the efficiency of FCSC network, shorten the logistic time
of food and reduce the logistics cost of food, [11] analyzed the optimization strategy and
various cost factors of the supply network of FCSC and established a logistics network
model suitable for the food cold chain logistics. A genetic operator was designed and
an improved genetic algorithm was used to solve the model, through adaptive crossover
probability and mutation probability.

Ref. [20] has recognized a strong need of a cold SC performance measurement model
for the upward mobility of this sector. Measuring SC performance is a key complex
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managerial task which encompasses a variety of activities. Structural equation modelling
was used to develop and validate a confirmatory model for evaluating the performance of
a cold SC.

Ref. [15] has developed a method to assist logistics managers upstream in the fresh
food SC in making cost optimized decisions regarding transportation, with the objective
of minimizing the total cost while maintaining the quality of food products above ac-
ceptable levels. The practical application of the model was illustrated by using various
computational intelligence approaches.

Ref. [21] has studied the cold SC design problem and have provided a mathematical
model to represent its economic and environmental effects. The authors have formulated
the problem as a concave mixed-integer programming problem, where the objective was to
minimize the expected total cost of the SC, including capacity, transportation and inventory
costs, besides costs associated with the global warming impact due to greenhouse gas (GHG)
emissions. The environmental effects of both CO2 emissions due to energy consumption
and leakage of refrigerant gas in warehouse and vehicles were considered.

Ref. [22] has assessed the impact of accounting for carbon emissions, resulting from
transportation and storage activities of a cold item, in the context of a multi-stage SC in-
cluding a plant/warehouse, a distribution center (DC) and a retailer. The authors presented
a cost minimization model, a carbon footprint minimization model and a hybrid economic
and environmental minimization model.

Ref. [23] has investigated GHG emissions from the Traditional Multi-Vehicle Distribu-
tion (TMVD) and Multi-Temperature Joint Distribution (MTJD) systems by formulating
mathematical models that consider delivery scheduling for time dependent demand of
multi-temperature foods. The authors suggested that carriers should use the MTJD system
to reduce routing distances and emissions simultaneously.

Ref. [24] made a specific study of the terminal problem and established a joint distribu-
tion node. Different distribution schemes were adopted for individual, medium, and large
customers. The authors found that the semi-trailer was used to carry out the transportation
of jammers by using mathematical modelling and time window constraint analysis, which
could effectively integrate cold chain logistics resources, save logistics space and human
resources, and improve terminal logistics distribution capacity.

Ref. [13] has presented a model for evaluating the environmental impacts associated
with the management of cold SC, considering transport and storage activities. A novel
portable refrigerated unit (PRU) for the management of goods along the cold chain was
presented, and its performance, in term of emissions at different distribution stages, was
compared to that of traditional cold chain equipment. Environmental benefits and efficiency
of the new equipment were considered, as well as energy consumption reduction.

A decision theory-based framework was adopted by [14], where a prescriptive decision
analysis methodology was used to generate preferences among the challenges to sustain-
ability in perishable food SC. An integrated interpretive structural modelling-analytic
network process (ISM-ANP) decision framework was formulated to identify and model
key challenges to sustainability in perishable food SCs.

Ref. [25] has investigated the impact of carbon emissions arising from storage and
transportation in the cold SC in the presence of carbon tax regulation, and under uncertain
demand. A two-stage stochastic programming model was developed by the authors to
determine optimal replenishment policies and transportation schedules to minimize both
operational and emissions costs, while a metaheuristic algorithm based on the iterated local
search algorithm and a mixed integer programming was developed to solve the problem in
realistic sizes.

To identify the driving factors towards the sustainable cold chain supplier, in the
first phase of their study, [26] have utilized an ISM approach, while in the next phase, the
authors have conducted the selection of cold chain supplier in the context of Pakistan. For
this purpose, fuzzy VIKOR, a multi-criteria decision-making (MCDM) technique, was used
for analyzing eight suppliers based on the criteria found in the first phase.
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Ref. [27] has studied a bi-objective green hub location problem where several perish-
able products can be distributed concurrently in a cold supply chain. This study aimed to
minimize the total cost of the system and maximize the quality of the delivered product.

The study developed by [28] have identified all potential factors that influence cold
supply chain performance in the food industry. This paper has proven to be useful for
managers, food suppliers, and logistics parties for sustainable cold chain management. The
main results are to identify potential criteria that influence cold supply chain performance.

None of the reviewed articles focused on all the key SC processes, although many of
them dealt with sustainability. Moreover, in general, the topic of assessing economic and
environmental sustainability in food SC is little explored in the literature, especially in the
Italian scenario, where it is not assessed. This paper tries to contribute to the literature
by addressing these gaps, in that it proposes a detailed evaluation of the economic and
environmental sustainability of a FCSC with a focus on the Italian context.

3. Methodology

As mentioned earlier in the manuscript, this study aims to evaluate the economic and
environmental sustainability of the FCSC. The research questions of the study therefore
refer to:

1. the identification of the most impactful process of a FCSC in economic and environ-
mental terms; and

2. the identification of possible strategies to reduce cost and environmental impact of
a FCSC.

The methodological approach adopted to answer the above questions is a mathemati-
cal model, developed under Microsoft Excel™, that reproduces the key processes of a FCSC
and evaluates the cost and environmental impact of each process.

These processes and the relating mathematical equations are listed and described
in the sub-sections that follow. The last subsections lists the input data required for an
evaluation of the economic and environmental impact of a FCSC in practice.

3.1. Logistics Processes

As mentioned, this paper builds upon the study by [17] and focuses on the same
FCSC, which includes the typical processes, i.e., product collection, backroom storage,
product delivery and reverse logistics. The chosen company, called Company A for the
sake of confidentiality, is an important Italian company operating as a cold chain logistics
service provider. As far as the logistics processes of the FCSC are concerned (see Figure 1),
“product collection” is the process of collecting, cooling and transporting goods from the
suppliers to Company A, immediately after production. Transport is carried out using
refrigerated trucks that make it possible to maintain a certain temperature within them.
“Backroom storage” describes the material handling within the depot and the conservation
of properties. The storage of cold products is an energy intensive process, in which energy
costs associated with keeping the products at given temperature account for a significant
portion of the storage costs [22]. Indeed, whether it is a plant in which the product remains
in the warehouse for a few days, or a structure in which the product is placed in the
refrigerated warehouse only for a very short time, it is essential that the cold chain is not
interrupted. “Product delivery” reflects the shipping of products from Company A to the
retail stores (RSs). Lastly, “reverse logistics” is a type of SC management that moves goods
from RSs back to the Company A or to the disposal of in landfill sites. In general forms, this
process starts from the end users where used products are collected and attempts to manage
the product’s end of life through different decisions, such as recycling, remanufacturing,
repairing, and finally, disposing of some used parts [29].
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Figure 1. Structure of the model.

The processes described above causes economic and environmental impacts because
of transport activities from suppliers to Company A (product collection), from Company A
to the RSs (product delivery) and from the retailers to Company A (reverse logistics). More-
over, the storage activities generate a further economic and environmental impact, because
produce a significant contribution of emissions and an important source of financial losses.

Our analytic model was built with Microsoft Excel™, a software program created by
Microsoft that uses spreadsheets to organize numbers and data with formulas and func-
tions, and almost available at any company, which is expected to enhance the application
potentials of the model itself. Also, MS Excel™ is it is recognized as a powerful software
package frequently used for small and medium scale quantitative analyses (Hesse and
Scerno, 2009). Its usage also allows for a process to be designed in a flexible (parametrized)
way, so that virtually any real situation can be reproduced.

The model developed in our study consists of five spreadsheets, where the key FCSC
processes are reproduced. The purpose is it to calculate the total costs and emissions. A
final spreadsheet shows the aggregated results. The key outputs of the model are listed in
Figure 1.

3.2. Model Assumptions

Company A has two different warehouses, called Beta and Gamma respectively.
Warehouse Beta deals mainly with storage—the products can remain inside the warehouse
even for a few days –, while warehouse Gamma deals with consolidation/sorting, without,
however, considering storage (transit point)—qualitative/quantitative displacement of
the goods. However, taking into account a FCSC, the products must always be stored
in refrigerated plant, even if for a short time only. Therefore, warehouse Beta deals with
all four processes taken into consideration in this study, while warehouse Gamma deals
with backroom storage and product delivery activities only. Therefore, from now on, if
this distinction is not mentioned, we will be implicitly talking about warehouse Beta, as it
covers all logistics processes of Company A.

Company A’s trips are performed via road transport, using 33-pallet lorries. Given the
different nature of the products handled by the RS, the company has classified them into two
types, “fresh” and “dry”. The transport temperature for both categories is T = [0, +4] ◦C.
in the reverse logistics, only “fresh” products are considered, i.e., products with a short
shelf life.
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Another relevant consideration for the purposes of this analysis concerns the refrigera-
tion installations inside the warehouse. In particular, in the construction of large industrial
refrigeration plants, especially for the food sector, glycol water (a mixture between water
and glycol) is used. This is to prevent the water from freezing at temperatures below 0 ◦C.

3.3. Data Collection

For each process evaluated, the relevant flow data were collected by means of a direct
examination of the company’s processes and interviews with logistics and supply chain
managers. The data collection phase took from June to December 2021. Other, more general,
data, such as the fuel consumption or CO2 emissions of trucks, were taken from available
sources.

4. Model Formulation and Application

This section describes the computational procedure followed to model the key aspect
of the FCSC processes and to evaluate their economic and environmental performance in
quantitative terms, taking Company A as a representative case study. Both the economic
and environmental component are calculated for each process. The input data used in the
model to each process are available in the Supplementary Materials of this paper.

4.1. Product Collection

In this subsection, we present the computational procedure assigned to evaluate
the economic and environmental performance from the product collection process. In
this process, the focus is on the transport activity, i.e., the collection of products from
the customers to bring them to their own facility, in order to carry out the storage and
consolidation/sorting activities of the goods themselves. As related to refrigerated goods
transport, vehicle consumption is not limited to fuel requirements, but it involves also other
aspects, related to the special transport conditions requirements, as the case of refrigerants
consumption [13].

The notation used in the analysis to the product collection process are presented in
Table 1.

Table 1. Nomenclature—product collection process.

Symbol Explanation

q( c
year ),C

Amount of products collected per year

Cu,C Unit cost of a transport truck per kg collected
FCtruck Fuel consumption for a refrigerated truck [30]
%Ti,C Percentage of ignition time of the refrigerator unit of the truck
ttrip,C Travel time for product collection

N
( trip

year ),C
Amount of collected product’s trips per year

Cu,litre Fuel cost [31]
ddiesel Density of diesel fuel at normal environmental condition [32]
Itruck Emissions of a truck per km [33]

• Economic component of the product collection process:

Total cost of transport C(t,TOT),C = Cu,C∗q( c
year ),C

[€/year] (1)

Refrigerated trucks fuel consumption CE,C = FCtruck ∗ %Ti,C∗ttrip,C∗N
(

trip
year ),C

∗Cu,litre [€/year] (2)

Total economic impact Ctot,C = C(t,TOT),C + CE,C [€/year] (3)

The following conversion factors (taken from [34,35]) have been used for the environ-
mental component:

1 litre = 1 dm3 = 0.001 m3 (4)
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1 tonCO2 = 42.621 GJ (5)

1 kWh = 3.6 ∗ 106J (6)

1 kWh = 2.65 ∗ 10−4 tonCO2 (7)

• Environmental component of the product collection process:

Energy consumption refrigeration plants It,C =
FCtruck∗%Ti,C∗ttrip,C∗N

(
trip
year ),C

∗0.001∗ddiesel∗42.621∗2.65∗10−4

3.6∗106

[tonCO2/year]
(8)

Energy consumption of the warehouse Itruck,C = Itruck ∗DC ∗N
(

trip
year ),C

[tonCO2/year] (9)

Total environmental impact Itot,C = It,C + Itruck,C [tonCO2/year] (10)

4.2. Backroom Storage

On the basis of the description above, this process is carried out in both warehouses,
Beta and Gamma, which are, therefore, both taken into account. Nonetheless, for the
sake of brevity, the detailed presentation of the model will be limited to a representative
warehouse, while for the remaining one, only the key results will be presented, omitting
the detailed steps. This is because the model has the same structure for both warehouses
and its application follows the same steps. In this subsection, we present the computa-
tional procedure assigned to evaluate the economic and environmental performance in
the Company’s own plant, i.e., all activities that range from the unloading of trucks to the
storage of products in refrigeration systems. The installation and use of these refrigeration
plants cause both economic and environmental complications. In the first instance, their
installation contributes to increasing the total cost of the process, but also contributes
significantly to energy consumption. Another important role, in both dimensions, is played
by the fork lift trucks.

The table below shows the notation useful to the evaluation for the backroom stor-
age process.

The list is Table 2 encompasses all the elements useful to compute the outcomes re-
quested for evaluating the economic and environmental impacts generated by this process.

Table 2. Nomenclature—backroom storage process.

Symbol Explanation

i = 1, 2, 3 Type of forklift (1 = small, 2 = medium, 3 = big)
ECu,p Energy consumption of plants
Cu,m Unitary plants cost

A Storage area
Yearp Number of years of plant operation
hday Number of hours per working day

Ndays/year Working days per year
myear Month per year
Cu,p Unitary installation plants cost
Cu,e Unitary energy plant cost
Ch,i Hourly cost of maintenance of forklift trucks
V Storage volume

FW Water factor
FL Lighting factor [36]

ECh,i Hourly energy consumption of forklift trucks
ECwarehouse Energy consumption of warehouse

• Economic component of the backroom storage process:

Inventory cost C(inv,TOT),BS = Cu,m ∗ A [€/year] (11)
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Annual rate installation refrigeration systems C(inst,TOT),BS =
ECu,p ∗ 1000 ∗ Cu,p ∗ 0.001

hday ∗ Ndays/year
[€/year] (12)

Energy consumption refrigeration plants C(EC,TOT),BS = Cu,e ∗ myear [€/year] (13)

Maintenance of forklift trucks C(forklift,TOT),BS = hday ∗ N days
year

∗
(
∑ Ch,i

)
[€/year] (14)

Total economic impact CTOT,BS = C(inv,TOT),BS + C(inst,TOT),BS + C(EC,TOT),BS + C(forklift,TOT),BS [€/year] (15)

• Environmental component of the backroom storage process:

Energy consumption refrigeration plants I(EC,TOT),BS = ECu,p ∗ V ∗ 2.65 ∗ 10−4 ∗ 0.001 [tonCO2/year] (16)

Energy consumption of the warehouse I(warehouse,TOT),BS =
ECwarehouse ∗ 2.65 ∗ 10−4

1000
[tonCO2/year] (17)

Maintenance of forklift trucks I(forklift,TOT),BS = hday ∗ N days
year

∗
(
∑ ECh,i

)
∗ 2.65 ∗ 10−4 ∗ 0.001 [tonCO2/year] (18)

Emissions of HFC gas I(HFC,TOT),BS = hday ∗ N days
year

∗
(
∑ Ch,i

)
[tonCO2/year] (19)

Total environmental impact ITOT,BS = I(EC,TOT),BS + I(warehouse,TOT),BS + I(forklift,TOT),BS + I(HFC,TOT),BS
[tonCO2/year]

(20)

4.3. Product Delivery

In this process, as in the product collection process, the focus is on the transport, i.e.,
the delivery of products from the company to the RSs. As mentioned above, refrigerated
transport requirements, and refrigeration in general affects both the cost and environmental
performance of the FCSC [13].

Table 3 below shows the nomenclature used in the analysis of the economic and
environmental dimensions considered to the product delivery process.

Table 3. Nomenclature—product delivery process.

Symbol Explanation

k = 1, 2 Type of product (1 = fresh, 2 = dry)
kmyear,k Amount of km travelled per year
Cu,km,D Unitary economic impact of a transport truck per km travelled
N

( trip
year ),D

Amount of delivery product’s trips per year

%Ti,D Percentage of ignition time of the refrigerator unit of the truck
ttrip,D Travel time for product delivery

The environmental impact can be estimated using the conversions [4–7] presented in
Section 4.1.

• Economic component of the product delivery process:

Total cost of transport C(t,TOT),D = Cu,km,D∗kmyear,k [€/year] (21)

Refrigerated trucks fuel consumption CE,D = FCtruck ∗ %Ti,D∗ttrip,D∗N
(

trip
year ),D

∗Cu,litre [€/year] (22)

Total economic impact Ctot,D = C(t,TOT),D + CE,D [€/year] (23)
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• Environmental component of the product delivery process:

Transport of product delivered It,D =
FCtruck∗%Ti,D∗ttrip,D∗N

(
trip
year ),D

∗0.001∗ddiesel∗42.621∗2.65∗10−4

3.6∗106

[tonCO2/year]
(24)

Environmental component of truck Itruck,D = Itruck ∗ ∑
k

kmyear,k [tonCO2/year] (25)

Total environmental impact Itot,D = It,D + Itruck,D [tonCO2/year] (26)

4.4. Reverse Logistics

In this paragraph, we present the procedure for calculating the total costs and emis-
sions for the reverse logistics process. The main activity of this process is transport, so it is
essential to specify that 33-pallet lorries have been considered in the analysis. Moreover, as
already mentioned, the products handled in this process are either “expired” or “returned.

As far as the environmental impact is concerned, Company A handles various cate-
gories of products and typically, different products have a different environmental impact,
because of the inherent differences in the production process and raw materials involved.
Analyzing the whole set of products handled by Company A is almost unfeasible; however,
from an analysis of the company’s data, it emerged that four categories of products are
responsible for most of the return flows, as the relating products are particularly subject
to expiry and need to be retrieved for being disposed of. These categories are salads,
yogurt, milk and mozzarella cheese, and are indicated in Table 4 as w = 1, . . . 4. Because
of their relevant role in driving reverse logistics activities, the analysis has been limited
to these product categories. The relating environmental impact has been derived from an
available source.

Table 4. Nomenclature—reverse logistics process.

Symbol Explanation

w = 1, 2 Type of “fresh” products (1 = salad, 2 = yogurt, 3 = milk, 4 = mozzarella)
Cu,t,d
Cu,t,i

Cost of expired product’s transport per disposal and incineration

Cu,t,ret Cost of returned product’s transport
Qd, Qi Quantity of expired products disposed and incinerated

Qret Quantity of returned product
Cu,d
Cu,i

Cost of expired product’s disposal and incineration

%Ti,RL Percentage of ignition time of the refrigerator unit of the truck
ttrip,ex
ttrip,ret

Travel time for expired and returned product

N
( trip

year ),ex

N
( trip

year ),ret

Amount of expired and returned product’s trips per year

Dex Average distance from retailers to disposal of in landfill
Dret Average distance from retailers to company’s DC

Iu,w,landfill CO2 emissions to the w “fresh” products [37]

Table 4 presents the notation used for the process of reverse logistics.
The environmental component can be estimated using the conversions [4–7] presented

in Section 4.1.

• Total economic impact of the reverse logistics process—expired products analysis:

Transport cost Ctot,t,ex = (Cu,t,d ∗ Qd) + (Cu,t,i ∗ Qi) [€/year] (27)

Cost of disposal Cd = Cu,d ∗ Qd [€/year] (28)
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Cost of incineration Ci = Cu,i ∗ Qi [€/year] (29)

Fuel consumption CE,ex = FCtruck ∗ %Ti,RL∗ttrip,ex∗N
(

trip
year ),ex

∗Cu,litre [€/year] (30)

Total economic impact CTOT,EX = Ct,d + Ct,i + Cd + Ci + CE,ex [€/year] (31)

• Total economic impact of the reverse logistics process—return flows analysis:

Transport cost Ct,ret = Cu,t,ret ∗ Qret [€/year] (32)

Fuel consumption CE,ret = FCtruck ∗ %Ti,RL∗ttrip,ret∗N
(

trip
year ),ret

∗Cu,litre [€/year] (33)

Total economic impact CTOT,RET = Ct,ret + CE,ret [€/year] (34)

• Total environmental impact of the reverse logistics process—expired products analysis:

Fuel consumption It,ex =
FCtruck ∗ %Ti,RL∗ttrip,ex∗N

(
trip
year ),ex

∗ 0.001∗ddiesel ∗ 42.621 ∗ 2.65 ∗ 10−4

3.6 ∗ 106 [tonCO2/year] (35)

Transport Itruck,ex = Itruck ∗ Dex ∗ N
(

trip
year ),ex

[tonCO2/year] (36)

Total emissions of the individual products Iw,landfill =
Iu,w,landfill ∗ (Qd + Qi)

1000
[tonCO2/year] (37)

Total environmental impact ITOT,EX = It,ex + Itruck,ex + Ilandfill [tonCO2/year] (38)

• Total environmental impact of the reverse logistics process—return flows analysis:

Fuel consumption It,ret =
FCtruck ∗ %Ti,RL∗ttrip,ret∗N

(
trip
year ),ret

∗ 0.001∗ddiesel ∗ 42.621 ∗ 2.65 ∗ 10−4

3.6 ∗ 106 [tonCO2/year] (39)

Transport Itruck,ret = Itruck ∗ Dret ∗ N
(

trip
year ),ret

[tonCO2/year] (40)

5. Results and Discussion
5.1. Product Collection

By applying the computational procedure described in Section 4.1 with the input data
in the Supplementary Material, the model gives back the results shown in Table 5.

Table 5. Costs and CO2 emissions for the product collection process.

Activities Costs [€/Year] Emissions [tonCO2/Year]

Transport 242,826.40 393.43
Fuel consumption 28,685.60 79.44

Total 271,512.00 472.87

As shown in Table 5, the costs and emissions of the product collection process are
mainly caused by transport activities, with 89.43% and 83.20%, respectively.

5.2. Backroom Storage

The table below presents the main results in economic and environmental components
terms, obtained by applying the mode detailed in Section 4.2.

As can be seen from Table 6, the total cost of the backroom storage process, con-
sidering both warehouses, amounts to 8,362,664.97 €/year, while the emissions reach
6624.18 tonCO2/year. To be more precise, the warehouse that generates the highest cost in
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this process is Gamma with 83.45%, compared to 16.55% for Beta. In terms of emissions,
Gamma is also the warehouse with the greatest impact (5335.09 tonCO2/year, 80.54%).
Gamma, as can be seen from the figure above, is the warehouse that has the greatest
economic and environmental impact for all the individual activities carried out in the back-
room storage process, except for the case of HFC gas emissions (50% and 50%, respectively
for Beta and Gamma). In particular, it is interesting to note that the energy consumption for
the refrigeration plant impacts mainly on the Gamma warehouse, with 90.47% and 87.02%,
respectively for costs and emissions.

Table 6. Cost and CO2 emissions for the backroom storage process.

Activities Costs [€/Year] Total Costs
[€/Year] % Emissions

[tonCO2/Year]
Total Emission
[tonCO2/Year] %

Beta Gamma Total Beta Gamma Beta Gamma Total Beta Gamma

Inventory 805,949.60 3,939,255.60 4,745,205.20 16.98 83.02 - - - - -
Installation

refrigeration systems 202.16 1355.21 1557.37 12.98 87.02 - - - - -

Energy consumption
refrigeration plants 179,654.40 1,706,174.40 1,885,828.80 9.53 90.47 462.86 3102.90 3565.76 12.98 87.02

Energy consumption of
the warehouse - - - - - 72.62 451.43 524.05 13.86 86.14

Maintenance of
forklift trucks 398,131.20 1,331,942.40 1,730,073.60 23.01 76.99 403.89 1431.05 1834.94 22.01 77.99

Emissions of HFC gas - - - - - 349.72 349.72 699.43 50.00 50.00

Total 1,383,937.36 6,978,727.61 8,362,664.97 16.55 83.45 1289.08 5335.09 6624.18 19.46 80.54

Figure 2 shows the percentage of costs of individual activities, regardless of the type
of warehouses (Beta and Gamma), while Figure 3 displays the share of emissions.

Figure 2. Percentage share of the costs of individual activities in both warehouses.

The activity that returns the highest cost in this process, as can be seen from Figure 2
is the inventory which accounts for 58.24% and 56.44% (respectively for Beta and Gamma)
of the total cost of the warehouses. On the contrary, the cost of installing the refrigeration
systems is very limited (0.01% and 0.02% of the total cost of the warehouses, for Beta
and Gamma).

In addition, as can be seen from Figure 3, the energy consumption of the refrigeration
plants significantly affects the environmental performance of the process (35.91 and 58.16%
of the total emission of the warehouse, respectively for Beta and Gamma) and its economic
impact—see Figure 2—cannot be neglected either (12.98% and 24.45%).
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Figure 3. Percentage share of the emissions of individual activities in both warehouses.

5.3. Product Delivery

Table 7 provides the results of economic and environmental assessment of the product
delivery process.

Table 7. Cost and CO2 emissions for the product delivery process.

Activities Costs [€/Year] Emissions [tonCO2/Year]

Beta Gamma Beta Gamma

Transport 5,961,046.88 10,897,372.69 2814.65 5155.81
Fuel consumption 193,176.16 375,773.39 534.95 1040.60

Total
6,154,223.04 11,273,146.08 3349.60 6196.41

17,427,369.12 9546.01

The activity with the highest contribution both economically and environmentally,
causing more than 95% of the cost and 80% of the emissions is the transportation activity.

5.4. Reverse Logistics

Table 8 below shows the key results in economic and environmental components
terms, obtained by applying the model detailed in Section 4.4.

Table 8. Cost and CO2 emissions for the reverse logistics process.

Activities Costs [€/Year] Emissions [tonCO2/Year]

Expired Returned Expired Returned

Transport 2119.85 25,092.00 3.56 109.15
Fuel consumption 117.00 23,764.91 0.32 65.81

Disposal 1786.39 -
737.43

-
Incineration 13,719.45 - -

Total
17,742.68 48,856.91 741.31 174.96

66,599.60 916.27

From the table above it can be seen that expired products present lower costs than
returned products, while they cause higher emissions. In particular, the activity of trans-
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porting the returned product is the most relevant on an economic level (25,092.00 €/year).
The same activity, for expired products, has a much lower impact. As far as emissions
are concerned, the disposal of in landfill of expired products (737.43 tonCO2/year) is the
most relevant.

5.5. Aggregated Results

The aggregated results of the economic and environmental assessment are shown in
Table 9, including the percentage share among the different FCSC processes.

Table 9. Cost and CO2 emissions for the FCSC processes.

Process Costs [€/Year] % Emissions [tonCO2/Year] %

Product collection 271,512.00 1.04 472.87 2.69
Backroom storage 8,362,664.97 32.01 6624.18 37.72
Product delivery 17,427,369.12 66.70 9546.01 54.36
Reverse logistics 66,599.60 0.25 916.27 5.22

Total 26,128,145.69 100.00 17,559.33 100.00

Overall, as can be seen from Table 9, the process with the highest cost and emissions
is product delivery (66.70% and 54.36%, respectively) followed by the backroom storage
(32.01% and 37.72%, respectively).

5.6. Managerial Implications

From a practical perspective, this result clearly highlights that any effort for reducing
the economic and environmental impact of the FCSC under examination should start from
a restructuring of the product delivery process. This could be obtained, for instance, by
optimizing the delivery tours or by reducing the frequency of delivery, so as to enhance
the efficiency of the transport means. The other process that impacts FCSC emissions
and costs the most is backroom storage. In particular, it can be noticed that the most
critical activities concern the refrigeration systems and the energy consumption of the
warehouse. Possible solutions for reducing that impact could be, for instance, a decrease
in the size of the warehouse, by keeping the storage capacity unchanged; this implies a
modified strategy for managing the warehouse itself, making it more efficient in the usage
of space. For the product collection and reverse logistics processes, instead, the economic
and environmental impacts are significantly lower and contribute to the total impact and
cost to a less appreciable extent.

The results of this study, applying the model described in Section 4, provide an
assessment of the sustainability of an FCSC, quantifying the total cost and environmental
impact. To be more precise, for each process, we determined the key activities, or the
warehouse or the type of product which involves the greatest economic and environmental
impact. In addition, from a wider perspective, we have also identified the process with
the highest cost and emissions, which, in the case under examination, turned out to be the
delivery of products. Suggestions can thus be derived for reducing the costs and emissions
of the system by focusing on this process. Apart from the specific outcomes of the case
study, more generally the results obtained from the model can be used by FCSC managers
and logistics practitioners to find and analyze the process, or in more detail the activity on
which to focus to improve the cost and reduce the environmental impact of the process
under study.

6. Conclusions

This paper has investigated the issue of sustainability evaluation in a FCSC, by propos-
ing an analytic framework for estimating the economic and environmental impacts of
logistics activities in that system. The analysis was supported by a Microsoft ExcelTM

model, which reproduces the steps for computing the total cost and CO2 emissions and
automates the computational procedure as a function of some input parameters. The model
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was designed taking a main company operating as a cold chain logistics service provider
(Company A) as a representative example. In particular, the analytic model reproduces
the main FCSC processes of that company, namely Product collection, Backroom storage,
Product delivery and Reverse logistics. By product collection we mean the process of col-
lecting, cooling and transporting the goods from providers to Company A, while backroom
storage describes the material handling within the depot and the conservation of properties.
Product delivery reflects the process of moving the goods from Company A to the RSs.
Finally, reverse logistics is ta type of SC management that moves goods from RSs back to
the Company A or to the disposal of in landfill sites. Overall, a set of 40 analytic formulae
was structured and implemented in the model for quantifying the CO2 emissions and total
cost of the four FCSC processes. All equations have been detailed in Section 4, facilitating
the user to reproduce the procedure.

The results of our study demonstrate that the right managerial decisions about FCSC
activities and processes can effectively improve environmental and economic sustainability.
In particular, FCSC’s most critical processes are product delivery and backroom storage.
Similarly, in the study developed by [33] that aimed at an economic and environmental
assessment of sustainability in the field of large-scale retail, the sales area, receiving and
backroom storage were the processes that had the greatest impact. Furthermore, Ref. [20]
have found that the factors that affect cold supply chain performance are, among others,
inventory handling cost, transportation, temperature monitoring and shipping errors.

Sustainability assessment is increasingly important nowadays, so from a purely theo-
retical point of view, the development of our model, which can quantify costs and emissions,
is an addition to the literature. Another very important element is the field of application,
i.e., SC, which is recognized as a key area for sustainability improvement [2].

Some limitations of the analysis also need to be mentioned. The choice of the ac-
tivities/processes may be modified, depending on the case study analyzed, including
further activities/processes in the evaluation. Similarly, however, another limitation is
the particular case study discussed in this paper. To be more precise, the analysis was
performed on a certain Italian FCSC company, thus results are difficult to generalize. They
may not hold for other FCSCs in other continents or European countries, for example. Also,
the social dimension of sustainability is not taken into account in the proposed approach.

Starting from this study, several future research directions could be undertaken. As
already recalled, the model developed could be used to analyze other SCs, with the purpose
of evaluating the economic and environmental performance of systems different from that
investigated. But also, the choice of the processes could be modified, including further
activities in the evaluation. Moreover, the social dimension of sustainability could be
deepened to identify ways for quantitatively assessing it.
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