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Abstract: Perishable goods, such as chilled and frozen foods, have a short shelf life and high sensi-
tivity to their surrounding environment (e.g., temperature, humidity, and light intensity). For this
reason, they must be distributed within a specific time and require special equipment and facilities
(e.g., refrigeration and dehumidification systems) throughout the entire chain from farm to fork to
ensure slow deterioration and to deliver safe and high-quality products to consumers. Cold chains
can last for short periods, such as a few hours, or for several months or even years (e.g., frozen food
products) depending on the product and the target market. A huge amount of energy is required to
preserve quality by maintaining the desired temperature level over time. The required energy is also
affected by inventory management policies (e.g., warehouse filling levels affect the cooling demand
per unit of a product) and the behavior of the operators (e.g., number and duration of door openings).
Furthermore, waste entails the loss of energy and other resources consumed for processing and
storing these products. The aim of the present study is to propose a quantitative approach in order to
map the energy flows throughout the cold chain in the food and beverage sector and to evaluate the
overall energy performance. The results of the energy flow mapping give decisionmakers insights
into the minimum energy required by the cold chain and allow them to prioritize energy efficiency
measures by detecting the most energy consuming stages of the cold chain. The implementation of a
holistic approach, shifting from a single-company perspective to chain assessment, leads to a global
optimum and to an increased implementation rate of energy efficiency measures due to the reduced
barriers perceived by different actors of the cold chain.

Keywords: energy efficiency; cold chain; refrigeration; food supply chain; life cycle perspective

1. Introduction

The food supply chain involves a series of processes for the production and distribution
of foodstuff, starting from raw materials’ processing until the final goods are available to the
final customer (i.e., “from farm to fork”). These processes are managed by a set of companies
operating with different purposes and at different stages, thus creating a network. Among
food products, two main categories can be identified: deteriorating and ameliorating (or aging)
items [1]. Both present a high sensitivity to the surrounding environment (e.g., temperature,
humidity, and light intensity). For this reason, they should be properly stored at the different
stages of the supply chain in order to guarantee the desired quality to consumers. A majority
of the food supply chain deals with slowing down the deterioration of chilled and frozen
foods. Cold chains refer to the various stages that a refrigerated product passes through and
are responsible for the preservation and transportation of perishable goods and for delivering
safe and high-quality products to consumers. At the EU and national levels, regulations that
define the maximum temperature levels to preserve food and to ensure environmental safety
have been introduced. For instance, in 2006, the European Commission revised the regulation
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on the hygiene of foodstuffs (EC No. 852/2004), requiring manufacturers to have proper
monitoring, control, and a record of temperatures during handling and storage activities. The
Agreement for Transport of Perishable (ATP) introduced by the Inland Transport Committee
of the United Nations Economic Committee for Europe in 1970 regulates the transport of this
category of products, defining shared standards for temperature-controlled vehicles that are
internationally recognized.

However, currently, up to 30% of foodstuff is lost before it reaches domestic refriger-
ators due to incorrect refrigeration [2], leading to economic, environmental, and ethical
issues. Food waste refers to an unacceptable level in the quality of the food or to useless
food being discarded by retailers or consumers due to microbial decay, disease, or insect
damage. Failure to keep perishable items in a suitable environment or failure to ensure
on-time delivery to customers leads to a huge waste of resources. Many causes can be
identified, such as an unsuitable temperature for storage and transportation activities and
interruptions in the cold chain (e.g., door openings and uncovered last-mile deliveries) [3,4].
In cold chains, temperature abuse and fluctuations above or below the optimal product-
specific temperature range frequently occur, which reduces the efficiency of the cold chain
and the product quality offered to consumers. This significantly increases resource waste
if not enough refrigeration is supplied, and it results in an increase in the energy used
by the refrigeration systems and vice versa. Product quality and energy consumption
tackle a trade-off: lower temperatures, due to a higher refrigeration load, increases the
quality preservation of perishable foodstuff; however, at the same time, increases energy
consumption, with a consequent increase in costs and GHG emissions.

A key element within cold chains is energy in its different forms, as it is a necessary
source to guarantee the quality of the products. Furthermore, the use of energy implies
the consumption of resources (frequently, non-renewable ones), which directly influences
the sustainability of the supply chain considered, in addition to its economic performance.
A total of 78% of the adverse environmental effects of refrigeration are due to the indirect
emissions produced by fossil fuel power plants for the generation of the energy required to
power the systems (about 60% for refrigeration equipment and 18% for the diesel used for
refrigerated transport [5]). The remaining 22% of the global-warming impact is caused by
direct emissions from the leakages of fluorocarbons (i.e., CFCs, HCFCs, and HFCs) [6,7].

Energy efficiency improvements in refrigeration systems represent a noteworthy solution
for reducing environmental impacts, and they can be obtained by investing in new and more
efficient technologies or by implementing simple and less expensive maintenance [8] and/or
management practices [9]. For instance, the distribution network design and the routing
of refrigerated transport affect storage and transportation activities and the related energy
consumption of refrigeration equipment [10]. Operational practices (e.g., lot-sizing decisions
and temperature monitoring and control) have been scarcely investigated in the literature, and
the focus has mainly been on the technological ones. For instance, Chen et al. [11] proposed a
model for a cold chain operated among a single-product manufacturer and multiple retailers
to minimize the total cost while considering the quality degradation of the product as a
function of storage temperature and time. Specifically, they considered a global stability index
as a measure of the overall product’s quality.

The activities at different stages of the cold chain can affect the impacts at a specific
stage, and improvement measures of environmental and economic performances (such as
energy efficiency measures, or EEMs) might involve changes that result in larger savings
and benefits to the supply chain rather than for the single company [12]. A cold chain of
perishable products should be investigated with a multidisciplinary and integrated view
since the integration of competences, issues, and decisions represents the most important
future challenge for the food supply chain. This integration involves the processes of
design, planning, management, and control of the logistic system [13]. In addition, the
supply chain perspective supports companies in the overcoming of the main barriers to the
implementation of EEMs, which are usually the access to capital for the initial investment
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and the lack of awareness and knowhow; for instance, by providing additional savings and
non-energy benefits to a cold chain’s partners [12,14].

The management of cold chains and inventory policies for these products have already
been discussed in the literature. However, the two-stage supply chain (i.e., single vendor
single buyer) and the single company perspectives have been mainly considered while
minimizing the overall costs. The focus on costs leads to economic sustainability, but
not necessarily sustainability for the environmental and social dimensions, which are the
mostly affected by the trade-off between energy and quality.

The aim of the present study is to propose a simplified and general model based on
a holistic point of view (i.e., multiple stages from farm to fork) for the assessment of the
energy performance of the cold chains in the food and beverage industry while considering
the quality losses due to an inappropriate refrigeration. The focus will be on the stages of
the chain with temperature control requirements and on logistic activities (e.g., refrigerated
transport and cold warehouses), since temperature abuses occur notably in storage (such
as display cabinets), transport activities, and domestic refrigeration [3,15]. This approach
also allows one to increase the applicability of the model since it does not consider the
energy consumptions of production processes which are strictly dependent on the specific
product. The developed methodology also allows us to evaluate the impact that operational
practices can have on the improvement of the cold chain sustainability in terms of specific
energy consumption. Hence, the main novelties introduced are:

- Multi stages perspective: A multidisciplinary and integrated view has been considered.
For instance, inventory levels have been modelled for each stage of the cold chain,
since they affect each other and impact on the specific energy consumption;

- Methodology for the assessment of cold chain energy performance: A practical ap-
proach is proposed for the evaluation of the cold chain energy performance for sup-
porting decisionmakers. Specifically, the described approach has also been used for
the development of benchmarking datasets for food and beverage cold chains;

- Methodology for the prioritization of energy efficiency measures: The potential of
energy efficiency measures (especially, of the maintenance and operational ones) in
reducing the overall specific energy consumption of the cold chain depends on the
stage at which they are implemented. The most benefits are obtained if measures are
implemented at stages with the poorest energy performance;

- Real case study for the dairy sector: one of the main literature gaps is the absence of
practical case studies providing real managerial insights.

To this end, the paper is organized as follows. Section 2 defines the methodology
for the proposed approach and provides the mathematical model. Section 3 proposes a
case study on the dairy sector devoted to investigating the behavior of the methodology.
Section 4 provides a discussion of the results and some managerial insights. Finally, some
concluding remarks and foreseeable developments are given in Section 5.

2. Cold Chain Energy Analysis

This section is focused on the model definition for performing the trade-off analysis
between energy and quality along the cold chain. Specifically, Section 2.1 defines the
problem with the main assumptions. Sections 2.2 and 2.3 provide details on the model
for the energy consumptions of the storage activities and of the transportation activities,
respectively. Finally, Section 2.4 presents the model for evaluating the quality losses along
the cold chain and their impact on the overall specific energy consumption.

2.1. Problem Definition

The structure of the cold chain analyzed (Figure 1) is designed to be as general as
possible. It considers a supplier that processes a raw material at a production rate PS
and sells it to a producer who performs additional production processes at a rate PP to
obtain the finished product. The finished product is then shipped to a distribution center
which meets the demand of the retailer to firstly fill the display area and then, with the
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remaining amount of product, the backroom warehouse. Each actor of the cold chain
purchases a quantity of material from the upstream stage equal to the exact need for ni
production and/or ordering cycle, which are the integer multiple of the lot size ordered by
the retailer to be placed in the display area, Q, to avoid unnecessary stock. For the delivery
of each batch, it is not necessary to wait for the completion of the production lot: i.e., the
transportation activity is enabled by the completion of the lot ordered by the downstream
stage. The focus of the study is on the logistic activities; hence, transportations among the
different stages of the supply chain are considered. Stages of the cold chain which are not
relevant from an energetic point of view could be excluded from the analysis.
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Figure 1. Schematic representation of the cold chain.

Other assumptions, relevant to the development of the models, are listed hereafter:

• The time horizon is infinite;
• The final demand rate D and the demand for raw material Drm are deterministic and

constant over time;
• The production rate Pi is deterministic, constant, and greater than the demand rate

(PS > PP > D);
• The replenishment cycle is the same, and it is repeated D/Q times in a year;
• No stockout is allowed at the costumer ends;
• The lead times are negligible and assumed as zero.

Table 1 defines all the data that should be gathered for the different stages of the cold
chain. The general data are specific for the considered product. Storage activities’ data
should be collected for the raw material supplier’s warehouse, the raw material and the
finished product warehouses at the producer, the distribution center’s warehouse, and the
backroom warehouse and the display area at the retailer. Moreover, the data related to the
transportation activities should be collected for the single drop transport from the supplier
to the producer, for the single drop transport from the producer to the distribution center,
and for the multi drop transport from the distribution center to the retailer.

Table 1. Data required related to the product and for the different logistic activities.

General Storage Activities Transportation Activities

- Demand rate of finished product
- Specific volume of raw material
- Specific volume of finished product
- Conversion factor of the raw material

into finished product
- Raw material product
- Finished product

- Ambient temperature
- Reference temperature
- Annual energy consumption per

energy carrier
- Storage size
- Production rate (if any)
- Average utilization
- Average storage time

- Ambient temperature
- Reference temperature
- Fuel type
- Average distance (roundtrip)
- Distance travelled per unit

of fuel
- Electrical power for

refrigeration equipment
- Payload
- Average amount of product

transported

2.2. Storage Activities

The annual energy use for cooling and refrigeration purposes, which is the focus
of the present study, is given by the contribution of different energy carriers, such as
electricity, natural gas, and diesel. These contributions are normalized in equivalent energy
use through the related kWh conversion factors. The specific energy consumption of
warehouse i (SECS,i) can be defined, in kWh/m3 year, as follows:
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SECS,i =
Ei
Si

(1)

where Si represents the size of the cold warehouse (m3) and Ei the annual energy use
related to the refrigeration and cooling purposes in logistics (kWh/year).

The SEC of the storage activities per unit of product (kWh/kg) is then related to the
specific volume of the product, ωk (kg/m3), and to the storage time, τi (year).

SECi(Si) =
Ei

Si · ωk
· τi (2)

In accordance with the shipment policy described in the problem setting, the following
equations define, respectively, the average inventory levels in the raw material warehouse
at the supplier (3), in the raw material and in the finished product warehouses at the
producer (4) and (5), in the distribution center (6), in the backroom warehouse, and in
the display area at the retailer (7) and (8). Specifically, the average inventory levels are
calculated as the area below by the inventory level curves during the replenishment cycle
(for instance, see Figure 2).

AILS =
αQ
2

(
DnPnDCnR(2 − nS)

PS
+ nPnDCnRnS − 1

)
(3)

AILP_RM =
nPnDCnRαQ

2
(4)

AILP_FP =
Q
2

(
DnRnDC(2 − nP)

PP
+ nPnDCnR − 1

)
(5)

AILDC =
(nR − 1)2(nDC + 1)Q

2nR
(6)

AILR_B =
(nR − 1)Q

2
(7)

AILR_DA =
Q
2

(8)

The storage time per each warehouse, τi, can be defined through the days of inventory
ratio (DSI), i.e., the inverse of the inventory turnover, which looks at the average time a
company can turn its inventory into sales.

τi = DSI (year) =
AILi

X
(9)

where AILi represents the average inventory level in the warehouse i (kg), while X defines
the speed at which the inventory is consumed and varies accordingly to the considered
actor (kg/year). Hence, the following equations define, respectively, the average storage
time for the raw material warehouse at the supplier (10), the raw material and the finished
product warehouses at the producer (11) and (12), the warehouse at the distribution center
(13), the backroom warehouse and the display area at the retailer (14) and (15).

τS =
AILS

PS
(10)

τP_RM =
AILP_RM

PP
(11)

τP_FP =
AILP_FP

PP
(12)

τDC =
AILDC

D
(13)
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τR_B =
AILR_B

D
(14)

τR_DA =
AILR_DA

D
(15)
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However, Equation (2) does not consider the impact of the filling level of the re-
frigerated warehouse, Ii(x), on the SEC. Refrigerated warehouses should be kept as
full as possible to perform more efficiently and to reduce specific energy consumption.
Equation (16) defines how the filling level of the warehouse affects the SEC, and it is based
on empirical data and observations [16].
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SECi(Ii(x), Si) = SECi(Si) + δi

(
1 − Ii(x)

ωkSi

)γi

(16)

where the first term corresponds to the specific energy consumption per unit of product
defined in Equation (2), while the second term defines the increase in the SEC due to the
partial utilization of the warehouse (i.e., when the filling level is lower than 1), which is a
function of the two coefficients δi and γi. The filling level is evaluated as the ratio between
the volume of the materials in the warehouse requiring refrigeration, Ii(x)/ωk, and the
warehouse size.

Finally, the specific energy consumption should also be adjusted to consider the actual
temperature set inside the warehouse, Tw,i, which can differ from the reference temperature,
Tr,i, to which correspond the energy consumption gathered as an input data. Lower (higher)
cooling temperatures increase (reduce) the SEC. Tw,i allows to evaluate how the specific
energy consumption varies if temperatures different from Tr,i are set inside the warehouse.

SECi(Tw,i, Ii(x), Si) = SECi(Ii(x), Si) · ρTw,i (17)

where ρTw,i =
COPTr,i
COPTw,i

, and COPT = Tcold
Thot−Tcold

[17]. Specifically, Thot and Tcold are the absolute

temperatures of the hot and cold heat reservoirs, respectively. For sake of simplicity, it is
possible to consider Thot as the average outside environmental temperature at the locations
of the cold chain actors in the hottest season, while Tcold is the average temperature inside
the warehouse.

2.3. Transport Activities

The energy consumption related to the transportation activities is linked to the power
required by the cooling and ventilation equipment and the energy related to fuel consump-
tion. Since, at each delivery cycle, Qi unit are transported, the specific energy consumption
per unit of product (kWh/kg) is obtained as follows:

SECT,j =
Vj ·

(
We,j · tj + ε j · f cj

)
Qi

(18)

where Vj represents the number of vehicles necessary to deliver the lot of size Qi, ε j
the fuel conversion factor (kWh/L), tj the average travelling time requiring refrigeration
(h/trip), We,j the electrical power required to power on the equipment (kW), f cj the fuel
consumption per trip (l/trip), and Qi the lot size ordered that should be shipped. The
number of vehicles per trip depends on the payload of the same vehicle and on the lot size
to be transported.

2.4. Quality Losses

The storage time τi, the storage temperature Tw,i, and additional parameters depend-
ing on the storage atmosphere, also affect the quality of food products accelerating or
decelerating its degradation. Peleg et al. (2002) [18] proposed a Weibull-power law model
to describe the isothermal degradation of food quality, depending on the storage tempera-
ture and time which allows to overcome some limitation of the Arrhenius equation, which
gives equal weight to rate deviations at the low- and high-temperature regions. Specifically,
Equation (19) defines the quality level for stage i.

qi(Tw,i, τi) = q0,ie−bi(Tw,i)τi
ηk(Tw,i) (19)

where bi(Tw,i) and ηk(Tw,i) are product- and temperature-dependent coefficients and q0,i
represents the initial quality level for stage i. In particular, Peleg et al. [18] empirically
found that b(T) can be described in the form of a log–logistic relationship:

bi(Tw,i) = ln
(

1 + emk(Tw,i−TC,k)
)

(20)
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where Tw,i is the temperature (◦C) and mk and TC,k are constants. The same formulas are
valid for the definition of the quality level in transportation activities:

qj
(
Tw,j, tj

)
= q0,je

−bj(Tw,j)tj
ηk(Tw,j)

(21)

The temperature along the cold chain is not uniform. Therefore, the total qual-
ity decrease may be determined by summing the percentage quality decrease at every
step of the chain which depends on the temperature level set at each supply chain step,
∑i[q0,i − qi(Tw,i, τi)]+∑j

[
q0,j − qj

(
Tw,j, tj

)]
. Additionally to the well-known production of

methane and other greenhouse gases during food degradation and the societal impact of
wasting food in a world where the population is constantly growing and land resources are
reaching the saturation point, a relevant consequence of food waste includes the loss of the
energy consumed for food processing and storage [19]. Since the aim of the present study
is the evaluation of the cold chain energy consumption, the impact of the quality losses
occurring along the supply chain activities from farm to fork on the actual specific energy
consumption (SEC) is valued as follows:

SEC =
∑i SECi + ∑j SECT,j

∑i[q0,i − qi(Tw,i, τi)] + ∑j
[
q0,j − qj

(
Tw,j, tj

)] (22)

where i and j represent the step of the supply chain.

3. The Dairy Cold Chain Case Study

The present section offers a case study that refers to the dairy industry to illustrate
the behavior of the proposed model and to provide insights on the assessment of the
energy consumption along the cold chain. Specifically, the focus is on the production and
distribution in chilled conditions. The input data necessary for the evaluation of the SEC
were directly gathered through interviews to European companies of the dairy industry
and/or logistic companies. The raw material is raw milk, while the finished product
is a wedge of cheese requiring cooling for storage, which present a specific volume of
about 780 kg/m3 and 78 kg/m3, respectively. We also consider that about 10 kg of milk is
required for producing 1 kg of cheese, and the demand faced by the cold chain is equal to
86.8 ton/year. Due to the specific product considered, we assume that the raw material
cannot be stored due to the high rate of degradation: in fact, generally, once enough milk is
collected from the supplier to fill the vehicle, it is immediately shipped to the producer. The
producer has a small warehouse for the incoming milk, which is emptied at a rate equal
to its production rate. The warehouses and the transportation vehicles are not product-
dedicated; hence, they can be oversized with respect to the lot sizes and the final demand.
Other relevant parameters used for the storage and transportation activities are defined in
Tables 2 and 3, respectively. General parameters valid for each stage of the supply chain are
defined in Table 4. For the ambient temperature, the average value in the hottest season has
been considered, since it represents the most critical scenario for refrigeration requirements.

Table 2. Parameters characteristics of the storage activities.

Actor Producer
Distribution

Center

Retailer

Warehouse Raw Material Finished
Product Backroom Display Area

Electricity consumption
(MWh/year) 34 340.6 552 18 3.854

Ambient temperature, Thot (K) 303 303 303 303 303
Reference temperature, Tr (K) 273 278 277 274 275
Set temperature, Tw (K) 277 279 279 279 279
Storage size, S (m3) 50 7200 25600 70 4
Production rate, Pi (ton/year) 86.8 - -
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Table 3. Parameters characteristics of the transport activities.

Transport (From–To) Supplier–Producer Producer–Distribution Center Distribution Center–Retailer

Type Single drop Single drop Multi drop
Vehicle Truck Trailer Small delivery vehicle
Fuel type Diesel oil Diesel oil Diesel oil
Refrigeration system driven by - Truck engine Truck engine
Average distance travelled (km) 50 150 50
Average travelling time (h) 1 10 4
Distance travelled per liter of fuel (km/L) 4 3 8.5
Average amount of product transported (kg) 11,000 7000 1000
Electrical power for refrigeration equipment (kW) - 17 -

Table 4. General parameters.

Parameter Value

δ 0.1
Fuel conversion factor, ε (kWh/L) 10.9
γ 0.5
h 1
m 1
TC 5 (RM) and 14 (FP)

The results lead to a total specific energy consumption of 0.55 kWh/kg of cheese, while
considering the logistic activities along the cold chain. From Figure 3, which shows the SEC
for each stage of the cold chain, it can be seen that the producer is the actor with the highest
SEC contribution (0.179 kWh/kg, covering about the 33% of the total SEC) followed by the
transport from the producer to the distribution center (0.107 kWh/kg, 19%). Furthermore,
71.48% of the SEC is related to the electricity consumption of refrigeration systems, while
the remaining 29% is related to diesel consumption for fueling the vehicles.
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Figure 3. Specific energy consumption by energy carriers for the various actors of the supply chain.
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A critical aspect of the cold chain is due to the trade-off between energy consumption
for preserving the foodstuffs and the quality losses along the chains, i.e., lower tempera-
tures allow for a reduction in quality losses; however, they come at an increased energy
consumption. Figure 4 shows the trend of quality losses evaluated as a function of the
temperature and the storage time through the equations defined in Section 2.4, while, in
Figure 5, the average storage time at each stage of the cold chain is shown. The highest
losses occur at the producer site: 27% at the raw material warehouse was due to the higher
degradation rate of the milk with respect to the cheese, and 16% at the finished product
warehouse was due to the high average storage time (about 1 month). It is interesting also
to observe that the amount of product given to the retailer is sized to cover the demand of
half a week (while considering both the backroom and the display area). Since the resources
spent for producing goods with inadequate organoleptic properties and nutrients along the
chain are lost, the SEC should be adjusted, considering the effective production through
Equation (22). The actual specific energy consumption (with quality considerations) results
in 1.079 kWh/kg, which means that almost twice the estimated SEC related only to the
logistic activities.
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Figure 4. Quality losses, as a function of the temperature and of the storage time, for the various
actors of the supply chain, evaluated though the equations defined in Section 2.4.
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Figure 5. Average storage time at the various actors of the supply chain.

The three main management levers, impacting both on the specific energy consump-
tion and on quality losses, which represent potential EEMs, are: (i) the temperature set for
the raw material, (ii) the temperature set for the finished product, and (iii) the lot size for the
display area at the retailer (Q). A sensitivity analysis is then performed to find the optimal
combination of these three levers. Since the impact of the two temperature is independent,
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the sequence of optimization is not relevant. Figures 6 and 7 shows that higher tempera-
tures lead to higher quality losses and lower energy consumptions for refrigeration and
that an optimal value exists. The optimal temperature (while minimizing the total specific
energy consumption, with considerations on the quality losses) results were 273 K and
277 K, respectively, for the raw material and the finished product (Figure 8). By changing
both the temperatures, the total SEC reaches a value of 0.641 kWh/kg of finished product,
which means a reduction in the initial total SEC by 41%. While temperature impacts on the
energy required for refrigeration (hence, on the SEC of the logistic activities) and on the
quality losses, the lot size impacts on the storage time and on the quality losses. The lower
the lot size, the lower the storage time and, hence, the lower the quality losses. Comparing
Figures 6 and 7 with Figure 9, it is possible to observe that, for the specific case study, the
impact of the temperature on the quality losses is higher than the impact of the storage
time. The results in Figure 9 also shows that the optimal lot size corresponds to the initial
increase by about 40%. However, this lot size is not admissible due to the limited storage
size of the display area. Hence, the optimal admissible size is 312 kg of finished product (as
the initial one).
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Figure 6. Specific energy consumption and quality losses over raw material temperature.
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Figure 8. Total specific energy consumption with quality consideration for different combination of
raw material and finished product temperatures.
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4. Discussion

The decision-supporting model developed allows us to assess the performance of the
cold chain in terms of specific energy consumption while considering both the logistic
activities (i.e., storage and transportation) and the quality degradation in terms of nutrient
losses at different stages (namely “Total SEC”). The total SEC represents a significant
indicator that should be monitored to optimize the sustainability of the cold chain and to
evaluate the effects that energy efficiency measures have on it. Specifically, the focus is on
the managerial measures that can reduce the total SEC, i.e., the monitoring and control of
the storage temperature of different products (raw material and finished product) and the
batch sizes which directly affect the storage time. These two measures impact both on the
total SEC, since the temperatures and the storage time are the two parameters that mainly
determine the quality degradation, and the refrigeration required. As can also be observed



Sustainability 2022, 14, 11137 13 of 16

in the case study, the higher the storage temperature, the lower the energy consumption for
the logistic activities but the higher the quality degradation. At the same time, the lower the
batch size, the lower the storage time and, consequently, the lower the quality degradation
that is given the same temperature of storage.

The model assesses the performance of the whole cold chain but also provides details
for each stage in terms of specific energy consumptions per energy carrier, storage time, and
quality losses. Hence, it is possible to identify the stage in which it is better to implement
energy efficiency measures to have greater benefits. The holistic approach allows us to
include in the assessment of the interaction between the different steps of the cold chain
and to detect additional measures and benefits. For instance, it can reduce the barriers
perceived (e.g., access to capital or lack of knowledge) to support weaker partners with
the poorest energy efficiency performance to implement energy efficient practices [20].
In summary, the holistic view of the cold chain over the life cycle of the products could
produce a substantial and positive outcome on sustainability. The life cycle perspective
can spread costs and risks across supply chain actors, can decrease the concerns related
to the diverging priorities of short- and medium-term financial targets, and enable the
overcoming of the main barrier against the implementation of EEMs [9].

For instance, from the case study proposed, the following managerial insights can
be obtained:

• The producer represents the stage of the cold chain with the highest share of the SEC
(about 33%, while considering both the warehouse of the raw material and the one
of the finished products). However, the cooling and refrigeration of the goods is not
sufficient since at this stage, in which 43% of quality degradation occurs;

• Electricity is the main energy carrier (up to 71% of the SEC), but diesel consumption is
also relevant for transportation activities (29% of the SEC);

• The overall SEC, with consideration of the quality degradation, is almost twice the
SEC related to the logistic activities;

• Setting lower temperatures to the raw material warehouses (which reduces quality
losses) and higher temperatures to the finished product warehouses (which avoids
temperature abuses), it is possible to reduce the overall SEC of about 41%;

• The lot size at the display area of the retailer represents another managerial lever
for increasing the energy efficiency of the cold chain. However, in the case study
proposed, the lot should be increased by 40%; however, this is not possible due to the
limited space available;

• To improve the energy efficiency at the PF warehouse, the producer can fasten the
replenishment cycles, which reduces the storage time. This means lower quality
degradation and lower energy demand (i.e., refrigeration equipment operating for
lower periods);

• Other energy efficiency measures can be implemented at the transport stage from the
producer to the distribution center since it is responsible of 19% of the SEC. Specifically,
due to high diesel consumption and the long trip requiring refrigeration, improving
the insulation of the vehicle, or increasing its saturation, allows for a reduction in
the SEC.

5. Conclusions

This contribution presents a novel model for supporting the energy efficiency tran-
sition of cold chains in the food and beverage sector. The energy effort in keeping the
quality of fresh and frozen products along the chain is only a part of the overall energy
since the quality degradation at the end point of the chain implies a consequent waste of
energy efforts of all upstream stages. To this aim, the contribution of different actors along
the chain has been estimated in terms of specific energy consumption and quality losses.
Moreover, the overall impact of single decisions on the main setting parameters of the
actor’s chain have been highlighted (e.g., temperature of storage at different warehouses
and batch sizes). With a numerical example, we have shown how the actual specific energy
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consumption with quality considerations can double the energy consumption related to
the logistics activities. The methodology proposed acts as a decision support tool for an
efficient energy management of the cold chain while defining an action plan for energy
efficiency though a holistic perspective.

Further research could be focused on relaxing the assumptions previously mentioned
to some extent to make the model more practical and meaningful and to address specificities
of foods. In practice, products may possess different storage times, which in turn would
affect the final quality and the optimal temperature of the warehouses. Moreover, this
paper considers the problem of the optimization of energy requirements in cold supply
chains of perishable products without consideration of the economic performance, which
represents a relevant aspect in the decision-making process of industrial stakeholders. In
fact, different energy carriers have different costs, which can impact on the prioritization
of the energy efficiency measures at the different stages of the cold chain. The focus can
be moved to an overall environmental impact assessment, for instance, through a life
cycle assessment [21], or to a multi criteria analysis for considering all the dimensions
of sustainability (i.e., economic, environmental, and social), which provides additional
promising measures to be considered (e.g., alternative refrigerants, renewables [22,23]).
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Notation

α conversion factor of raw materials in finished products, α = Drm/D
AILi average inventory level of raw material at stage i (kg)
bi, bj,
ηk

product- and temperature-dependent coefficients for the evaluation of the quality level

γi, δi
coefficients for the evaluation of the filling level impact on the specific energy
consumption at stage i

D annual demand rate of finished product from final customers (kg/year)
Drm annual demand rate of raw material (kg/year)
ε j fuel conversion factor for stage j (kWh/L)
Ei annual energy use of the warehouse for cooling purposes (kWh/year)
f cj fuel consumption per trip for stage j (L/trip)

i

sub-index defining the considered warehouse of the supply chain (S: supplier, P_RM:
raw material warehouse of the producer, P_FP: finished product warehouse of the
producer, DC: distribution center, R_B: backroom warehouse of the retailer, R_DA:
display area of the retailer)

j
sub-index defining the considered transportation stage of the supply chain (S–P: from
supplier to producer, P–DC: from producer to distribution center, DC-R: from
distribution center to retailer)

k sub-index defining the considered product (RM: raw material, FP: finished product)
Ii(x) inventory level of the stage i at time x (kg)
mk,
TC,k

product-dependent constant for the evaluation of bi and bj

ni number of shipments from stage i for each production and/or ordering cycle (-)
Pi production rate of stage i (kg/year)
Q order lot size of the retailer (kg)
Qi order lot size of stage i (kg)
qi, qj quality level for stage i and j as a function of the temperature set and the storage time (%)
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q0,i,
q0,j

initial quality level for stage i and j (%)

ρTw,i

coefficient defining the effect of different storage temperatures on the specific energy
consumption

Si size of the cold warehouse at stage i (m3)

SECi
specific energy consumption of the storage activities per unit of product at stage i
(kWh/kg)

SECS,i Specific energy consumption of a warehouse at stage i (kWh/m3)

SECT,j
Specific energy consumption of the transportation activities per unit of product at stage j
(kWh/kg)

τi average storage time at stage i (year)
tj average travelling time requiring refrigeration at stage j (h/trip)
Tr,i,
Tr,j

reference temperature for energy consumption measures at stage i and j (◦C)

Tw,i,
Tw,j

effective temperature set during storage and transportation activities at stage i and j (◦C)

Vj number of vehicles necessary to deliver a lot of size Qi at stage j
x specific storage time, in the interval 0 ≤ x ≤ τ (year)
We,j electrical power required to power on cooling equipment on vehicles t stage j (kW)
ωk specific volume of the product k (kg/m3)
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