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Abstract: The cold chain—the system of refrigerated storage and transport that provides fresh
produce or other essentials to be maintained at desired temperatures and environmental conditions—
is responsible for substantial energy consumption and greenhouse gas (GHG) emissions, and failures
in the cold chain lead to food and energy waste. Here, we introduce the mini container concept as an
alternative to conventional reefers, particularly for small growers. Mini containers are relatively small,
insulated boxes, with environmental conditions controlled by an electric-powered central driving
unit, which can be aggregated as needed and transported by non-refrigerated trucks and trailers.
We analyze the energy consumption and GHG emissions for the transport of tomatoes in two cities
representing contrasting climates, Phoenix, Arizona, and Chicago, Illinois, for conventional reefers
and the proposed mini containers. These two cities provide the opportunity to compare the energy
consumption and GHG emissions for the proposed mini containers versus conventional refrigerated
transport under extremely different climate conditions. The results show that, as expected in both
cases, as the ambient air temperature increases, the energy consumption and GHG emissions also
increase. For partial reefer loads less than 72% and 85% for Phoenix and Chicago, respectively,
the use of the mini containers reduces energy consumption and GHG emissions because of the
reduced volume requiring refrigeration. In general, since the mini containers are fully electrified,
their corresponding GHG emissions can be dramatically reduced, and since the fresh produce can be
pre-cooled with renewable energy, GHG emissions can even be eliminated.

Keywords: cold chain; carbon footprint; energy efficiency; fresh produce; tomatoes

1. Introduction

As the population expands, to meet the growing demand, food production must
broaden and has to move smoothly from the producers to the consumers. One approach
to reduce transportation, waste, and inventory costs along with end-product prices while
elevating net profits is investigating and improving each production–consumption pro-
cess [1]. Hence, to lower costs and deliver food to consumption sites effectively, the cold
supply chain concept can be implemented. A temperature-controlled supply chain is a
logistics and supply system that consists of a sequence of facilities for sustaining optimum
conditions for goods within a specified range of temperatures, from the point of origin to
the point of utilization [2]. In short, the series of refrigeration steps along the supply chain
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that are followed to keep perishable foods in the given temperature range is referred to as
the cold chain.

Cold supply chains are especially applied for food products. The food cold chain
involves the initial chilling and freezing of foods and the succeeding refrigeration, with
foods being refrigerated during post-harvest, delivery, retail distribution, and home storage,
to preserve the quality, safety, and shelf-life of foods for end-users [3]. The facilities and
equipment in the cold chain may comprise pre-cooling and freezing facilities, freezers,
cold storage warehouses, display cabinets, refrigerated trucks, and household refrigerators,
which require continuing development and numerous new technologies to improve energy
efficiency, reduce greenhouse gas (GHG) emissions, and reduce food waste [4].

Present-day food production–distribution processes have an impact on natural ecosys-
tems and the environment [5]. As an example of food cold chain environmental impact,
the provision of food throughout the retail chains constitutes approximately one-third of
the UK’s total GHG emissions—noting that the production of food is the primary cause of
emissions, with transport evaluated to account for 1.8% of the total emissions [5].

It is important to note that approximately one-tenth of all food-related GHG emissions,
or about one percent of all GHG emissions in the United States, comes from fresh produce.
GHG emissions in the United States account for ~20% of global GHG emissions despite
having only five percent of the world’s population. Food-related emissions, especially
those related to specialty commodities such as fresh produce, are likely to rise as the
world’s population grows and consumers adopt the consumption patterns of wealthier
nations. When it comes to transporting fruits and vegetables, they are more important than
most other commodities with respect to their associated carbon footprint. Transportation
accounts for 28% of the carbon footprint of fruits and vegetables, even though it accounts
for only 11% of the carbon footprint of all food in the United States on average [6].

Post-harvest waste and losses in the vegetable and fruit supply chains are potentially
as high as 13 to 38%, before reaching the end-user [6]. Additionally, up to 13% of all
short shelf-life foods may be lost due to inadequate refrigeration [7]. Plenty of natural
resources, such as water and energy, are incorporated in these food losses, as well as GHG
emissions [8]. This constitutes approximately 38% of all energy consumed in the food
industry, and refrigeration consumes 8% of the electrical energy used in this industry [9].

The cold chain terminates when the food is placed inside a domestic refrigerator by the
end-user. The entire duration of the cold chain depends on the particular product and the
chosen market, with a few cold chains being as short as a few hours and others enduring
for several months or even years, mostly for frozen food products [10]. The distribution
center plays an integral control point in many food cold chain management systems, as it
sorts and merges shipments received from many wholesalers and delivers the products
according to demand from the retailers. Each step in the food cold chain has an impact on
the final quality of the food, and temperature violations may happen at any point, leading
to safety concerns or food waste.

Figure 1 depicts a block diagram of the main steps involved in a food cold chain from
harvesting (farm) to home storage (domestic refrigeration).
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Globally, it is estimated that food production will have to rise by 70% to be able to
counter the demand of a rising population by the year 2050 [11]. The depletion in the
quantity of fresh fruits and vegetables that were initially meant for human consumption is
referred to as food waste or food losses [12]. Internationally, it is estimated that one-third
to one-half of all food produced is wasted or lost along post-harvest supply chains, the
main source of food waste being packaging, storage, and transportation [13,14]. Losses
of fruits and vegetables globally are between 40–50% of which 54% occur in production,
storage, or post-harvest handling [15,16]. Each year, we still waste or lose about 30–50% of
the consumable parts of food [17]. More than 40% of losses occur at the post-harvest and
processing stages due to a lack of infrastructure in the food cold chain and a shortage of
knowledge associated with storage technologies at harvest levels in developing nations.
However, in developed nations, more than 40% of losses occur at the consumer and retail
stages for numerous reasons [18]. One of the countries of particular concern for food waste
is the United States. It was evaluated that food wasted by each United States’ citizen has
increased by 50% since 1995, accounting for more than one-quarter of the total freshwater
consumption in the United States and 300 million barrels of oil every year [19]. In the course
of packaging, storage, and transportation of fresh agricultural produce, depletion in the
quality of the fresh produce also induces food losses. The quality of the fresh produce can
be defined as the outstanding characteristics that are desired by the end-user. Customers
usually buy fresh produce depending on their biochemical characteristics such as texture,
appearance, nutritional value, and flavor [20]. Fresh agricultural produce such as fruits
and vegetables are a vital part of human nutrition, as they are principal sources of vitamins,
minerals, dietary fibers, carbohydrates, proteins, etc. with immense health benefits [21].
Appropriate in-transit observation of environmental conditions and alteration in the quality
attributes of fresh produce during storage and transport can help lower food waste and
losses and guarantee the availability and accessibility of fresh fruits and vegetables with
elevated nutritional density to the end-users [22]. Figure 2 depicts the food lost or wasted by
region and portrays the different stages in the value chain (percent of kcal lost and wasted).
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2. Background
Post-harvest Technologies

The technology used to treat agricultural products after harvest to protect, conserve,
process, package, and market them to meet the food and nutritional needs of the consumer
population is known as post-harvest technology (PHT). Product quality is maintained or
improved during post-harvest processing to make it more marketable. Thus, reducing
delivery times, maintaining product quality, reducing shipping costs, and making trans-
portation improvements, in combination with other technological developments, can help
reduce post-harvest losses [24].

Post-harvest technology in transportation has long been one of the most stagnant
aspects of the cold supply chain. This changed after the FSMA, or the Food Safety Modern-
ization Act, was passed in the United States. The rule mandated vehicle and equipment
be capable of maintaining temperatures required for food safety and developed written
procedures and regulations to ensure food transportation under adequate tempera-
ture conditions. Around the world, controlled atmosphere (CA) technology has been
used to extend the shelf-life and maintain the quality of a variety of fresh fruits and
vegetables [25].

To maintain the quality of products, a proper combination of temperature and humid-
ity is necessary. For years, data loggers have been used, and the technological evolution
now allows the real-time capture and analysis of the required conditions to maximize the
quality of the produce [25]. Although GPS, remote monitoring, and temperature sensors
have been available for some time, continued improvement benefits the growers to have
better control over the downstream traceability for quality control of the produce.

GPS-enabled devices provide constant data of what occurs between loading and
unloading of the produce and improve the transparency of the supply chain. Currently, the
most common long-haul transportation system is based on a refrigerated van known as a
reefer [26], which is not efficient for the transportation of small-scale shipments. This has
an impact on small-scale producers who do not require a full reefer trailer to transport their
load. The proposed mini container approach [27] addresses this shortcoming by splitting
the overall load capacity of a freight vehicle into multiple mini containers, each with its
own temperature control. This option would give the growers much more control over the
temperature of their fresh produce.

The vast majority of refrigerated trucking is carried out with semi-trailers packed
with insulated rigid boxes. Furthermore, the most commonly used refrigeration system
for cold food transport applications today is the vapor compression refrigeration (VCR)
system, powered by dedicated diesel engines. Refrigeration with the VCR cycle offers a
wide choice of compressor drive methods. Selection can be based on service, weight, noise,
and maintenance requirements, as well as installation costs, environmental considerations,
and fuel taxes. The performance and capacity requirements of these systems are generally
evaluated at full load. However, in practice, transport refrigeration systems operate with
a wide variety of loads. To accommodate changing loads, the refrigeration system is
switched on and off, or its capacity is adjusted to maintain the set temperature with
reduced efficiency [28].

Vapor compression refrigeration (VCR) systems used in temperature-controlled food
transport are responsible for significant GHG emissions. Alternative refrigeration tech-
nologies can be used to reduce these emissions. Both direct (i.e., from refrigerant leaks)
and indirect (i.e., from fossil fuel combustion) emissions can be important. For example,
assuming an annual refrigerant leak of 10% for a large articulated vehicle and a single
distribution of refrigerated food using R404A refrigerant, GHG emissions from refrigerant
leaks represent 17% of engine emissions from the refrigeration system [28].

An alternative to engine-driven refrigerated transport is battery-powered refrigeration.
Bagheri et al. [28] recommended replacing the engine-driven VCR system with a battery-
powered VCR system to reduce weight and GHG emissions. Using 7.3 kg of R-404A as
refrigerant for the refrigeration unit to maintain the temperature of the products at 4–5 ◦C,
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the cooling process stayed on during product loading and for a couple of hours before the
delivery started. According to these calculations, this replacement could reduce mass by
a total of 375 kg per trailer, thus reducing GHG emissions from the truck engine by 0.5%.
This replacement led to a reduction of 3105 L of diesel fuel for a truck or trailer, which is
equivalent to 8320 kg of GHG emissions per year. Extending this to all refrigerated trailers
in the world showed that through this replacement, 3.7 billion liters of diesel fuel and
10 million tons of GHG emissions can be avoided each year [28].

In recent years, fruit and vegetable production has become of increasing interest for
agricultural research, the United States’ economy, and part of a healthier diet of Ameri-
cans [29]. Tomatoes are one of the most consumed vegetable crops in the world. They rank
second after potatoes in terms of quantity and production area [30]. According to FAO
(Food and Agriculture Organization) statistics, 180 million tons of fresh tomatoes were
produced worldwide in 2019. China leads the production of tomatoes, followed by India,
Turkey, and the USA [31]. Fresh tomatoes are produced nationwide in the United States,
with California and Florida being the major producers [32].

Based on the above considerations, starting from studies that showed a huge waste
in energy and food in the cold supply chain, and the clear need to improve the efficiency
of the VCR system, the purpose of this article was to introduce mini containers as a
new efficient, cost-effective approach for transporting fresh fruits and vegetables with
lower (or zero) GHG emissions especially for partial loads compared to conventional
refrigerated transport (reefers). The heat loads on the mini container were calculated
for four different types of insulation to help optimize their design. A comparison of the
energy intensity and corresponding GHG emissions for two climates, Phoenix, Arizona,
USA and Chicago, Illinois, USA, was made for mini containers and conventional reefers
transporting tomatoes.

3. Methods
3.1. Mini Containers

The basic idea behind the mini containers is to develop a refrigeration or environ-
mental control unit, called the central driving unit (CDU), that is connected to thermally
insulated boxes. This enables almost any vehicle, including pickups, vans, and trailers, to
be converted into refrigerated transport. Furthermore, when stationary, the mini containers
and their CDUs become a scalable refrigerated warehouse.

Each mini container (MC) would have a traceable ID and would be equipped with sen-
sors to monitor the temperature, humidity level, and environmental conditions. Although
the MCs do not contain their own refrigeration system, they would be connected to the
CDU that would provide suitable refrigerated and moist air and the desired environmental
conditions by utilizing a network of sensors and actuators.

One of the main objectives for the MCs is to fit nontraditional food transportation such
as small vans, pickup trucks, and flat trailers. This is possible as the dimensions of the MCs
(4 ft × 4 ft × 4 ft, or 1.2 m × 1.2 m × 1.2 m) are designed to efficiently fit such applications.
This size benefits small growers in particular, as there is need for farmers to make use of an
entire reefer for a relatively small harvest. In other words, the modular nature of the MCs,
as shown in Figure 3, means that only the required number of MCs are environmentally
controlled to accommodate the harvest.

This reduces the cost, energy consumption, and corresponding GHG emissions relative
to an entire conventional reefer. Using the MCs also allows shippers to load different
products in different MCs in the same load, recognizing that each MC is individually
controlled by the CDU to maintain the required temperature and humidity.

Another advantage of the MC concept is that the CDU which controls all the MCs
can be fully powered by batteries that are charged using renewable energy, for example,
with solar photovoltaic (PV) panels. The solar PV panels can be located at the farm or at
intermediate transit stops to recharge the batteries as needed. This approach reduces or
eliminates the GHG emissions from the refrigeration system.
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view; (b) central driving unit (CDU).

The conceptual design of the MC system assembly is shown in Figure 3a. A single MC
is intended to be an insulated box measuring about 4 ft (1.2 m) in length, width, and height.
Equipped with an operable collapsible door, each unit contains a traceability module inside
as well as different control valves to ensure adequate operation. A typical 40 feet standard
container can hold up to 39 MCs and one central driving unit (CDU) which provides
refrigeration by employing a VCR system, as shown in Figure 3b.

In a typical container truck, the MCs can be stacked 2 levels high and in 2 rows of
10 units in length. Airflow to and from the CDU is provided through the return and supply
piping, thus maintaining optimal conditions of temperature and relative humidity of the
fresh produce in each MC.

Figure 4 presents the basic sketch of an MC in terms of its interactions with the cooled
and ambient air, i.e., the airflow inlets and outlets of the system. At point 1, the cooled
air from the refrigeration unit is drawn in by the blower and then blown to points 2 and
4 before entering the MC. A mixing valve at point 4 is needed if the wet air coming from
the humidifier (point 3) is required to comply with a specified relative humidity condition.
Small ethylene, CO2, and N2 reservoirs are to be provided (point 5) in case these gases are
needed to maintain optimal storage conditions controlled by the sensor module.
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Point 6 represents the airflow coming out of the MC, of which anywhere from a small
fraction (e.g., 2%) up to 100% can be exhausted (point 7) and replaced by fresh ambient air
at point 10. This mixed air (point 8) passes through a filter and finally, the filtered air at
point 9 returns to the refrigeration unit to complete the cycle. The system starts a new cycle
as required according to temperature, relative humidity, and CO2 set points.

3.2. Heat Loads and CO2 Generation Calculations

Understanding the heat loads on an MC is important in order to size the refrigeration
system. The components of the heat load on a typical MC containing fresh produce are the
following: conduction from the ambient, new product cooldown, respiration, infiltration,
and transpiration.

Conduction load: this is the heat transfer that occurs because of the temperature dif-
ference between the inside and outside of the MC, where normally the MC interior is at a
lower temperature than the outside air. The conduction load

.
Qcond can be calculated by

.
Qcond = U ∗ As ∗ ∆T (1)

where As is the area over which the heat transfer occurs, and ∆T the dry-bulb temperature
difference between the ambient air and air inside the MC.

The parameter U is the overall heat transfer coefficient and is calculated by

U =
1

LMC
kMC

+ Lins
kins

+ 1
hconv,ext

+ 1
hconv,in

(2)

where LMC is the thickness of the MC wall, kMC the wall thermal conductivity (typically
made of metal), Lins is the thickness of the thermal insulation, kins is the thermal conductiv-
ity of the insulation, and hconv,ext and hconv,in are the external and internal convective heat
transfer coefficients, respectively.

New product cooldown load: this contribution to the heat load represents the sensible
heat contained within the product if it enters the MC at a higher temperature than the
desired MC temperature, i.e., the desired storage temperature. For the most efficient system,
we anticipate that the product would already be pre-cooled, but we recognize that even
so, it may still enter the MC at a slightly elevated temperature. Here, we considered the
temperature difference to be ∆Tnpc = 1 ◦C, and calculated the new product cooldown heat

load
.

Qnpc from
.

Qnpc =
mproduct ∗ cpproduct ∗ ∆Tnpc

t
∗ 1 h

3600 s
(3)

where mproduct and cpproduct are the mass and specific heat of the product, respectively, and
t is the time (1 h) needed for cooling the product to the desired storage temperature.

Infiltration load: the infiltration load is the heat contained within the ambient air that
leaks into the MC, since the ambient air is normally at a higher temperature than the MC
interior. The infiltration load

.
Qin f is calculated by

.
Qin f =

Vol Changes
hr

∗ (Volcontainer) ∗ (ρair) ∗ (cpair) ∗ (Tambient − Tinside) (4)

where Vol Changes
hr is the infiltration rate calculated by:

Vol Changes
hr

=
Max ventilation rate f or typical ree f er trucks

Volume o f the Mini container
(5)

Volcontainer is the volume of an MC, ρair and cpair are the density and specific heat, respec-
tively, for the ambient air, Tambient is the dry-bulb temperature of the ambient air, and Tinside
is the dry-bulb temperature of the air inside the MC.



Climate 2022, 10, 76 8 of 16

Transpiration Load: fresh produce normally transpires, or releases moisture to the
surrounding air. This results in a negative heat load since the liquid moisture within the
produce is vaporized in the air. The transpiration load

.
Qtrans is calculated by the following

equation [33]:

.
Qtrans = kt[(Psat ∗ Tinside)− (RH ∗ (Psat ∗ Tinside)) ∗

1
1012 ∗ h f g] (6)

where kt is the transpiration coefficient, Psat is the saturation pressure of the water vapor,
RH is the relative humidity, and hfg is the latent heat of vaporization.

Product respiration: during respiration, glucose and oxygen combine to form carbon
dioxide, water, and heat. The rate at which this chemical reaction takes place varies
depending on the type and temperature of the food product. Therefore, the generation
of CO2 in each MC was calculated following the methodology proposed by [34], where a
correlation that relates the food’s rate of CO2 generation to its temperature was developed.
The CO2 generation rate as a function of temperature T in ◦C is:

.
mCO2 = f

(
9T
5

+ 32
)g

(7)

where
.

mCO2 is the rate of CO2 produced per unit mass of the product
(

mg
kg·h

)
and the

respiration coefficients f and g for tomatoes are 2.0074 × 10−4 and 2.8350, respectively [34].
Considering the product mass m and the number of MCs (#MC), the total rate of CO2

generation
.

mCO2,tot in mg/h then becomes:

.
mCO2,tot = #MC·m· f

(
9t
5
+ 32

)g
(8)

As for calculating the heat of respiration, for every milligram of CO2 produced,
10.7 joules of heat are generated [34]. The rate of CO2 production can then be related to the
rate of heat generation of the product through respiration. The resulting correlation gives
the product’s respiration heat rate

.
Qresp in W

kg·h units as follows:

.
Qresp =

10.7 f
3600

(
9t
5
+ 32

)g
(9)

Table 1 shows the different conditions, assumptions, and all relevant parameters used
in the previous calculations. The value of COP = 1.25 was taken from [35] for a 48 ft reefer
trailer refrigeration system.

Table 1. All relevant parameters used in the analysis.

Parameter Value

Ambient temperature in Phoenix (◦C) 43

Relative humidity in Phoenix (%) 35

Ambient temperature in Chicago (◦C) 20

Relative humidity in Chicago (%) 90

Temperature inside the mini container (◦C) 9

Relative humidity inside the mini container (%) 90

LMC (m) 0.006

kMC

(
W

m·k

)
250
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Table 1. Cont.

Parameter Value

Lins (m) 0.053

hconv,ext

(
W

m2·K

)
10

hconv,in

(
W

m2·K

)
10

mTomatoes(kg)/MC 272

t (hours) 10

f 2.0074 × 10−4

g 2.8350

COP 1.25

cptomatoes

(
kJ

kg·K

)
4.02

4. Results
4.1. Heat Load Distribution for Phoenix, AZ, and Chicago, IL

Figure 5 depicts the distribution of heat loads obtained for a single mini container
carrying tomatoes for distribution in Phoenix and Chicago. The results for both locations
represent relatively extreme conditions (hot in Phoenix with a total heat load of 0.394 kW
and cold in Chicago with a total heat load of 0.347 kW) compared to the documented
refrigeration capacity in [35] (from 5.9 kW to 13.5 kW) for a fully loaded conventional reefer.
In Phoenix and Chicago, the new product cooldown

.
Qnpc was the largest component, thus

demonstrating the importance of pre-cooling produce as much as possible before transport.
The conduction load through the container walls depends, of course, on the type and
thickness of thermal insulation (here with k = 0.025 W m−1 K−1 taken from [35]), and this
value contributed 4% to 12% of the total heat load, respectively. The remaining components
were relatively small, but note that the infiltration load may be highly variable depending
on the quality of construction for each MC.
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The smallest heat load was that from respiration and transpiration, which were found
to be only 2% and 3% of the total heat load, respectively. Even within the same type of
produce, respiration rates can vary widely. Low respiration rates and slow heat generation
commodities such as grapes, apples, cabbage, and potatoes are known for their long shelf
lives. Chilling stress, heat stress, physical stress, and atmospheric composition are all other
factors that affect fresh produce respiration [36].

4.2. Energy Consumption and GHG Emissions

For their characterization, refrigeration capacity and fuel consumption of conventional
reefers are usually measured at full load as per local and international standards. These
units are then optimized for a full-load operation, even if in most cases they operate in
other modes where performance may be quite different. Several studies have agreed that it
is necessary to measure the energy efficiency of the equipment in other operating modes,
especially under partial load [37].

Reference [38] presented results of typical refrigeration duty and fuel consumption of
self-contained mechanical road refrigeration equipment. The average volume and weight
usage of the vehicles were found to be around 53%. In addition, they proposed a measure of
energy efficiency in food distribution to be expressed as “energy intensity” that represents
fuel consumption on a per pallet kilometer basis, not per vehicle kilometer. They found that
for temperature-controlled primary distribution, the average energy intensity was 19.3 mL
fuel/pallet-km with a standard deviation of 4.9 mL fuel/pallet-km, whereas for tertiary
and mixed distribution, the average energy intensity was 37.3 and 30.1 mL fuel/pallet-km,
respectively, with standard deviations of 12.3 and 4.4 mL fuel/pallet-km, respectively.

Regardless of the vehicle type, further data indicated that the average fuel consump-
tion of a typical refrigeration system ranged from 15% to 25% of the vehicle engine’s fuel
consumption. Another analysis [38] of refrigerant fuel consumption for hypothetical urban
and long-distance distribution estimated the fuel consumption for urban delivery to be
16% higher than that for long-distance deliveries.

Assuming a heating value for diesel of 43.2 MJ/kg, a density of 820 kg/m3, and
engine thermal efficiency of 40%, refrigeration energy intensity data [38] can be expressed
in kWh/ton-km, considering average volume load, average payload, and percent refrigera-
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tion energy consumption. Then, a medium rigid transport (7.5–18 tonne) yields an average
refrigeration energy intensity of 0.062 kWh/tonne-km, a large rigid transport (more than
18 tonne) consumes 0.029 kWh/tonne-km on average, and primary and secondary artic-
ulated transports (32–28 tonne) yield an average refrigeration energy intensity between
0.016 and 0.025 kWh/tonne-km. We refer to these values below for comparison with the
energy intensity of the MCs.

Figure 6 shows the refrigeration energy consumption in kWh per ton-mile and per
tonne-km in terms of load percentage for a conventional refrigerated truck (a reefer)
compared to MCs with different types of thermal insulation for Phoenix, AZ (Figure 6a)
and for Chicago, IL (Figure 6b).
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These curves were obtained from the total thermal load calculations for each case,
considering the conduction, new product cooldown, respiration, transpiration, and infiltra-
tion heat loads, as well as an average trip of 10 h duration, thus obtaining a relationship
between the energy to maintain the refrigerated space at the desired temperature concern-
ing the variable weight of the trucks (percentage load) and a constant average speed of
50 miles/h (80.5 km/h). Results from the conventional reefer truck (thermal insulation
with k = 0.025 W m−1 K−1) in Phoenix varied from 0.417 kWh/ton-mile for a nearly empty
truck down to 0.0170 kWh/tonne-km for the full-load case. The corresponding values
for a conventional reefer in Chicago varied from 0.381 kWh/tonne-km for a nearly empty
truck down to 0.0155 kWh/tonne-km for the full-load case. Comparing these values to
the data reported in [38] for large rigid transport, the average energy intensity reported
(0.029 kWh/tonne-km) corresponds to the energy consumption of a 25% loaded conven-
tional reefer considered in this analysis. This difference may be due to different ambient
temperatures, which were not specified in the cited reference.

On the other hand, the energy consumption curves for the MCs in Phoenix yielded
values of 0.023, 0.0182, 0.0181, and 0.0177 kWh/tonne-km for polyurethane insulation
(k = 0.4 W m−1 K−1), extruded polystyrene (k = 0.04 W m−1 K−1), polystyrene
(k = 0.025 W m−1 K−1), and aerogel (k = 0.013 W m−1 K−1), respectively. These energy
consumption values compare reasonably well with the average energy intensity range from
0.016 to 0.025 kWh/tonne-km for the 38 tonne of articulated transport [38].

As can be seen in Figure 6, the energy consumption curve for the conventional reefer
presents a decreasing trend as the load percentage increases; that is, the highest energy
consumption concerning the weight and distance traveled occurred at the emptiest state.
Although the load per product transported is lower, the total internal volume of the
container must be kept at the same temperature established as the set point. Therefore,
additional energy needed to maintain the cargo temperature is used for temperature control
of the void space in the container.

On the other hand, in the case of the proposed truck loaded with individual refriger-
ated MCs, it can be observed that the trend of energy consumption was constant regardless
of the load level of the truck, which is consistent with the concept of the MC since energy
is only required for refrigeration depending on the number of MCs transported, without
wasting unnecessary cooling in the empty portions of the transport truck.

As can be noted, the use of MCs could reduce the energy consumption for partial loads
up to a load percentage of approximately 72% for Phoenix and 85% for Chicago. Above
these percentages, the traditional reefer presents a lower energy consumption for Phoenix
and Chicago if polyurethane insulation (k = 0.4 W m−1 K−1) is used as thermal insulation for
the MCs. For Phoenix and Chicago, however, if extruded polystyrene (k = 0.04 W m−1 K−1),
polystyrene (k = 0.025 W m−1 K−1), or aerogel (k = 0.013 W m−1 K−1) are used as thermal
insulation, then the MCs always have a lower energy intensity than the conventional reefers,
although the energy intensity values are close. In general, despite considering different
types of MC insulation, which reduce heat transfer as the thermal conductivity decreases,
the performance of the conventional reefer results in lower energy consumption at high
load percentages.

For hot climates such as Phoenix, it appeared that improving the thermal insulation
further leads to diminishing improvements in energy intensity relative to conventional
reefers. Rather, additional improvements in energy intensity can be achieved through
improving the energy efficiency of the refrigeration system. This will be explored in
future work.

Figure 7 represents the indirect GHG refrigeration emissions for tomatoes in Phoenix
and Chicago. Not surprisingly, the carbon emission intensity w highest for minimally
loaded conventional reefers and decreases with increasing load percentage. For the MCs,
GHG emissions are identically zero as all power to the CDU was assumed to come from
batteries, which are pre-charged using renewable resources at the beginning of the trip.
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As a comparison, ref. [39] applied an emissions factor for diesel of 2.668 kg CO2 per
liter. They found that depending on the vehicle used and the type of distribution, the
CO2 emissions varied between 48 g CO2/pallet-km for ambient single-drop primary and
secondary distribution with vehicles above 38 tonne, to 115 g CO2/pallet-km for multi-drop
temperature-controlled tertiary and mixed distribution with vehicles from 7.5 to 18 tonne.
These results neglected direct emissions from refrigerant leakage, although it is well-
known that transport refrigeration systems can lead to higher refrigerant leakage, for they
operate in a more rugged environment than stationary systems. From [39], for conventional
refrigerated transport, the GHG emissions varied between 0.069 kg CO2/tonne-km for
ambient single-drop primary and secondary distribution, to 0.295 kg CO2/tonne-km for
multi-drop temperature-controlled tertiary and mixed distribution with vehicles. These
results were within or exceeded the range for conventional reefers shown in Figure 7.

5. Conclusions

This article introduced the mini container concept as a promising approach that
can improve the transportation of fresh produce using clean energy. Mini containers
are 4 × 4 × 4 ft3 insulated boxes that enable traceable, controlled environments to be
maintained corresponding to the fresh produce in each mini container. Refrigeration
and other environmental conditions are maintained by a separate central driving unit
powered by batteries that can be charged via renewable energy. A preliminary analysis
of the heat load on a mini container loaded with fresh tomatoes in Phoenix, Arizona,
and Chicago, Illinois revealed that the largest component of the heat load is the “new
product cooldown” required to reduce the temperature of the produce from its initial
state to the desired storage temperature, demonstrating the importance of pre-cooling
fresh produce to minimize refrigeration energy requirements during transportation. A
comparison of the refrigeration energy intensity and greenhouse gas (GHG) emissions
between conventional reefers and the mini containers showed that partially loaded reefers
have higher refrigeration energy intensities, especially for cold climates such as Chicago.
Indirect GHG emissions, on the other hand, could be identically zero for the mini containers
because of the potential for pre-cooling using renewable energy.

The main limitation in this work was to find related data to compare with from the
literature. Some of the published data, the conditions and assumptions for the calculations,
and the specifications of the vapor compression refrigeration system that had been used in
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the literature were hard to obtain, especially for transport of tomatoes. We were not able to
perform experiments to validate our results, so instead, we compared our results with the
literature which showed that the energy intensity we calculated is within the range that
has been previously reported.

Future work can address improving the energy efficiency of the mini containers even
further through innovations in controls, the refrigeration cycle, and cold distribution.
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Nomenclature

As Area over which the heat transfer occurs
(
m2)

COP Coefficient of performance

cpair Specific heat of ambient air
(

kJ
kg·K

)
cpproduct Specific heat of the product

(
kJ

kg·K

)
f, g Respiration coefficients for tomatoes (-)

hconv,ext External convective heat transfer coefficient
(

W
m2·K

)
hconv,in Internal convective heat transfer coefficient

(
W

m2·K

)
hfg Latent heat of vaporization

(
kJ
kg

)
kins Thermal conductivity of the insulation

(
W

m·K

)
kMC Wall thermal conductivity (typically made of metal)

(
W

m·K

)
kt Transpiration coefficient

(
ng

kg·s·pa

)
Lins Thickness of the thermal insulation (m)
LMC Thickness of the mini container (MC) wall (m)
.

mCO2 Rate of CO2 produced per unit mass of the product
(

mg
kg·h

)
mproduct Mass of the product (kg)
Psat Saturation pressure of the water vapor (Pa)
.

Qcond Conduction load on a mini container (kW)
.

Qin f Infiltration load on a mini container (kW)
.

Qnpc New product cooldown heat load (kW)
.

Qresp Product respiration heat rate (kW)
.

Qtrans Transpiration load (kW)
RH Relative humidity (-)
t Time needed for cooling the product to the desired Storage temperature (h).
Tambient Dry-bulb temperature of the ambient air (◦C)
Tinside Dry-bulb temperature of the air inside the MC (◦C)

U Overall heat transfer coefficient
(

W
m2·K

)
∆T Dry-bulb temperature difference between the ambient and inside the MC (◦C)

ρair Density of ambient air
(

kg
m3

)
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