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A B S T R A C T

In this study, real-time performance of typical refrigerated trailers used in food transpor-

tation industry is studied theoretically and experimentally. Two pilot refrigerated trailers

are selected and real-time data are collected over different seasons of year 2014–2015 using

various measuring equipment during routine operation (fleet dairy distribution reefers) in

Vancouver, BC, Canada. A new mathematical model is developed to simulate transient be-

havior of the on-board vapor compression refrigeration (VCR) systems in trailers and obtain

thermal and performance characteristics. The model is validated using the experimental

data and executed over the wide periods of measurement. The real-time thermal behavior

of the VCR systems is obtained and analyzed. The maximum real-time cooling power and

power consumption of the systems are calculated as 17.8 and 18.4 kW. The average yearly

energy consumption and COP of the systems are obtained as 11,800 kWh and 0.58, respec-

tively.Tremendous GHG reduction of 8320 kg CO2 per year per trailer is possible by replacing

the current diesel engine-driven VCR systems with battery-powered types.

© 2016 Elsevier Ltd and IIR. All rights reserved.
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1. Introduction

Despite the immense attention during the past decades, there
is a significant potential to reduce energy consumption and

greenhouse gas (GHG) emissions from energy systems all
around the globe. Based on the fifth report from intergovern-
mental panel on climate change released in 2013, the average
global surface temperature has increased by 0.85 K during 1880–
2012 that accelerates the rate of glaciers melting and sea level
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rise (WMO and UNEP, 2013; Wu et al., 2013). Among all the
energy sectors in the world, the transport sector is respon-
sible for 22% of CO2 emissions that significantly contributes
to global warming (Haass et al., 2015; International Energy
Agency, 2013). Around 31% of food supply chain includes re-
frigerated transportation (Fitzgerald et al., 2011; Jul, 1985).
Refrigeration systems consume a tremendous amount of energy
leading to large quantities of GHG. Furthermore, about 20% of
the total global refrigerant emissions come from mobile air con-
ditioning and refrigeration systems (UNEP, 2010). Transport
refrigeration systems operate in a harsh environment and
undergo a wide range of cooling demand and constraints
imposed by available space and weight. As such, these systems
have lower coefficient of performance (COP) than the station-
ary systems (Tassou et al., 2009).

In addition to the low COP, increasing the quantity of trans-
ported goods, home delivery, and expectations on the quality
of goods, those bring to increasing the use of refrigerated trans-
port, result in tremendous amount of energy consumption by
the refrigerated transport industry (Ahmed et al., 2010; Tassou
et al., 2009). Furthermore, the globalized nature of food trans-
portation has caused a long distance transit for many food
products (Abban, 2013). In the U.S. alone, it is estimated that
processed and fresh food products are transported over 2100
and 2400 km on average, respectively, before being con-
sumed (Abban, 2013; Hill, 2008). In addition, delivery of food
products requires frequent door opening that leads to air in-
filtration and remarkable increase of the cooling demand. It
is reported that a food product can be subjected to as many

as 50 door-openings during a delivery (James et al., 2006). The
low performance combined with harsh operating conditions
that lead to significant environmental impacts put an increas-
ing demand on the food industry to find remedies and new
solutions for reducing the energy consumption of refriger-
ated transport (Tassou et al., 2009). There is about 4 million
transport refrigerated vehicles in the world, of which about 30%
are trailers, 30% are large trucks, and 40% are small trucks and
vans (UNEP, 2010).The predominantly used technology in trans-
port refrigeration is vapor compression refrigeration (VCR)
(UNEP, 2010). Most of the common VCR systems employed in
refrigerated trailers are directly driven by a nearly 2-liter Diesel
engines ranging in power from 18 to 30 kW.These diesel engines
are run anywhere from 1000 hours to 7200 hours per year de-
pending on type of operation (EPRI, 2010).

Although there are numerous studies in the literature with
focus on air conditioning and refrigeration systems in differ-
ent applications, the number of studies relevant to general
category of transport air conditioning and refrigeration systems
is restricted (Afram and Janabi-Sharifi, 2014; Anand et al., 2013;
Boeng and Melo, 2014; Cho et al., 2013; Defraeye et al., 2015;
Ding, 2007; Hermes et al., 2009; Lee and Yoo, 2000;
Rodríguez-Bermejo et al., 2007; Sørensen et al., 2015; Spence
et al., 2004; Tassou et al., 2009; Tso et al., 2001). Among the
studies relevant to transport air conditioning and refrigera-
tion systems, the majority is focused on automotive air
conditioning systems (Alkan and Hosoz, 2010; Brown et al., 2002;
Cho et al., 2013; Han et al., 2013; Joudi et al., 2003; Tian
and Li, 2005; Wang et al., 2005; Yoo and Lee, 2009); however,

Nomenclature

�m mass flow rate kg s⋅( )−1

L length m( )
t time s( )
u velocity m s⋅( )−1

x flow direction
α convection coefficient W m K⋅ ⋅( )− −2 1

Nu Nusselt number
Pr Prandtl number
γ void fraction
η efficiency
Cp specific heat capacity W s kg K⋅ ⋅ ⋅( )− −1 1

V compressor displacement m r3 1⋅( )−

Cd TEV constant

Subscripts/superscripts
i inside
cond condenser

in inlet
s superheated

2ph 2-phase
out outlet
g gas
c condensing
a air
v volumetric
M mechanical

e evaporating
average value

D pipe diameter m( )
ρ density kg m⋅( )−3

m mass kg( )
P pressure kPa( )
h enthalpy kJ kg C⋅ °( )( )−1

T temperature K( )
Re Reynolds number
k thermal conductivity W m K⋅ ⋅( )− −1 1

X vapor quality
A area m2( )
N compressor rotational speed rps( )
W power consumption kW( )
B an arbitrary time-dependent variable
o outside
ref refrigerant
mid1 boundary of superheated/2-phase regimes
mid2 boundary of 2-phase/sub-cooled regimes
l liquid
tot total
w wall
cr critical
comp compressor
E electrical
TEV Thermostatic expansion valve
evap evaporator
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the real-time thermal and performance behavior of the refrig-
erated trailers have not been studied in depth. Table 1 represents
a summary of the pertinent literature on energy efficiency and
thermal characteristics of the refrigerated trailers. The tabu-
lated literature review indicates that the pertinent literature
lacks the following:

• Real-time investigation of thermal behavior and perfor-
mance characteristics of refrigerated trailers under different
duty cycles.

• Green, sustainable energy solution for current refriger-
ated trailers and potential GHG reduction.

The present study aims to address the need in the litera-
ture by performing a comprehensive theoretical and
experimental investigation into typical refrigerated trailers used
in the food transportation industry. As such, real-time field data

is collected and a new mathematical model is developed for
studying the thermal and performance characteristics of such
system and evaluating the existing potential GHG reduction.

2. Typical refrigerated trailer for pilot study

Fig. 1 shows two typical refrigerated trailers from food trans-
portation used in this study. These trailers are employed by
Saputo Inc. for delivering dairy products. Both trailers are
equipped with Diesel engine-driven VCR systems to keep food
products cold (4–5 °C set point) during loading and delivery.The
studied VCR systems are widely employed in food transpor-
tation industries and manufactured by Carrier Transicold. In
refrigerated trailer #1, a 4 cylinder, 1.9 liter indirect injection
Diesel engine with nominal power of 21.6 kW is employed

Table 1 – Summary of the most relevant existing literature on refrigerated trailers.

Classification Author Notes

Thermal study Jolly et al. (2000). √ Mathematical modeling of refrigeration unit in a typical electricity-driven reefer.
√ Measurements of a few thermal parameters under ambient condition mimicked by an
environmental chamber.
× Did not study the behavior of COP.
× Restricted to steady state condition and full load operation.
× Did not consider the effects of door opening, loading/unloading, and transient ambient on the VCR
system’s behavior.

Tso et al. (2001). √ Mathematical modeling of refrigeration unit in a typical electricity-driven reefer.
√ Considered effects of hot gas bypass and suction modulation control on performance in partial
load.
× No experimental data; no model validation.
× Restricted to steady state condition.
× Did not consider the effects of door opening, loading/unloading, and transient ambient on the VCR
system’s behavior.

Moureh and Flick
(2004); Moureh
et al. (2009).

√ Numerical and experimental study of conditioned air distribution through refrigerated trailers.
√ Considered effects of using ducts on air distribution.
× No performance evaluation of refrigeration system.
× Did not consider the real-time performance and capacity variation of refrigeration system.

Defraeye et al.
(2015).

√ Numerical study on conditioned air distribution through refrigerated trailers.
√ Considered effects of food temperature, direction of airflow distribution, spacing between pallets,
etc., on food temperature.
× No performance evaluation of refrigeration system.
× Did not consider the real-time performance and capacity variation of refrigeration system.

Rodríguez-Bermejo
et al. (2007).

√ Experimental study on temperature distribution through refrigerated trailers.
√ Considered effects of being loaded or unloaded and thermostat commands on temperature
distribution.
× No measurements or simulation of VCR system.

Energy efficiency,
environmental
impacts

Tassou et al.
(2009).

√ Estimated average energy intensity, fuel consumption, and CO2 emission of different food
distribution systems in the UK, using statistical and literature data.
√ Suggested heat-driven and air-cycle refrigeration systems instead of VCR for food transport and
estimated the potential energy saving.
× No real-time measurements or modeling for accurate performance investigation of refrigerated
vehicles are performed.

Spence et al
(Spence et al.,
2004).

√ Designed, built, and tested an air-cycle refrigeration system instead of VCR for food transport to
eliminate the direct HFC/HCFC-related environmental impacts.
× In general, lower COP and higher fuel-related environmental impact are resulted.
× Neither a modeling is performed nor is the transient behavior assessed under real-time condition.

Sørensen et al.
(2015).

√ Developed an MPC (model predictive controller) for refrigeration unit of reefers to increase
performance.
× Restricted to electrically driven reefers used for sea transportation.
× Employed a simplified linear model for thermal behavior of cargo.
× No comprehensive model development of refrigeration unit for MPC.
× No real-time study of power consumption and performance behavior.
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(Carrier Transicold, 2010a). A separate aluminum fuel tank with
190 liter capacity is used to supply the diesel. R-404A is used
as the refrigerant in this unit. Based on the manufacturer’s
catalog, the nominal cooling capacity of the VCR unit is 9.38
and 14.95 kW respectively at evaporator return air tempera-
tures of −18 and 2 °C.The trailer #2 is equipped with a 4 cylinder,
2.2 liter direct injection Diesel engine with 18.5 kW nominal
power individually fed from a 190 liter aluminum fuel tank
(Carrier Transicold, 2013). The VCR is charged with 7.3 kg of
R-404A refrigerant. The condenser and evaporator coils have
the dimensions of 1.940 m × 2.176 m × 0.579 m and
1.684 m × 1.149 m × 0.280 m, respectively. Based on the manu-
facturer’s data, the nominal cooling power of VCR is 10.26 and
17.59 kW respectively at evaporator return air temperatures of
−18 and 2 °C.

3. Duty cycle definition

Based on the information provided by the local distribution ad-
ministration and on-site measurements and observations, a
duty cycle is defined for the selected trailers.The defined duty
cycle is employed to interpret the real-time functionality of the
trailers and to analyze the thermal and performance behavior
of theVCR system.Figs. 2 and 3 represent samples of the defined
duty cycle for trailer #1 respectively for Monday–Wednesday
and Saturday–Monday working days. From these figures, one
can conclude that for each delivery theVCR system is switched
“ON”a while ahead to load the food products.The system stays
“ON” for several hours after the loading before the delivery is
started to keep the food products in appropriate condition. Due
to lack of storage area for the produced goods, the loading is
initiated considerably ahead of the delivery. After loading is
finished, the trailer is parked exposed to ambient condition
(namely sun exposure) for several hours before the delivery.
At the end of delivery period, the VCR is switched “OFF” and
the trailer is returned back to the parking area.

4. Mathematical model development

In this section, a mathematical model is developed for evalu-
ating the performance ofVCR systems under real-time transient

operating condition. The complete model includes compo-
nent sub-models such as: condenser, evaporator, compressor,
and expansion valve. The major output parameters from the
modeling of a VCR system are cooling power, input power, and
coefficient of performance (COP = cooling power/input power).

(a) Trailer #1; condenser (left), evaporator (right) (b) Trailer #2; condenser (left), evaporator (right)

Fig. 1 – Examples of typical refrigerated trailers for field data acquisition.

Fig. 2 – Sample obtained duty cycle of VCR unit – Trailer #1,
Monday to Wednesday.

Fig. 3 – Sample obtained duty cycle of VCR unit – Trailer #1,
Saturday to Monday.
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4.1. Condenser sub-model

Conservation of mass, momentum, and energy form a
complete mathematical model for the condenser of a VCR
system. In general, three different refrigerant regimes may
exist in a condenser including: superheated, 2-phase, and
sub-cooled; thus, the governing equations are written
separately for each of these regimes. Following Li and
Alleyne (2010) and Liang et al. (2010), a schematic represen-
tative of the heat transfer regimes in a condenser is shown
in Fig. 4.

- Conservation of mass for refrigerant in superheated section
(integrated over volume):
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- Conservation of mass for refrigerant in sub-cooled (liquid)
section (integrated over volume):
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- Conservation of momentum for refrigerant (fully-developed
flow, integrated over volume):
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- Conservation of energy for refrigerant in superheated section:
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where the convective heat transfer coefficient αref cond s, , is cal-
culable using Dittus-Boelter correlation (Liang et al., 2010;
Shah and Sekulic, 2003; see Eq. (6)). The left hand side of
the above energy equation represents the net rate of energy
entering the superheated region via convection and con-
duction.The right hand side represents the rate of variations
of total energy in the superheated region.The length of su-
perheated region and the enthalpy and density of refrigerant
can change by time and are appeared on the right hand side.
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- Conservation of energy for refrigerant in 2-phase section:
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Fig. 4 – Schematic representative of a cross flow condenser in VCR systems (sections from right to left: superheated,
2-phase, sub-cooled).
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The following correlations also govern the 2-phase region
(Wang et al., 2007):
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ref cond ph g g l l cond( ) = + −( )( )

, ,2
1 (8)

γ
ρ
ρ

=

+ − ⎛
⎝⎜

⎞
⎠⎟

1

1
1

2
3X

X
g

l

(9)

Also, the convective heat transfer coefficient αref cond ph, ,2 is cal-
culated from Kandlikar correlation (Beatty and Katz, 1948;
Browne and Bansal, 2002):
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- Conservation of energy for refrigerant in sub-cooled (liquid)
section:
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- Conservation of energy for wall in superheated section:
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- Conservation of energy for wall in 2-phase section:

π α

α π

D L T T

D

i cond cond ph ref cond ph c w cond ph

a cond o

, , , , , ,

, ,

2 2 2−( )
− ccond cond ph fin fin ph w cond ph a cond

o co

L A T T

D

, , , , ,

,

2 2 2

4

+( ) −( )
=

η

π
nnd i cond cond ph w

w cond ph

w w

D L Cp
T

t

Cp T

2 2
2

2−( ) ( ) ∂ ( )
∂

⎡

⎣
⎢

+ ( )

, ,
, ,ρ

ρ ,, ,
,

cond ph
cond phL

t2
2∂

∂
⎤
⎦⎥

(13)

- Conservation of energy for wall in sub-cooled (liquid)
section:
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- Conservation of energy for air:
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4.2. Evaporator sub-model

Similar to the condenser, writing the conservation of mass, mo-
mentum, and energy forms a complete model for evaporator
in a VCR system. It should be noted that there are only two
sections in an evaporator: 1) 2-phase, and 2) superheated.

4.3. Compressor sub-model

For a compressor in VCR systems, the refrigerant mass flow
rate can be obtained from the following correlation (Koury et al.,
2001):

�m NVref comp ref comp in v, , ,= ρ η (17)

where volumetric efficiency ηV is a function of evaporating and
condensing pressures. Also, the power input to compressor can
be calculated using the following equation:

W
m h h

comp
ref comp ref comp out ref comp in

E M

=
−( )� , , , , ,

η η
(18)

4.4. Expansion valve

Assuming an isenthalpic process, the following correlations can
be utilized for modeling the expansion valve behavior (Liang
et al., 2010):

�m C A P Pref TEV d ref TEV in c e, , ,= −( )ρ (19)

h href TEV in ref TEV out, , , ,= (20)

4.5. Unknowns of the model

Based on the obtained equations of the mathematical model,
a number of unknowns are calculable after the solution. All
the time-gradient terms appeared in the equations are
discretized using the finite difference approach. As such, the
following equation is used for an arbitrary variable B:

∂
∂

= −+B
t

B B
t

n n1

Δ
(21)

Accordingly, the transient solution is commenced with an
initial condition @ n =( )0 and marches through time by solving
all the equations at each time step. The model obtained can
be written as a set of 26 non-linear equations with 26 un-
knowns presented in Table 2.The calculated values from each
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time step are used as known for the next time step. A Newton-
Raphson based solver is developed in C for numerical solution
of the equations set.

5. Experimental setup for field data
acquisition

A major challenge of this study has been to obtain field data
from the pilot refrigerated trailers under realistic operational
conditions. The challenge of data acquisition from a moving
trailer that is frequently loaded and unloaded is solved using
specific types of data loggers equipped with internal memo-
ries. Figs. 5 and 6 show samples of the installed data loggers
on the VCR system. Using the installed equipment, tempera-
ture, humidity and air velocity are measured at different spots
on the VCR system every 10 seconds. The data have been col-
lected on-board the refrigerated trailers for several months
during warm and mild seasons of the year 2014–2015. A number
of 4 Rotronic temperature and humidity sensors model HC2-
S3 with accuracy of ±0.1 °C and ±0.5% RH, 2 MicroDAQ
temperature and humidity data-loggers model RFID with ac-
curacy of ±0.5 °C and ±2% RH, and 2 EXTECH 4-channel data-
logging thermometers with accuracy of ±0.1 °C are utilized for
the measurements.

The accuracy of utilized air velocity sensors used for the
evaporator and condenser flow measurements is ±0.15 m.s−1.
The fuel consumption of trailer is measured by accurately filling

the fuel tank during the periods of measurement. As such, the
total fuel consumption for each period is obtained by adding
the amount of fuel refills during that period.

6. Results and discussion

The field data are acquired during warm and mild seasons of
the year 2014–2015 to cover a wide range of operational con-
ditions in Vancouver, BC, Canada. The mathematical model is
also executed to simulate the thermal and performance char-
acteristics of the VCR system under different operating
conditions.

6.1. Field data acquisition

The measurements are performed on the pilot trailers to obtain
the real-time thermal behavior of the VCR systems. Figs. 7–10
show samples of the acquired data from measurements. The
following can be concluded from these results:

• The ambient temperature varies remarkably during day and
night (see Fig. 7) that imposes variable cooling load and op-
erational condition on the VCR system. This is noteworthy,
since the measurements are conducted in Vancouver, BC,
Canada which has a mild climate. Such variation could be
more pronounced in other geographical locations. Due to
heat gain from trailer wall and air infiltrations during food

Table 2 – Calculated parameters at each time step.

�mref cond in, ,

� �m mref evap out ref comp, , ,,( ) ( )
�mref cond out, ,

� �m mref evap in ref TEV, , ,,( ) ( )
href cond in, ,

href comp out, ,( )
href cond out, ,

href TEV in, ,

�mref evap mid, , Lcond s, �mref cond mid, , 1 �mref cond mid, , 2

Levap ph,2 Levap s, Lcond ph,2 Lcond l,

href evap in, ,

href TEV out, ,( )
href evap out, ,

href comp in, ,( )
Pe

Te( )
Pc

Tc( )
Tw cond s, , Tw cond ph, ,2 Tw cond l, , Tw evap s, ,

Tw evap ph, ,2 Ta cond out, , Ta evap out, , γ cond

γ evap Wcomp

(a) (b)

Fig. 5 – Sample installed measuring equipment on the condensing unit, (a) air temperature and humidity at condenser
inlet, (b) refrigerant temperature at compressor inlet and outlet.
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load/unload, the refrigeration unit frequently turns on-off
during “ON” periods (see Fig. 8) to keep the indoor tem-
perature close to a pre-set desired temperature (~4 °C). The
loaded food products do not impose any additional cooling
loads on the VCR system because they have already been
cooled down to desired temperature before being loaded.
The refrigerant temperature during day and night is a func-
tion of duty cycle and ambient temperature variations.

• The frequency of VCR on–off cycling right after switching
the system “ON” from an “OFF” condition is higher than
usual (see Figs. 8–10). Specially, whenever the system is
switched “ON” after a longer “OFF” period, the intensity of
on–off cycling is more significant. This higher rate of fluc-
tuations happens due to thermal inertia of the trailer
compartment. During the “OFF” periods, heat is stored
throughout the thermal mass (walls) of the trailer. As such,
the VCR system must work harder to overcome the thermal
inertia and keep the temperature desirable, which leads to
more intensive fluctuations and higher energy consumption.

• At the end of each “ON” period that coincides with deliv-
ery hours, some irregular fluctuations with larger amplitudes
can be observed on the evaporator air temperature graphs
(see Figs. 9 and 10). This chaotic behavior of the air tem-
perature emerges due to frequent door opening for unloading
products that causes ambient air infiltration into the trailer.
The door openings and high-amplitude temperature fluc-
tuations during the delivery hours not even impose extra
cooling load on the VCR unit, but also destructively affect
the quality of food products.

• Loading the food products several hours earlier than the de-
livery leaves a loaded trailer in the parking area exposed
to ambient temperature and sometimes sun radiation that
leads to significant energy losses due to inefficient insula-
tion of trailer walls. The frequent on–off cycling of the VCR
unit during these periods (see Fig. 8), specially Sundays for
trailer #1 (see Fig. 10) and most of weekdays for trailer #2,
indicates the enormity of such heat gain and the corre-
sponding energy losses.

(a)

(b)

(c)

Fig. 6 – Sample installed measuring equipment on the evaporating unit; (a) refrigerant temperature at evaporator coil inlet
and outlet; air temperature and humidity at (b) evaporator outlet, (c) evaporator inlet.

Fig. 7 – Sample measured ambient air (condenser inlet) temperature – July.
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Fig. 8 – Sample measured refrigerant temperature variations at compressor inlet and outlet – Trailer #1, Mon to Thu, July.

Fig. 9 – Sample measured air temperature variations at evaporator inlet and outlet – Trailer #1, Mon to Thu, July.

Fig. 10 – Sample measured air temperature variations at evaporator inlet and outlet – Trailer #1, Thu to Mon, July.
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6.2. Model verification and simulation results

The developed mathematical model is employed for perfor-
mance investigation of the pilot trailers under realistic working
conditions.The required physical parameters of the VCR system
are obtained from manufacturer’s data and on-site measure-
ments and inputted into the model.The model is then executed
over the measurement periods and its outputs are compared
with our measurements; the comparison shows a good agree-
ment between the results. Two sample comparisons of the
modeling results with field data are presented in Figs. 11 and
12. The temperature of the cold air leaving the evaporator and
the instantaneous cooling power delivered by the VCR system
are compared on these graphs. In Fig. 13 also a zoomed-in com-
parison between model and measurements of cooling power
during a typical “ON” period is shown. The instantaneous
cooling power from measurements (Figs. 12 and 13) is di-
rectly calculated from air enthalpy entering and leaving the
evaporator (obtained from psychrometric chart calculations
based on the measured temperature and humidity) and the
air velocity data (obtained from air velocity sensors).The com-

parisons show a maximum relative difference of 8.5% between
the model and measurement results. The uncertainty analy-
sis of the experimental data shows a maximum uncertainty
of ±0.5 °C for the measured temperature and 2.0% for the mea-
sured cooling power values.

Figs. 11 and 12 show the fluctuations of the conditioned air
temperature and cooling power during the regular and chaotic
on–off cycling. The previously described behavioral character-
istics of air-side temperature in the last section can be observed
in Fig. 11. From Fig. 12 one can conclude that at the begin-
ning of each “ON” period as well as during the delivery hours
(end of each operating cycle) the cooling power of the VCR
system is higher. This increase is due to thermal inertia of the
trailer (at beginning) and ambient air infiltration (during de-
livery) that impose a higher cooling demand on the VCR system.
The simulation and measurements over the study periods show
that the maximum delivered cooling power by the VCR system
of trailers #1 and #2 are 16.9 and 17.8 kW that happens at 19:50
and 18:47 of a warm day in August, respectively.

One of the major sough-after outcomes of this study is the
real-time COP calculation of the VCR system.To obtain the real-

Fig. 11 – Sample simulated and measured air temperature at evaporator outlet – Trailer #2, Wed to Thu, August.

Fig. 12 – Sample simulated and measured cooling power – Trailer #2, Thu to Sat, August.
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time COP, both instantaneous cooling power and input power
to the VCR system are required. Because the VCR system is di-
rectly driven by a Diesel engine, the instantaneous mechanical
power input to the compressor and fans of the system cannot
be directly measured due to many challenges of which the
movement of trailer is the most important one. As such, the
only way of obtaining the instantaneous power consumption
and COP is through the simulation using the developed and
verified model. However, the measurement of overall energy
consumption by the refrigerated trailer is also conducted over
the study period to achieve comprehensive and more reliable
results.

The most detailed overall energy consumption measured
in this study is the amount of fuel refill of the trailer tank in
different intervals. To achieve the highest accuracy of the fuel
consumption data, the fuel tank is fully filled at each refill and
thus, the amount of fuel consumption during each interval is
equal to the amount of fuel refill corresponding to that inter-
val. Fig. 14 shows a sample of simulated transient power input
to VCR system over a 10-day period, August 2015, Greater Van-
couver, BC, Canada. Based on the transient simulation results
over day and nights of mild and warm seasons, the power con-

sumption of the VCR system (trailer #2) varies between 11.2
and 18.4 kW over the “ON” cycles depending upon the imposed
cooling load as well as the ambient and indoor tempera-
tures. As expected, the power consumption of the VCR system
is higher at the beginning and end of each “ON” cycle due to
higher imposed cooling load respectively because of thermal
inertia and door opening during the delivery. Based on the simu-
lations over the year 2015, the maximum power consumption
by the VCR system of trailers #1 and #2 are 18.0 and 18.4 kW
that appear at 18:02 on August 6 and 17:36 on July 28, Greater
Vancouver, BC, Canada, respectively. Furthermore, the average
power consumption over an “ON” cycle is higher in days of the
warm seasons and lower during nights of mild seasons. Based
on the obtained results, the maximum power consumption of
the studied VCR systems of the trailers during a complete “ON”
cycle is 44.5 kWh that occurs in a warm day of August. The
average yearly energy consumption of the simulated VCR
systems is 11,800 kWh.

Eventually, the real-time COP of the refrigerated trailers is
obtained using the simulated transient cooling power and power
consumption over the study period. Fig. 15 shows a sample of
the obtained COP results. Based on all the obtained results

Fig. 13 – Sample zoomed simulated and measured cooling power – Trailer #2, Friday morning, August.

Fig. 14 – Sample simulated power consumption for 10 days – Trailer #2, August.
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during mild and warm seasons for both trailers, the follow-
ing can be concluded:

• The real-time COP of the refrigerated trailers varies in a range
of 0.001–1.33 over the “ON” periods.This wide range of COP
indicates sensitivity of the VCR systems to the operating
conditions.The significantly small values of COP (less than
0.1) exist over a short period of time at most of the on–off
fluctuations right after the VCR starts working. Over such
periods, the VCR immediately starts consuming signifi-
cant power; however, it takes time (several seconds up to
one-two minutes) to deliver a considerable cooling effect.

• The larger COP values appear during the beginning and final
hours of most “ON” periods although the power consump-
tion is a bit higher over those hours (see Fig. 14).These higher
COP values exist due to higher cooling power of the VCR
system over those hours (see Fig. 12). However, in the middle
of most “ON” periods the COP is smaller due to smaller
cooling power although the power consumption is also a
bit lower (see Figs. 12 and 14).

• The average simulated COP of the trailers over the year is
0.58. This number is significantly smaller than the COP of
stationary systems, usually larger than 3 (Alklaibi, 2008;
Macagnan et al., 2013; Park and Jung, 2007; Wang et al., 2005),
which highlights the importance of studying the food trans-
portation industry due to enormous global energy
consumption and environmental impacts.

• Using the measured fuel consumption of the trailer, the ex-
perimental COP is also calculated. As such, the measured
cooling power is integrated over time and used along with
the measured fuel consumption over the same period of
time, which returns a magnitude of 0.185 as an overall time-
averaged COP for the engine-VCR combination. Based on
the manufacturer’s data, the average thermal efficiency of
the employed Diesel engines is nearly 30% (Carrier
Transicold, 2012; Li et al., 2016; Rapalis and Skac, 2015). As
such, the time-averaged COP of the VCR systems will be 0.62
based on the measurements. Accordingly, there is only 6.5%
relative difference between the simulated and measured

average COP values of the studied VCR systems that veri-
fies a good accuracy of the obtained results.

6.3. Potential GHG reduction from refrigerated trailers

The obtained results from simulations and measurements show
that a typical VCR of a refrigerated trailer that works in a mild
climatic condition (Vancouver, British Columbia, Canada) con-
sumes 11,800 kWh per year. As such, assuming an average
Diesel engine’s thermal efficiency of 30%, the typical refriger-
ated trailer consumes more than 3000 liter per year of Diesel
fuel.The maximum required power and energy during an “ON”
period throughout the year (including loading and delivery) are
calculated as 18.4 kW and 44.5 kWh, respectively. Based on the
obtained data from GPS of the trucks that move the studied
trailers, more than 60,000 km per year is travelled by each trailer.
Therefore, a heavy and low efficiency engine-driven VCR (total
of 1100 kg including the fuel tank) is transported more than
60,000 km per year that significantly contributes to GHG emis-
sions. As a key conclusion of this study regarding the required
power and energy and performance variations of the VCR
systems, it is highly recommended that the engine-driven re-
frigerated trailers are replaced by battery-powered refrigerated
trailers to eliminate the relevant GHG emissions. The pro-
posed battery-powered VCR may not be applicable to all reefer
trucks, certainly for inter-city and long-haul vehicles, battery
powered VCR may be a challenging solution, especially con-
sidering battery charging time and infrastructure needed.
However; for fleet reefer trucks, it is a viable and clean solu-
tion. Based on the manufacturer’s data (Carrier Transicold,
2010b, 2012), eliminating the engine and fuel tank will reduce
up to 600 kg of the total trailer’s weight. Assuming an average
specific power and energy of 300 W.kg−1 and 0.2 kWh.kg−1 for
Li-ion batteries to replace the engine and fuel tank (Brodd, 2012;
Tahil, 2010), the maximum weight of required batteries will be
225 kg. Thus, 375 kg of total trailer’s weight can be reduced by
replacing the engine-driven VCR with a battery-driven VCR
system. This weight reduction equals 1.5% of total truck-full

Fig. 15 – Sample simulated COP for 10 days – Trailer #2, August.
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trailer weight based on the field measurements and manu-
facturer’s data.

Utilizing the available data on average fuel consumption
versus weight of freight in transportation industry, more than
0.5% of total fuel consumption by the truck that moves the
trailer will be reduced as a result of such weight reduction
(Casadei and Broda, 2008; Galos et al., 2015). Thus, assuming
an average truck-trailer fuel consumption of 35 L per 100 km
(Garthwaite, 2012; Natural Resources Canada, 2016), at least 105
liters of Diesel fuel can be saved per year per truck-trailer. In
addition, all the fuel consumption (3000 liter per year based
on the obtained results) and GHG emissions from the refrig-
erated trailer’s Diesel engine will be eliminated. As such, a total
of 3105 liters of Diesel fuel that is equivalent to 8320 kg CO2

per year (U.S. Energy Information Administration, 2016) can be
reduced per truck-trailer by replacing the engine-driven VCR
with battery-powered type. In many areas around the globe,
electricity is produced using clean technologies such as hydro,
wind, and solar energy. Eventually, if all the engine-driven trail-
ers in the world (estimated to be 1.2 million (UNEP, 2010)) are
replaced by battery-powered types feed from clean tech-
generated electricity, more than 3.7 billion liters of Diesel fuel
will be saved and up to 10 million tons of CO2 can be reduced
annually.

7. Conclusions

This paper presented a mathematical and experimental in-
vestigation into real-time performance of typical refrigerated
trailers and estimated potential energy saving and GHG re-
duction. Two typical refrigerated trailers were selected for the
study. These trailers were employed for daily-based food de-
livery in Vancouver, British Columbia, Canada. A number of
temperature, humidity, and air velocity measuring equip-
ment were installed on the VCR units to obtain real-time field
data in mild and warm seasons of the year. In addition, the
duty cycle, manifest, truck and trailer fueling, and GPS data
were acquired from the user and on-site measurements. A new
mathematical model, which simulated transient thermody-
namic and heat transfer characteristics of the VCR systems,
was developed and validated using the real-time data.The fol-
lowings were concluded from the mathematical and
experimental study:

• Three different regimes of inefficient on–off cycling by VCR
system were observed: 1) a high frequency fluctuation regime
due to high cooling demand as a result of thermal inertia
of trailer immediately after starting the VCR from “OFF”
period, 2) a frequent regular fluctuation regime to keep the
food product at the desired temperature, 3) an irregular fluc-
tuation regime at the end of each “ON” period due to ambient
air infiltration as a result of door openings during food
delivery.

• The maximum delivered cooling power by the VCR system
of the studied trailers #1 and #2 were obtained as 16.9 and
17.8 kW that happened in the afternoon of warm days in
August. The maximum power consumption by the VCR
system of trailers #1 and #2 were 18.0 and 18.4 kW that ap-

peared in the afternoon of warm days of August. The
maximum total energy consumption of the VCR systems
during a complete “ON” period was 44.5 kWh occurring in
a warm day of August.The average yearly energy consump-
tion of the VCR systems was 11,800 kWh.

• The real-time COP of the refrigerated trailers was ob-
tained that showed a range of 0.001–1.33 over the “ON”
periods.The yearly-averaged simulated and measured COP
of the trailers was 0.58 and 0.62, respectively.

• It was recommended that the engine-driven VCR systems
would be replaced by battery-poweredVCR systems to reduce
the weight and GHG emissions. It was calculated that a total
of 375 kg per trailer can be reduced by this replacement that
contributes to 0.5% reduction in GHG by the truck’s engine.
In total, an amount of 3105 liters of Diesel fuel from both
the truck and trailer equivalent to 8,320 kg CO2 per year emis-
sion can be reduced by this replacement. Expanding the
obtained results to all the refrigerated trailers in the world
showed that there is a potential reduction of 3.7 billion liters
of Diesel fuel and 10 million tons of CO2 per year by this
replacement.
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