
	 ECEEE SUMMER STUDY PROCEEDINGS  741

Comparison of cooling technologies for 
transport logistics

Sebastian Leopoldus
Institute of Energy Economics and Rational Energy Use
University of Stuttgart
Heßbrühlstraße 49a
DE-70565 Stuttgart
Germany
sebastian.leopoldus@ier.uni-stuttgart.de

Alessandro Consolati
Department of Mechanical and Industrial Engineering
University of Brescia
Via Branze 38
IT-25123 Brescia
Italy

Prof. Dr. Peter Radgen
Institute of Energy Economics and Rational Energy Use
University of Stuttgart
Heßbrühlstraße 49a
DE-70565 Stuttgart
Germany

Prof. Dr. Simone Zanoni
Department of Mechanical and Industrial Engineering
University of Brescia
Via Branze 38
IT-25123 Brescia
Italy

Keywords
cooling, commercial transport, alternative cooling technolo-
gies, CO2 emissions, avoided emissions, food and drink, fuel 
consumption, logistics

Abstract
Despite efforts to increase energy efficiency, the final energy 
consumption for freight transport in Europe constantly in-
creased during the last years. Food, beverages, and tobacco ac-
counts for the largest share of tonne-kilometres in road freight 
transport, while about one-third of the transported products 
require refrigeration or cooling. Standard technology today are 
vapour-compression refrigeration (VCR) systems operated ei-
ther via the vehicle engine or with a dedicated diesel engine, 
both increasing the fuel consumption for transportation. To 
achieve the energy and climate targets of the EU, further re-
search is needed for the transport sector and especially on al-
ternative cooling technologies in transportation applications, 
which are more efficient, and/or using renewable energy.

This paper will present an evaluation of different alternative 
refrigeration technologies such as (i) eutectic cooling by the 
use of phase change materials (PCM), (ii) cryogenic cooling, 
(iii) solid oxide fuel cell in combination with vapour absorp-
tion refrigeration, and (iv) photovoltaic (PV) cells as an energy 
provider for the vapour compression refrigeration (VCR). 

The alternative systems are compared to the VCR systems 
regarding technical feasibility, GHG-emissions, and eco-
nomic competitiveness (investment and operational cost). 
Required cooling loads are calculated for different truck sizes 
and distribution scenarios as well as solar potentials in dif-
ferent regions of Europe. Emissions during operation as well 

as emissions related to the production and losses of the fuels 
and refrigerants are taken into account. However, emissions 
related to the production of the required hardware are not 
considered.

The results show that all the alternative technologies are fea-
sible, except for the PV-driven VCR system, which alone can-
not provide enough energy during some months or transport 
scenarios. They might need to be supplemented by an energy 
storage device. However, PV-driven VCR and eutectic cooling 
seem to be the most promising systems in terms of emission 
reduction potential.

Introduction
The most common way to transport food in need of refrig-
eration on land is to use refrigerated trucks. The trucks con-
nect the different stages of the cold supply chain. Due to de-
mographic changes, the total number of refrigerated vehicles 
around the world is estimated to reach 15.5 million by 2025, up 
from 3 million in 2013 (Automotive Fleet 2015). The vapour-
compression refrigeration (VCR) system is the most common 
technology for on-road mobile refrigeration applications and 
90 % of these systems are operated via a dedicated diesel en-
gine (Rai and Tassou 2017b). The diesel engine, with a typical 
fuel consumption of 0.47 l/h per kW cooling capacity (Liu et al. 
2012), emits greenhouse gases (GHG), particulate matter and 
nitrogen oxides (NOx) which have a negative impact on the en-
vironment. Regarding the energy and climate targets of the EU, 
there is a need to establish alternative technologies for mobile 
cooling applications with less environmental impact. This work 
presents a comparison of some alternative cooling technologies 
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for transport logistics regarding technical applicability, envi-
ronmental impact and economic competitiveness.

Alternative refrigeration systems for transport 
applications
In this work the following four refrigeration systems are ana-
lysed:

1.	 Eutectic cooling

2.	 Cryogenic cooling

3.	 PV cells in combination with vapour compression refrigera-
tion (VCR)

4.	 Solid oxide fuel cell (SOFC) in combination with a vapour 
absorption refrigeration system (VARS)

The eutectic and cryogenic systems are alternative technolo-
gies, while the fuel cell and PV cells are only an alternative en-
ergy supply for the absorption and compression refrigeration 
systems, respectively.

EUTECTIC COOLING
The eutectic cooling system consists of hollow tubes, beams or 
plates filled with a eutectic solution (phase change material – 
PCM) (Tassou et al. 2009). During operation, a charging phase 
and a discharging phase alternate, with the PCM acting as en-
ergy storage. First, the system must be charged off-vehicle, which 
means that heat is removed from the phase change material and 
the phase change material transitions from liquid to solid phase. 
For this charging phase, a stationary compression refrigeration 
system can be used to transfer the heat from the phase change 
material to the environment. When the truck is in operation, 
cooling is provided by discharging the phase change material. By 
absorbing heat from the cooling compartment of the truck, the 
PCM changes its phase from solid to liquid and therefore provid-
ing the cooling effect to the refrigerated space of the truck. When 
all the PCM has changed to the liquid phase, the system needs to 
be recharged. Liu et al. (2012) developed a novel design of refrig-
erated trucks consisting of an off-vehicle refrigeration unit with 
an on-vehicle PCM storage unit. There are two main factors to 
consider when selecting suitable PCMs: The melting point and 
the enthalpy of fusion. To keep the required heat transfer area 
within the refrigerated space as small as possible, the melting 
point should be as low as possible. However, if the melting point 
is chosen too low, the off-vehicle refrigeration unit will be more 
expensive and operate at lower efficiency (Liu et al. 2012). The 
higher the specific enthalpy of fusion, the less mass of PCM is 
needed to provide a certain cooling capacity. Bonaventure et al. 
(2020) studied the configuration of the eutectic plates on a truck 
to optimize the refrigeration and Radebe et al. (2020) designed 
a physical and mathematical model on the utilization of eutectic 
plates on medium refrigeration transport. They found a good 
performance of the system when working between -18 °C and 
0 °C with an ambient temperature of 25 °C.

CRYOGENIC COOLING
Cryogenic cooling is achieved by the evaporation of cryogenic 
liquids. Low-temperature liquids are taking up heat leading 
to the evaporation of the cryogenic liquid. The temperature at 

which the phase change takes place is determined by the pres-
sure in the systems. The energy required for this phase transi-
tion is withdrawn from the cooling compartment of the truck. 
The most commonly used cryogenic fluids are liquid nitrogen 
and carbon dioxide. These gases are stored in tanks underneath 
the vehicle and are either sprayed directly into the refriger-
ated space and evaporated there or, in the case of safety con-
cerns, evaporated in an evaporator coil to cool the air inside 
the refrigerated space. In the latter case, the cryogenic fluid is 
released into the environment via an exhaust system. (Thermo 
King 2014).

Although cryogenic fluids were identified as an alternative 
technology more than 40 years ago, they have not yet achieved 
a significant market share in transport applications despite very 
low temperatures such as required e.g. for the transportation of 
COVID-19 vaccinations. The reasons for this are the high cost 
of the production of the cryogenic fluids using electricity com-
pared to the use of fossil fuels, limited availability of the fluids 
and limited storage capacity for cryogenic liquids due to the 
cost of cryogenic tanks (Pedolsky and La Bau 2010). A study 
has been carried out to compare cryogenic cooling to the state 
of the art VCR system in terms of greenhouse gas (GHG) emis-
sions (Rai and Tassou 2017a). The authors found that although 
the GHG emissions of the cryogenic application are lower dur-
ing operation, the overall emissions including the production 
of the cryogenic liquids are similar. A comparison of different 
cryogenic fluids varying different parameters such as vehicle 
size, cooling temperature and delivery conditions shows that 
tank size can be a limiting factor for long-distance delivery (Rai 
and Tassou 2017b).

PV CELLS WITH VAPOUR COMPRESSION REFRIGERATION
Photovoltaic cells generate electricity by absorbing sunlight. In 
combination with the VCR system, the generated electricity is 
used to power the compressor of the refrigeration cycle via an 
electric motor. The main advantages of the PV technology are 
the clean and silent operation as well as the modularity, which 
makes them flexible in terms of total energy production. How-
ever, the electricity generated by the PV cells is highly depend-
ent on external influences and seasonal factors. Kühnel et al. 
(2017) studied the electricity production of a vehicle integrated 
PV system with a focus on trucks for cooling applications. They 
operated three large trucks in Germany with two different 
kinds of PV panels covering an area on the roof of 28 m² and 
33 m², respectively, which produced 3–7 MWh/year of net elec-
tricity per vehicle resulting in annual CO2 savings of 1–2 tonnes 
per vehicle. Mak et al. (2017) conducted an experiment with 
four PV panels either powering the compressor of the refrig-
eration cycle or a battery pack and refrigeration temperatures 
down to -24 °C could be provided with light goods load. Eitner 
et al. (2020) have analysed that diesel savings of up to 2,113 l/
year can be achieved based on an experiment measuring 6 re-
frigerated trucks powered by rooftop PV cells in Europe and 
North America. 

SOLID OXIDE FUEL CELL WITH VAPOUR ABSORPTION REFRIGERATION
The vapour absorption refrigeration system (VARS) is similar 
to the vapour compression system, but the mechanical com-
pressor is replaced by a thermal compressor using a sorbent. 
Instead of electrical power, a heat source provides the required 



6. TRANSPORT AND MOBILITY

	 ECEEE SUMMER STUDY PROCEEDINGS  743     

6-124-21 LEOPOLDUS ET AL

energy to compress the working fluid of the refrigeration sys-
tem. The thermal compression is carried out through a mecha-
nism of absorption and desorption in an absorber and desorber 
(generator), respectively, resulting in a concentration change 
of the solution. A solution pump, solution valve and a solution 
heat exchanger (SHX) serve as supporting components (Ari-
yadi 2016). 

The fuel cell generates electrical energy through a chemi-
cal reaction, whereby various feedstocks such as hydrogen, 
methanol, methane, etc. can be used. Fuel cell technology is 
becoming increasingly important because it generally emits 
fewer GHG emissions than fossil-fuelled combustion engines 
due to its higher efficiency. The modularity and silent operation 
of the fuel cell are additional benefits. In principle, the fuel cell 
can provide electricity for operating electrical devices on the 
truck and the drive train. In addition, it provides waste heat 
to drive the absorption refrigeration cycle. Garde et al. (2012) 
developed a fuel-cell based refrigeration system using hydro-
gen as a fuel and carried out a feasibility study for two different 
delivery scenarios. The study shows that the developed system 
is technically feasible and the refrigeration requirements could 
be satisfied under the analysed scenarios. Brooks et al. (2016) 
also designed a system using hydrogen-powered fuel cells and 
compared the fuel cells of two different manufacturers. A long-
term study with an operation time of 1000 hours was carried 
out. (Venkataraman et al. 2016) demonstrated the coupling of a 
solid oxide fuel cell (SOFC) with a vapour absorption refrigera-
tion system (VARS) recycling the heat generated by the SOFC 
and using it to power the VARS. Pandya et al. (2020) shows that 
the SOFC-coupled VARS has significantly lower GHG emis-
sions compared to diesel-driven VCR.

Calculations for the comparison of the alternative 
technologies 
In the following section, the approach for calculating the cool-
ing loads as a monthly average in the different scenarios (see 
chapter Scenario definition) is described. Based on this ap-
proach, the annual GHG emissions are calculated for the differ-
ent technologies, distinguishing between operational emissions 
and the emissions related to the production of the working 
fluids. For the economic analysis, the net present value (NPV) 
(Belyadi et al. 2019) is calculated for each technology, consider-
ing the annual operation costs, investment costs and savings on 
taxes, assuming a discount rate of 4 %, a taxation of 27 % and a 
depreciation time of 6 years for all systems.

AVERAGE COOLING LOAD
The approach for calculating the cooling load is based on Ven-
kataraman et al. (2016) with some minor changes that are ex-
plained for the respective equation. The total cooling load of a 
refrigerated truck depends on many factors like required cool-
ing temperature, ambient temperature, insulation, number and 
size of doors, number and duration of door openings during 
operation and the dimension of the trailer. The total heat load 
Qtotal as an average of each month for a given scenario can de-
fined as followed.

	 (1)

It is calculated as the sum of transmission heat load (THL), 
service heat load (SHL), solar heat load (SL) and product heat 
load (PHL) (Venkataraman et al. 2016). The THL describes the 
amount of energy that penetrates the refrigerated space accord-
ing to Fourier’s law:

	 .	 (2)

In this equation, kb is the thermal transmittance of the refriger-
ated trailer (body) including the convective heat transfer be-
tween the inner wall and the air in the cooling compartment, 
Amean is the mean surface area of the refrigerated space and DT 
is the temperature difference between the ambient temperature 
and the refrigerated space. The SHL

	 .	 (3)

describes the energy intake caused by door openings, where 
K describes the ratio of actual enthalpy change to maximum 
theoretical enthalpy change, Ac is the number of air changes 
inside the refrigerated space resulting from door openings, Vt 
being the internal volume of the trailer minus the volume oc-
cupied by the products, with the specific volumes v of ambient 
and refrigerated air, respectively and h being their respective 
enthalpy. tavg is the average time between two door openings 
and X is a factor fitted from experimental data. For more de-
tailed information on this calculation, the reader is referred to 
Venkataraman et al. (2016). The SL 

	 (4)

is the amount of heat penetrating the refrigerated space due to 
solar insolation, where k is the overall heat transfer coefficient, 
Asolar is the outside area of the refrigerated area that is exposed 
to the sun, Tr is the refrigeration temperature and

	 (5)

is the mean solar air temperature. In equation (5), Ta is the tem-
perature of the ambient air, 	 is the surface absorptivity of the 
outside material of the truck, αout is the outside heat transfer 
coefficient and

	 (6)

is the average solar radiation, which differs from the ap-
proach of Venkataraman et al. (2016), who did not consider 
its monthly dependence. The average solar insolation is dif-
ferent for every month i = {Jan, Feb, …, Dec} and an average 
is calculated using the average daily radiation for day  1, 15 
and 30 of each month. top is the amount of operating hours 
for one day. The values for the respective solar radiation are 
taken from a database (Honsberg and Bowden 2019). The PHL 
is the heat load related to cooling the products on the truck 
if they are loaded at a temperature above the temperature of 
the cooling compartment of the truck. Since it is assumed 
that the products are loaded at the refrigeration temperature 
(see chapter Scenario definition), the PHL is zero and can 
therefore be neglected. The accumulated annual cooling en-
ergy is expressed as the sum of the cooling loads per month  
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(	 ), with nd being the number of 
days the systems are operated each month.

VAPOUR COMPRESSION SYSTEM (VCR)
The VCR system traditionally used for cooling of refrigerated 
trucks consists of the main components compressor, condens-
er, evaporator and expansion valve. The required energy is pro-
vided by a diesel engine. 

To estimate the environmental impact of this system, the 
annual greenhouse gas emissions (GHG) are calculated for 
the operation of the system as well as for the production of the 
diesel and the refrigerant (R452A) according to equations (7) 
and (8)

	 (7)

	 .	 (8)

The GHG emissions related to the operation of the diesel en-
gine are calculated by multiplying the annual required mass of 
diesel with the emission factor (EF = 2.7 kgCO2e/l) for diesel 
(Department for Business, Energy & Industrial Strategy 2017).

	 (9)

The annual mass of diesel required is calculated according to 
equation (10) by dividing the annual amount of energy re-
quired for cooling by the amount of energy provided per kg of 
diesel. The energy intensity of diesel is hdiesel = 11.8 kWh kg–1. It 
is assumed that the efficiency of the motor is at 20 % and two-
thirds of the work is usable to operate the VCR system, while 
one-third is used to run the ancillary systems (Rai and Tassou 
2017b).

	 (10)

The operational GHG emissions of the refrigerant are related to 
its leakage. Using the typical total amount of refrigerant in the 
system (mref  = 5 kg) (Thermo King n.d.) with a leakage of 2 % 
per year (Wu et al. 2013) and the global warming potential for 
the refrigerant R452A (GWPref = 2,140 kgCO2e/kg) (California 
Air Resources Board n.d.), the operational GHG emissions of 
the refrigerant can be calculated according to equation (11)

	 (11)

	 .

The GHG emissions related to the production of the diesel and 
refrigerant are calculated according to equations (12) and (13) 
using the emission factors for the production of diesel (EFPdiesel 
= 0.93 kgCO2e/l) (Eriksson and Ahlgren 2013) and R452A (EF-
Pref = 0.21 kgCO2e/kg) (Rai and Tassou 2017b)

	 (12)

	 .	 (13)

The operation costs (Cop,VCR) are calculated by multiplying the 
costs of diesel (cdiesel = €1.50/l) and refrigerant (cref = €50/kg) 
with the respective annually required masses

	 .	 (14)

The investment costs (Cinv,VCR) are calculated using typical in-
vestment costs for diesel driven transport refrigeration units 
(CVCR = €20,000) (Air Resources Board 2015) and the initially 
required mass of refrigerant with its cost

	 .	 (15)

EUTECTIC SYSTEM
The eutectic system consists of an on-vehicle phase change 
thermal storage unit (PCTSU) located outside the refrigerated 
space, an off-vehicle refrigeration unit (VCR) powered by elec-
tricity, a cooling unit inside the refrigerated space and some 
auxiliary units (Liu et al. 2012). The specific energy of the phase 
change material (PCM) is calculated according to equation (16)

	 (16)

where HPCM,L = 40 MJ is the net amount of energy provided by 
the PCM before it has to be recharged and mPCM,L = 360 kg is 
the total mass of PCM inside the PCTSU in the scenario of Liu  
et al. (2012). The mass flow of PCM (	 ) for a certain month 
 is then calculated by dividing the total cooling load required in 
a given scenario by the specific energy of the PCM

	 (17)

The mass of PCM that is required daily during a certain month 
in the scenarios of this work (mPCM) is calculated as follows:

	 .	 (18)

The GHG emissions related to the leakage of the off-vehicle 
VCR system are calculated following equation (11) and it is as-
sumed that there are no operation-related PCM emissions. The 
production-related GHG emissions are divided into produc-
tion of electricity to power the off-vehicle VCR system, produc-
tion of the refrigerant and production of the PCM

	 (19)

	 .

The production-related GHG emissions for electricity are cal-
culated according to equation (20)

	 (20)

where EFPel = 0.401 kgCO2e/kWh (Umweltbundesamt 2020) 
is the emission factor for electricity in Germany in 2019 and 
COPtotal,eut = COPPCTSU * COPVCR is the total Coefficient Of Per-
formance (COP) of the system with COPPCTSU = 0.72 (Liu et 
al. 2012) being the COP of the storage unit and COPVCR = 2.50 
(own assumption) being the COP of the off-vehicle VCR. 
GHGprod,ref is calculated following equation (13) and GHGprod,PCM 
is calculated according to equation (21)
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		  (21)

	 .

EFPPCM = 0.006 kgCO2e/kg (Phase Change Material Products 
Limited n.d.) is the emission factor for the production of PCM 
which needs to be replaced twice a year and a loss of 2 % is as-
sumed. The max function is used to represent the worst-case 
scenario, which corresponds to the month in which the re-
quired mass of PCM is at a maximum. 

The operation costs (Cop,eut) consist of the electricity cost to 
power the off-vehicle VCR and the cost for the annual demand 
of refrigerant and PCM

		  (22)

where cPCM = €1/kg (Phase Change Material Products Limited 
n.d.) is the cost of PCM and cel = €0.178/kg (BDEW 2021) is the 
average cost for electricity in Germany. The investment costs 
(Cinv,eut) consist of the costs for the on-vehicle eutectic system 
and the off-vehicle VCR system

		  (23)

where nplate is the number of eutectic plates required inside the 
PCTSU, cplate = €400 is the cost for one plate and mPCM,plate = 88 kg 
(FIC S.p.A. n.d.) is the amount of PCM that can be stored in one 
plate. CVCR,stat = €15,000 (own assumption based on Rai and Tas-
sou (2017b)) is the cost for the off-vehicle VCR system.

CRYOGENIC SYSTEM
The cryogenic system consists of a cryogenic fuel tank from 
which the cryogenic liquid is pumped to the sprayer units, which 
feed the liquid to the refrigerated space where it is vaporised to 
achieve the cooling effect. The energy required for the pump is 
very small and not considered in the calculations. For this sys-
tem, liquid CO2 (LCO2) and liquid N2 (LN2) are considered.

The required mass flows of the cryogenic fluids are calculated 
using the energy balances according to equation (24).

	 (24)

	 is the mass flow for the fluid j = {LCO2, LN2} in a certain 
month i in the scenarios, Dhv,j is the respective evaporation en-
thalpy, cp,j is the respective heat capacity and Tv,j is the respective 
evaporation temperature.

For the calculation of the GHG emissions it is assumed that 
there are no operation-related emissions, because both LCO2 and 
LN2 are recovered and then released to the atmosphere after their 
use (Rai and Tassou 2017b). The annual production-related GHG 
emissions are calculated using the respective emission factor  
(	 = 0.305 kgCO2e/kg, 	 = 0.254 kgCO2e/kg) (Rai 
and Tassou 2017b) for production.

	 (25)

The operation costs are calculated using equation (26) with  
costs of 	 = €0.12/kg and 	 = €0.08/kg, respectively (Rai 
and Tassou 2017b).

	 (26)

The investment costs are different depending on truck size. 
This is represented by the size factor F which is equal to 1 for 
large trucks and 0.8 for medium size trucks. Typical investment 
costs for a cryogenic cooling system for large trucks are Ccryo 
= €22,000 (Rai and Tassou 2017b)

	 .	 (27)

VAPOUR ABSORPTION REFRIGERATION SYSTEM (VARS) POWERED BY 
SOLID OXIDE FUEL CELL (SOFC)
The VARS+SOFC system consists of two systems that are ther-
mally coupled using a thermal oil circuit. The chemical reac-
tion of water and natural gas in the fuel cell generates direct 
current, which is used to power various electricity consumers 
on the truck, and heat at about 700–800 °C. The heat produced 
is used in the desorber of the solution circuit (NH3-H2O solu-
tion) of the VARS system (Venkataraman et al. 2016). The solu-
tion circuit consisting of desorber, absorber, solvent pump and 
expansion valve functions as a thermal compressor analogous 
to the mechanical compressor in a VCR to power the refrigera-
tion cycle.

The necessary mass flow of natural gas to provide the re-
quired cooling capacity in a certain month can be calculated 
according to equation (28), where QSOFI,i is the required power 
input for the SOFC system, is the lower heating value of meth-
ane and ηco = 0.46 and ηel = 0.35 are the cogeneration and the 
electrical efficiencies. By calculating the difference between the 
two efficiencies, only the heat provided is taken into account. 
Although we believe that the efficiency for cogeneration should 
be higher, the values are based on the results of Pandya et al. 
(2020), who define a benefit function to find the optimal oper-
ating parameters.

	 (28)

Since it is assumed that there is no leakage in the system, the op-
erational GHG emissions only refer to the annual production of 
CO2 caused by the steam methane reforming and the water gas 
shift reaction in the fuel cell, which converts one mole of CH4  
(	 ) into one mole of CO2 (	 ). The operational GHG emis-
sions can then be calculated

	 (29)

using the molar masses of CO2 (	 = 44.01 g/mol) and CH4  
(	 = 16.04 g/mol). For the calculation of the production-
related GHG emissions, the initially required mass of NH3  
(		  = 0.305 kgCO2e/kg) (Pandya et al. 2020) and the an-
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nually required mass of CH4 are multiplied with their respective 
emission factors for production (	 	 =  0.840  kgCO2e/kg,  
	   = 0.605 kgCO2e/kg) (Pandya et al. 2020).

	 (30)

For the operational cost, only the mass of methane is taken into 
account with a price of 	 = €0.88/kg.

	 (31)

The investment costs take into account both subsystems (CVARS 
= €5,000 (Alrwashdeh and Ammari 2019), CSOFC = €15,000 
(own assumption)) and the initial amount of NH3 required  
(	 = €0.572/kg).

	 (32)

PV REFRIGERATION SYSTEM
The PV refrigeration system is composed of PV panels on the 
roof of the truck that generate electricity to power the compres-
sor of a VCR system instead of the traditional diesel engine. The 
energy produced by the PV panels

	 (33)

in a month i is calculated using the irradiation per square metre  
	  for the latitude considered in the respective scenario 
(see chapter “Definition of Use-Scenarios”), the area of the roof 
of the truck Aroof (it is assumed that the whole roof is covered 
with PV panels) and the efficiency of the PV panels ηPV. The  
values for 	  are taken from a database for the year 2015 
(Joint Research Centre 2015). By dividing the required cooling 
energy in a given scenario with the energy provided by the PV 
panels, the COP of the VCR system that would be required to 
satisfy the cooling demand is calculated.

	 (34)

Because there are no other working fluids, only the refriger-
ant of the VCR system is taken into account for the calculation 
of the GHG emissions. Therefore, the operation- and produc-
tion-related GHG emissions are calculated according to equa-
tion (11) and (13), respectively. The operational costs refer only 
to the leakage of the refrigerant and are calculated as follows:

	 .	 (35)

The investment costs include the costs for the PV panels in 
addition to the costs for the VCR system calculated according 
to equation (15). To estimate the cost of the PV panels, their 
kilowatt-peak-related cost (cPV = €1,300/kWp) (Fraunhofer ISE 
2020) is multiplied with the maximum PV power in the respec-
tive scenario

	 .	 (36)

Definition of Use-Scenarios
To compare different cooling technologies, it is important to 
define the relevant used cases for cooled or refrigerated truck 
transport. For this work, eight scenarios for refrigerated trans-
port had been developed for the comparison of the alternative 
technologies to the basic VCR system. For all scenarios, the 
general assumptions are the same and many of them are similar 
to the assumptions made by Venkataraman et al. (2016):

•	 The refrigerated trucks are operated for 20 days each month 
and the operating hours per day differ in the different sce-
narios (see Table 1).

•	 The refrigerated cabinet is a perfect cuboid and the door is 
of rectangular shape.

•	 There is only one door located at the back of the truck with 
a height of 96 % of the total external height and an effective 
door area of 88 % of the rear face.

•	 The external trailer dimensions (length * width * height) are:

	– 13.6 m * 2.6 m * 2.8 m for a large truck (40 tons)

	– 9.4 m * 2.5 m * 2.4 m for a medium truck (12 tons)

•	 The wall of the truck consists of three different layers: alu-
minium, Styrofoam and glass reinforced plastic (GRP) with 
thicknesses of 0.005 m, 0.125 m, and 0.005 m, respectively 
and thermal conductivities of 205 Wm–1K–1, 0.027 Wm–1K–1 
and 0.25 Wm–1K–1, respectively.

•	 The thermal transmittance of the refrigerated body (kb) is 
constant at 0.3 Wm–2K–1.

•	 The outside heat transfer coefficient is constant at 25 Wm–

2K–1.

•	 All products are loaded at the refrigeration temperature (Tr) 
and the PHL is therefore equal zero.

•	 Heat loads from sources inside the trailer (such as lights) are 
not taken into consideration.

•	 The ratio of actual enthalpy change to maximum theoretical 
enthalpy change (K) is constant at 0.6.

•	 To represent a worst-case scenario, no shading of the trailer 
is considered for the calculation of the solar heat load. The 
solar radiation hits on the roof of the truck and one of the 
two side walls.

The different scenarios represent both long-distance and 
short-distance deliveries at two different temperature levels. 
Long-distance deliveries are carried out in large vehicles and 
are characterised by a higher average load (XP) and longer 
times between two door openings (tavg). On the other hand, 
the duration of the door openings (θ) is comparatively long. 
Short-distance deliveries are carried out in medium size vehi-
cles and have a lower average load, shorter times between two 
door openings and a shorter duration of door openings. For the 
temperatures of the cold department of the truck, temperatures 
of 0 °C and -20 °C are chosen. This results in four scenarios 
(see Table 1), which are analysed for use cases at two different 
latitudes (Hamburg, Germany and Catania, Italy), representing 
different climatic conditions, leading to eight scenarios overall.
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Results and discussion
Figure 1 shows the average monthly cooling loads for the dif-
ferent scenarios S1–S4 in Hamburg and Catania. Scenario 1 
and 3 require a greater cooling load than Scenario 2 and 4, 
because the refrigeration temperature is lower in S1 and S3. 
The maximum cooling load of 4.5 kW occurs for Scenario 3 in 
Catania. Generally, the cooling load in Catania is higher due to 
the higher external temperatures and the higher average solar 
irradiation. Furthermore, it can be seen that the cooling load 
for a refrigeration temperature of 0 °C does not differ signifi-
cantly between the long-distance and short-distance delivery 
scenario.

The composition of the cooling load in the different scenarios 
is shown in Figure 2 as an example for the month of December. 

The different components affect the cooling load differently in 
the different scenarios. For the long-distance deliveries (S1 and 
S2), the THL and the SL account for the largest share, because 
the outside area of the refrigerated cabinet is much greater for 
the large truck. For the short-distance deliveries (S3 and S4), 
the impact of the SHL significantly increases because of the fre-
quent door openings.

The annual GHG emissions associated with the different sys-
tems are shown in Figure 3. S1 and S4 represent the scenarios 
with the highest and lowest GHG emissions, respectively. Al-
though cryogenic fluids do not cause operational GHG emis-
sions, they cause the most GHG emissions overall, as large 
quantities of cryogenic fluids are needed to satisfy the required 
cooling load and this is associated with high production-

Table 1. Scenario Parameters.

Parameter Unit Scenario 1 Scenario 2 Scenario 3 Scenario 4
Vehicle size – Large Large Medium Medium
Tr °C -20 0 -20 0
Xp % 85 85 40 40
tavg min 270 270 30 30
θ min 8 8 3 3
top h 9 9 7 7

 
 

 
 

Figure 1. Average Cooling load per month in Hamburg (a) and Catania (b) for the different scenarios.

Figure 2. Composition of cooling load in different scenarios in Hamburg (a) and Catania (b) in December.
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related GHG emissions. The production-related emissions of 
LCO2 are 6–7 times higher than the production-related emis-
sions for diesel in the respective scenario, which is in line with 
the results from Rai and Tassou (2017a). The VCR and the 
VARS+SOFC systems cause high operational GHG emissions, 
as these systems produce CO2 directly through their energy 
supply by means of a diesel engine or fuel cell. The eutectic and 
PV systems are the most promising alternatives in terms of 
GHG emissions. However, it should be noted that the emissions 
caused by the production of the hardware were not considered 
for any of the systems. 

In addition, some systems have disadvantages in terms of the 
security of cooling supply, as some systems have much short-
er maximum operating times, which could cause problems if 

the delivery is delayed due to traffic jams or other reasons. The 
operating time of the eutectic system is limited by the size of 
the PCTSU and recharging requires that the truck has reached 
its destination to be recharged. The reliability of PV panels is 
highly dependent on weather conditions, whereby the use of 
an additional battery system can help to extend the operation 
time of the cooling system. Table 2 shows which COP of the PV-
powered VCR system would be necessary to satisfy the required 
cooling load in the respective scenario. It is assumed that a COP 
above 2 is difficult to achieve and a COP above 2.5 cannot be 
achieved at all in a mobile application. Surprisingly the systems 
are performing better in summer than in winter. The signifi-
cantly reduced solar radiation in winter has a much stronger ef-
fect compared to the higher cooling demand in summer.

 
 
Figure 3. Annual GHG emissions for scenario 1 in Hamburg (a) and Catania (b) and scenario 4 in Hamburg (c) and Catania (d) for the 
different technologies.

Table 2. Required COP of the PV-driven VCR system to satisfy the required cooling load.

COP
Hamburg Catania

S1 S2 S3 S4 S1 S2 S3 S4
Jan 2.6 0.6 3.7 0.6 0.9 0.4 1.3 0.5
Feb 1.6 0.4 2.2 0.5 1.0 0.5 1.4 0.6
Mar 0.8 0.3 1.1 0.3 0.6 0.4 0.9 0.4
Apr 0.5 0.3 0.7 0.3 0.4 0.3 0.6 0.3
May 0.6 0.3 0.8 0.4 0.4 0.3 0.6 0.3
Jun 0.5 0.3 0.7 0.4 0.4 0.3 0.6 0.3
Jul 0.6 0.4 0.8 0.4 0.4 0.3 0.6 0.3
Aug 0.6 0.4 0.9 0.5 0.5 0.3 0.7 0.4
Sep 0.9 0.5 1.2 0.6 0.6 0.4 0.9 0.5
Okt 1.3 0.6 1.8 0.7 0.8 0.5 1.1 0.6
Nov 2.4 0.8 3.5 1.0 0.9 0.5 1.3 0.6
Dec 3.0 0.7 4.3 0.7 1.0 0.5 1.4 0.6
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is higher in the southern hemisphere. However, the higher so-
lar radiation is also a backdraft to the process as higher ambient 
temperatures increase the cooling demand of the system. Thus, 
despite the higher solar gain in the south this is balanced by the 
lower cooling load in the northern hemisphere.

Further configuration of system can be analysed and the 
electrification of the whole drive train of commercial vehicles 
might drive the systems change further. If the main diesel tank 
for the drive motor is going to be replaced by electric drive 
trained, this will also be the case for the drive of the cooling 
units used on the truck.
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Figure 4 shows the cumulative NPV for the different systems 
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