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Abstract: The path towards decarbonization requires a progressive adaptation of all refrigeration
systems, but only stationary ones have been intensely studied to improve their environmental per-
formance. However, refrigerated transport is a vital piece of the cold chain, and it must be consid-
ered in the green transition. In this paper, we propose a model for a hybrid refrigerated van that
includes photovoltaic panels and electric batteries to decrease total greenhouse gas emissions from
the engine. Thermal, electrical, and battery sub-models are considered and integrated into the com-
prehensive hybrid solar-powered refrigerated van model. Different technologies are compared in
economic terms, including Lithium and Lead-acid batteries and three different types of photovoltaic
panels. The model was validated regarding van fuel consumption, showing a 4% deviation. Single
and multiple delivery scenarios are considered to assess the energetic, economic, and environmental
benefits. Monthly COz,e emissions could be reduced to 20% compared to a standard refrigerated
van. Despite the environmental benefits provided by this sustainable solution, the payback period
is still too long (above 20 years) because of the necessary investment to adapt the vehicle and con-
sidering fuel and electricity prices currently.

Keywords: Refrigerated transport; Photovoltaic panels; Electrical batteries; Thermal model; Cold
chain; Carbon emissions

1. Introduction

The transport sector requires effective public interventions and measures to reduce
COze (carbon dioxide equivalent) emissions and reduce the vulnerability to climate
change. COze emissions from this sector are about 30% in developed countries of anthro-
pogenic origin and 23% worldwide [1]. There are 4 million refrigerated road vehicles, and
together with refrigerated containers and supermarkets, 45% of the electricity is con-
sumed by refrigeration equipment [2]. Of that, 55% of the refrigerated road vehicles are
vans, followed by semi-trailers and trucks (25% and 20%, respectively). CO2e emissions
per kg of food and kilometer from refrigeration systems of the small vehicles are more
than double the larger ones, for both chilled and frozen distribution of different products
[3]. More than 98% of all foods within the UK are transported by road, and the distances
traveled have increased in recent years [4]. Tertiary distribution using rigid vehicles was
the most energy-intensive transportation method, while primary distribution at ambient
temperature was the least.

Refrigerated transportation, which is more intensive than stationary refrigerated sys-
tems, has also increased during the past years. Overall CO:2 emissions of vans with refrig-
eration units are 15% higher than standard vehicles, with NOx emissions estimated to rise
by 18%. The weight of the additional engine in the transport refrigerated sector is
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significant [5]. Sovacool et al. [6] highlighted the transport and delivery sector as one of
the most carbon-intensive emissions of the food and beverages industry. A major im-
provement suggested was the uptake of distributed generation and small-scale renewable
energy systems. It is one of the three most significant areas with higher energy and carbon
savings potential.

Compared to other refrigeration systems, refrigerated transport has not focused on
the transition to lower environmental impact refrigerants [7]. Li [8] determined a theoret-
ical reduction in COze emissions between 5% and 15% in a refrigerated trailer when re-
placing R404A with R452A. Citarella et al. [9] carried out a thermo-economic and envi-
ronmental analysis in which R452A presented low set-up costs and high COP in the opti-
mal configuration, representing a good compromise as mid-term R404A replacement.
Gorni et al. [10] confirmed the suitability of a method for assessing lubricity of POE with
R404A and R452A, essential in the selection of oil for new refrigerants and long-life refrig-
eration systems with low energy consumption.

Nasuta et al. [11] developed an Excel-based Life Cycle Climate Performance calcula-
tion tool for transport refrigeration and bus air conditioning applications. They proved
that indirect emissions (for electricity generation) dominate total emissions. Tassou et al.
[12] identified several ways to reduce energy consumption in refrigerated transport, such
as utilizing the exhaust heat, utilizing phase change materials, or hybridizing system ar-
rangements and recommended further investigation into solar energy-driven systems.
Wu et al. [13] determined that COze emissions caused by the energy consumption to
power the compressor and carry the refrigeration unit resulted in large part of the total.
Moreover, refrigerators driven by auxiliary engines have higher COze emissions than
those operated by the vehicle engine or electricity.

Cenex [14] included electrification as one of the cleaner options for the future, replac-
ing the auxiliary diesel engine with electricity from a battery, fuel cell, or even a solar
photovoltaic (PV) array to run the refrigeration compressor. Njoroge et al. [15] state that
renewable energies powering refrigeration systems must be installed to transport perish-
able goods. The solar PV array is mounted on the top of the vehicle, whereby an inverter
system is used to convert the DC output to AC. Excess energy is stored in the batteries to
supplement any shortfall. A few patents have been registered with PV technology. Blasko
et al. [16] included a power management controller to select from two electrical power
sources to power two motors (compressor and fan).

Solar refrigeration technology comprises a compound system in which solar power
produces cold [17]. Solar PV cooling (also known as solar-assisted vapor compression re-
frigeration) shall consist of four essential components: PV modules, a battery, an inverter
circuit, and a vapor compression system. Lazzarin [18] identified comparable costs be-
tween the PV-driven system concerning the solar thermal. Although the specific cost of
PV is well higher than solar thermal, it is lowering, and their efficiency is improving con-
tinuously. Infante Ferreira and Kim [19] agreed that vapor compression cycles combined
with PV collectors lead to the economically most attractive solutions. According to Kim
and Infante Ferreira [20], the most significant advantages of PV panels combined with
conventional vapor compression systems are simplicity and relatively high overall effi-
ciency. However, drawbacks like the necessity of batteries (thermal or electrical) and the
price of PV panels prevent the extension of these systems.

Salilih and Birhane [21] proved that solar radiation intensity increases the compres-
sor rotational speed when directly connected to PV panels. Its energy performance, cool-
ing capacity, or power consumption are also variable; therefore, a battery can decouple
refrigeration parameters from the solar intensity. Su et al. [22] confirmed this assumption
experimentally and emphasized the influence of ambient temperature on the cooling ca-
pacity and energy performance.

PV-driven refrigeration has not been extensively studied in refrigerated transport,
but it presents promising results in other refrigeration, air conditioning, and heat pump
applications. Mahmoudi et al. [23] studied a 170 m? PV integration for a cold storage fa-
cility, and the energy consumption decreased by around half, with a 5.2 years payback
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period. Novaes Pires Leite et al. [24] found robust techno-economic viability in integrating
air-conditioning and solar PV systems, especially in tropical latitude regions. Essential
variables are energy price, annual adjustment, PV cost, and solar panel efficiency.

PV refrigeration has been compared usually with other cooling technologies, show-
ing benefits in different aspects. Regarding costs of investment, Lazzarin and Noro [25]
found PV-driven technologies because they offer similar cooling production at the ex-
pense of about half that of the best thermally driven system. The unexpected drop in PV
module costs changed completely the competition between thermally or electrically
driven solar cooling systems. Reda et al. [26] proved that the PV-driven heat pump is more
economically viable than solar absorption for office building applications in the Northern
climate. Riva et al. [27] concluded that PV-driven systems present almost half COze emis-
sions compared to solar absorption heat pumps, and economies of scale offer opportuni-
ties to improve them.

Refrigerated transport must reduce greenhouse gas emissions to meet global sustain-
able targets. However, they are still strongly dependent on fuel consumption. A few past
works have proved how refrigeration systems can be efficiently powered by solar energy,
but this is not studied in detail in refrigerated transport, where other parameters, such as
weight, become vital for the resulting COze emissions. From a thermal, energetic, and
economic perspective, this work aims to model and analyze an innovative hybrid refrig-
erated van equipped with a PV system that powers the refrigeration unit. Moreover, the
renewable source is sized considering different PV technologies. The charge and dis-
charge curves are evaluated as a function of the required cooling load, batteries capacity,
impact of temperature on performance, and comparison between lithium and lead-acid
batteries.

2. Comprehensive energy model

A comprehensive energy model was developed to optimize the design of a photo-
voltaic system coupled to the refrigeration unit of a commercial van to reduce energy con-
sumption and COze emissions (Figure 1). A photovoltaic system to provide a gross peak
power of 600 W was considered for this investigation. The main characteristics of the van
and the photovoltaic system can be found in Appendix A.
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Figure 1. Model flow diagram.

The energy model is composed of several sub-models. The first is the thermal model
(detailed equations can be found in Appendix B). It has the objective of evaluating the
internal temperature of the cold room using transitory boundary conditions and the re-
quired cooling power. The thermal model is based on a heat balance equation with
lumped parameters, Equation (1).

Tin . . . . . .
m;,Cin ot = Qaux + Qdefrost + Qduor - QRU + Qin—w + Qin—cr (1)

where min, cin and Tin are the mass, the specific heat capacity, and the air temperature
inside the cold vain, respectively. Quux, Quefrost and Qgoor are the thermal loads due to
the auxiliary components, the defrost cycle, and the door opening, respectively, Qgy is
the cooling power, Q;,_,, and Q;,_. are the thermal loads due to the heat exchange with
the walls and the cabinet, respectively. The initial conditions are calculated for any exter-
nal condition (airspeed, irradiance, temperature), considering the case in which the tem-
perature profile in the walls follows a hysteretic cycle. This cycle oscillates around the set-
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point air temperature following the refrigeration ON/OFF cycle. Figure 2 represents the
thermal fluxes to which the cold chamber is subjected.

Qrad Qw—sky

BRI

Figure 2. Heat flow schematic.

The first validation of this sub-model was carried out with an experimental test in
static mode performed in March 2020. The electric power absorbed by the refrigeration
unit and air temperature at the inlet and outlet of the evaporator was measured. The in-
puts were the external conditions, temperature and speed of the internal/external air, ir-
radiance (obtained by the PVGIS-SARAH database), set-point temperature, and initial op-
erating conditions. According to the targeted internal and external conditions, three cool-
ing levels can be set in the vehicle. These are maximum cooling power during the pull-
down stage, an intermediate operation when the system is switched on during hysteresis
cycles, and a minimum level regulating the power supply frequency.

According to an MPPT (Maximum Power Point Tracking)-based logic, the model
identifies the amount of power provided by the PV system, the one supplied or absorbed
by the battery, and the one provided by the van's internal combustion engine.

A battery model (Appendix C) provides the State of Charge (S5OC) and the voltage
(V) of the battery. Two different behaviors were considered for lithium and lead-acid bat-
tery, both in the charging and discharging phase.

The cumulation of the results provided by the model during an extended period al-
lows to calculate the associated fuel consumption and COze emission, together with the
value of the electricity losses at the PV panels, battery (electrical connections), refrigera-
tion unit, inverter, and relative savings in electricity over the entire month, excluding the
battery charge. Fuel consumptions due to van traction and power refrigeration system
depend on the specific route. The input data are the time of arrival at each checkpoint
(points at which the parameters are evaluated and then kept constant until the next check-
point), average speed of the van, distance between two successive checkpoints, and load
carried.

The CMEM (Comprehensive Modal Emission Model) approach [28], used to estimate
the fuel consumption and emissions related to the vehicle's operation, is based on several
parameters that vary according to the specific vehicle, engine, and operation considered.
Most of these parameters are related to the vehicle and the engine characteristics (engine
size, vehicle mass and frontal area, aerodynamic drag coefficient) and are easily obtaina-
ble. For example, other parameters refer to vehicle operation and can be deduced through
ECU readings. Such a method is called “comprehensive” as it can be applied to all the
vehicles. Based on this approach, the instantaneous rate of fuel consumption FR when
traveling at a constant speed v with a specific load [ is estimated using Equation (2).

0.5CypAv3+(u+Dv(g sin ®)+gCy cos d
FR = £ (kNenDen+ apAV3+(p+Dv(g sin @) +gCy ) )
LHV fye1p fuel 10007 pectlg

where § is the mixture ratio, LHV s, lower heating value of the fuel, pg,e; density
of the fuel, k engine friction factor, N, engine rotation speed, D, engine displace-
ment, C4 coefficient of aerodynamic drag, p air density, A area of the front surface of
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the van, v speed of the van, u system weight (panels + battery + inverter), I transportload;
g acceleration due to gravity, @ street angle, Cr Rolling resistance coefficient, 1,,e, vehicle

transmission efficiency, 1, overall efficiency of the internal combustion engine.
The fuel consumption F, for a distance (d) and certain speed (v), is then calculated

as Equation (3) shows.

F = FRZ
v

®)

The total fuel consumption of the trip is given by the sum of the consumptions in the

single i-th sections, Equation (4).

Fior = X F;.

(4)

Considering a conversion factor equal to 1.5 kg dm3, a unit cost of methane Cu of
0.99 € per kg and an emission factor f of 55.82:10-% kgCOz.e MJ", the cost and carbon foot-
print of the trip can be obtained from Equation (5) to (7).

mfuel,drive = Ftot/l- 5/ (5)
Cdrive = mfuel,drivecu/ (6)
Mco, drive = fLHVfuelmfuel,drive 7)

On the other hand, the fuel consumption due to the operation of the refrigeration

unit is given by Equation (8).

Pry

m = —
fuel.RU LHVfuelnreal,

8)

where Ppy is the electric power absorbed by the refrigeration unit without consid-
ering the PV generation, and 17,4 efficiency of the internal combustion engine, fixed at
20%, can be changed and made variable according to the operating conditions.

The model was validated considering a test carried out in early March 2020, during
which the total fuel consumption was recorded. It involved a single delivery transport of
150 kg of frozen pastry products at a temperature of —20 °C. The comparison of the results
obtained with the model and measurements is shown in Table 1.

Table 1. Comparison between measured data and results obtained from the model.

Parameter Model Test
Total distance (km) 90.2
Total time (min) 63
Departure 11.10
Drive (kg) 10.02 Not applicable
Refrigeration (kg) 0.46 Not applicable
Total consumption (kg) 10.5 10.1
Total cost (€) 9.96 10.0
Total CO:z emissions (kg) 28.1 28.2

The model obtains a 4% increase in consumption compared to the test (evaluated by OBD scanner).
This error can be considered acceptable in an initial modeling and simulation phase.

3. Results and discussion

The potential of the innovative refrigerated van requires validation using real routes.
Two situations were proposed. The first is a single delivery scenario characterized by a
single trip from the production or distribution center to the point of sale. The second is a
multiple deliveries scenario in which three points of sale were considered, assuming that
the refrigerated products unloading operations last 10 minutes. Both also consider return-
ing to the origin with the refrigeration unit off (all product is delivered). At the origin, the
battery that powers the refrigeration unit is connected to an external electrical outlet to be
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fully charged for the following day. Moreover, the van performs one trip a day on week-
days.
The operating conditions depend on the path considered for the simulation and extracted
from Google Maps and the PVGIS-SARAH database. The first provides the traveled dis-
tance and the vehicle’s speed. At the same time, the second has been used to know solar
radiation, ambient temperature, and wind speed, averaged over the previous three years.
Meneghetti and Ceschi [29] recommended selecting the route with the minimum fuel
consumption for both traction and refrigeration. Energy savings are affected by the loca-
tion of the sale points, departure time, number of deliveries per trip, seasonality, and lo-
cation of the delivery network. The locations considered in the trips are shown in Table 2.
For this investigation, the road O-D1 (72.1 km road distance) was chosen as the single-
delivery scenario and O-D2-D3-D1-O (97.5 km road distance) for the multiple deliveries
scenario.

Table 2. List of locations considered for the trips. All locations are in Campania, Italy.

Code Address Coordinates

@) Via Santa Maria La Neve, Tramonti (SA) 40.70, 14.66

D1 Via Benedetto Croce 63, Avellino (AV) 40.92, 14.78

D2 Corso Giuseppe Garibaldi 12, Castellammare di Stabia 4070, 14.48
(NA)

D3 Via Salvatore D’ Alessandro 42, Nocera Inferiore (SA) 40.75, 14.63

3.1. Single-delivery scenario

This section analyses the results of the comprehensive energy model applied to the
single-delivery scenario to find the optimal photovoltaic system design.

3.1.1. Selection of PV panels

In the first step, three different models of PV panels are considered (their main char-
acteristics can be found in Table A3 - Appendix A), assuming the system employs a 100
Ah 24 V lead-acid battery. Type A requires 327.3 kWh of energy from the power grid in a
year to charge the battery before each departure. Model B requires 341.4 kWh, and model
C requires 324.4 kWh, implying that model B has lower electricity production for a single
trip.

Fig. 3 shows the energy produced by the three considered modules per month. The
choice of PV panel does not significantly influence the total van weight, and consequently,
the fuel consumption is not affected. The number of panels positioned on the roof, bound
to the surface available, is calculated according to the necessary energy generated.
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Figure 3. Energy generated by different PV modules.

The common costs for the PV system accessories are shown in Table 3, and the cost
associated with each PV panel type is shown in Table 4. There is a significant difference
in the cost among the different models, the more expensive, the higher production. There-
fore, this analysis influences the payback period of the proposed solution. Moreover, it
should be highlighted that the expected cost of any PV panel model represents between
25% and 43% of the final cost.

Table 3. Common costs for PV system accessories.

Component Unit cost [€] Units Total cost [€]
MC4 connectors 4.80 1 4.80
Extension cable 1.20 14 16.80

Double-sided adhesive 18.00 5 90.00
Inverter-MPPT 473.72 1 473.72
24V 100Ah battery 480.00 1 480.00
Total 1065.32

Table 4. Investment required for each PV panel model.

PV model Unit cost [€] Units Cost PV panels [€]  Total cost [€]
Type A 430.00 5 2150.00 € 3215.32
Type B 290.00 5 1450.00 € 2515.32
Type C 260.00 12 3120.00 € 4185.32

Attending to the costs and the electricity produced, a simulation is performed to eval-
uate the payback period of the different PV panel models, shown in Table 5, assuming a
cost of the electricity from the power grid of 0.061 € per kWh. The PV panels reduce the
annual costs of the van by about 7%. Still, the initial economic benefits are not considera-
ble, so the payback period is not at an acceptable level, longer than a usual lifetime of a
van. If necessary, the only model acceptable from an economic perspective in a refriger-
ated van doing single deliveries (one per day) would be model B, which could be com-
pensated before replacing the refrigerated van. For this reason, model B was chosen as the
best option for PV panel type, and therefore all the results presented after this were ob-
tained considering only this model.
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Table 5. Economic analysis.

Parameter Baseline Type A Type B Type C
Investment cost [€] NA 3215.32 2515.32 4185.32
Power grid cost [€] NA 19.97 20.82 19.79

Annual costs [€] 1606.46 1488.46 1492.68 1488.06
Net Present Value [€] NA 118.00 113.78 118.40
Payback period [years] NA 27 22 36

With the selected components, it is possible to evaluate to what extent the PV system
can meet the electricity needs. Fig. 4 shows that the PV panels produce around half the
energy required by the batteries for most of the months. The worst results for the months

of winter. Moreover, the energy losses represent just a tiny percentage of the electricity
produced.

60
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Figure 4. Monthly distribution of energy in the system: energy required to move the compressor of

the refrigeration unit, energy produced by the PV panels and sent to the battery, battery losses, and
total energy produced by the PV panels.

The electric power required by the refrigeration unit and the power generated by the
PV panels are shown in a generic day for the previous route (see Fig. 5). As it can be seen,
the compressor follows hysteretic cycles to keep the refrigerated compartment tempera-
ture at acceptable levels (Fig. 5a). Then, the power provided by the PV panels decreases
from 0.37 to 0.30 kW because it is heated during the trip, and their efficiency is reduced
(Fig. 5b).
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Figure 5. Power required by the refrigeration unit (left) and solar power available (right).
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3.1.2. Selection of batteries

After comparing PV panel models, two types of batteries are analyzed, i.e., lead-acid
and lithium. Fig. 6 presents current, voltage, state of charge (SOC), power, and tempera-
ture variations for the proposed single-delivery scenario. The lead-acid battery has more
significant variations in terms of voltage, while the lithium battery is the one that presents
a similar phenomenon according to the current. The SOC values of a lead-acid battery are
always lower than lithium, while the power of both remains at comparable values. Finally,
the lead-acid battery temperature is about 4 °C higher than lithium.
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Figure 6. Comparison of electrical and thermal behaviour between lead-acid and lithium battery: a)
Current, b) voltage, c¢) SOC, d) power, and e) temperature.

Considering an economic analysis performed for the three types of PV panels, the
payback period of each battery is analyzed, considering 670 € per kWh nominal for the
lithium type and 200 € per kWh nominal for the lead-acid. Fig. 7 shows the payback period
as a function of the capacity. It can be noticed that using a 100 Ah lead-acid battery allows
for achieving the minimum payback period, which is 26 years. In contrast, for a lithium
battery, the payback period is in constant increase, being the minimum of 28 years for 50
Ah capacity.
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Figure 7. Behavior of the payback period of the lithium and lead-acid battery according to different
capacities.

The Round Trip Efficiency (RTE) parameter is proposed for evaluating the suitability
of the different batteries. Two parameters can be considered, one that only considers the
amount of input and output energy at the battery (RTEv) and another the available solar
energy (RTEwt). Both factors are added to the energy absorbed from the grid, as shown in
Equations (9) and (10).

RTE, = Ep

)

7
EReintegratedtEPV—-b
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RTE [/]

RTE,,; = Ep

(10)

EReintegrated"'Esol—b,

where E), is the energy provided by the battery to the refrigeration unit; Egeintegratea
is the energy provided by the power grid to recharge the battery before the departure;
Epy_p is the energy provided by the photovoltaic system to charge the battery; Eg,;—, is
the available solar energy to recharge the battery. The difference between Eps_, and
Eso—p is that Ep,_, is affected by the internal losses due to the efficiencies of the compo-
nents.

The results are reported in Fig. 8 for lead-acid and lithium batteries for each month
and different capacities.
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Figure 8. Comparison of RTE values among several battery solutions for both lead-acid and lithium
types.

A 100 Ah lead-acid battery provides the best techno-economical compromise.

3.1.2. Overall results

Table 6 summarizes all information obtained per month for the final solution consid-
ered, i.e., model B as PV panel type and a 100 Ah 24 V lead-acid battery. This choice mainly
comes from the economic analysis for the PV panels, whereas for the battery, some other
factors were also considered (RTE). Savings refer to the economic savings evaluated by
adopting the proposed solution concerning the original configuration of the van, consid-
ering that every day before the departure, the battery is fully charged by the grid. Eru
represents the energy absorbed by the refrigeration unit; Ers is the energy provided by the
photovoltaic system to run the refrigeration unit or recharge the battery; Eb is the energy
supplied by the battery to run the refrigeration unit. Losses refer to energy losses at-
tributed to each section of the photovoltaic power supply system.
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Table 6. Monthly electric consumption in the scenario considered.

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Distance [km] 72.10
Time [min] 77.00
Eru[kWh]  33.7 29.1 324 355 34.0 38.0 433 39.6 39.1 37.7 33.0 33.8
Ers [KWh] 52 53 74 104 104 116 134 116 90 74 52 58
Ebat [kWh] 09 08 08 07 06 07 07 07 08 09 10 1.0
EReintegrated
[KkWh]
Lossesrv[kWh] 06 06 08 11 11 12 15 13 10 08 06 0.6
Losseskat[kWH] 01 01 01 01 01 01 01 01 01 01 01 01
Lossesru[kWh] 9.7 84 93 101 9.7 107 122 112 112 107 95 9.7
Losses inverter
[kWh]
Losses tot
[kWh]
Savings [%] 4.0% 12.1%18.4%32.8%35.6% 34.9%39.2%30.4%22.7%12.9% 5.2% 5.7%

304 240 264 239 219 247 248 249 266 30.6 29.1 31.8

32 28 32 36 34 38 42 39 36 36 31 34

136 11.8 134 149 143 159 180 164 157 155 132 1338

Fig. 9 shows the results that summarize the monthly electricity absorbed by the re-
frigeration unit, produced by the PV system, and reintegrated from the grid. The increase
in fuel consumption for refrigeration in the summer months is slightly compared to the
winter months. Refrigeration consumption is almost entirely cut thanks to the energy sup-
plied by the battery connected to the PV panels, even if refrigerator energy consumption
represents only 10% of total consumption.

60
50 —Ery
—Epy
— 40 _EReintegrated
¥ et
i
20
o~
0

Jan Feb Mar Apr MayJune July Aug Sept Oct Nov Dec

Figure 9. Monthly electricity absorbed by the refrigeration unit, produced by the PV system, and
reintegration from the grid.

Fig. 10 depicts the economic and environmental feasibility of the proposed solution.
Considering the single-delivery scenario presented, there is a total cost saving of about
100 € per year. Undoubtedly, the savings would be of no minor importance for longer
trips and carrying out more than one trip per day. Furthermore, the economic saving is
strongly affected by the unit cost of methane, and it should increase as the unit cost of
methane increases. Therefore, a higher cost saving should be expected with an increasing
unit cost of methane.

From the environmental perspective, it is possible to save in CO2e emissions of about
150 to 250 kg per year; even in this case, the situation could improve considering longer
trips and carrying out more than one trip per day.
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Figure 10. Monthly economic and CO: emissions savings provided considering single-delivery
trips. The refrigerated van represents the reference solution without the PV panels installed.

3.2. Multiple-deliveries scenario

In this case, a route with multiple deliveries is considered, selecting the order of de-
liveries according to the most optimal route for minimizing the total distance and time
traveled (which is not discussed since it is out of the aim of this work). Identifying the
optimal design for PV panel and battery types is not performed since the single-delivery
scenario was used to select the best solution. The same configuration was adopted to eval-
uate the performances in a multi-deliveries scenario.

Fig. 11 depicts that the electricity required by the cooling unit has a minimum varia-
tion throughout the year. A peak is observed in July, but the cooling demand is only ap-
proximately 30% higher than in February (Fig. 11a). The electricity taken from the grid
represents between 50% and 63% of the total required. The electricity generated by the PV
panels varies between 16% and 32% of the necessary cooling.

Moreover, there is a significant difference for the single-delivery scenario, repre-
sented by the heat gain due to the unloading operations of products considered in a mul-
tiple-deliveries scenario. The cooling required due to the air infiltration (opening the
doors for charge/discharge load) represents between 23.5% and 33.6% of the total (Fig.
11b).
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Figure 11. Monthly electricity absorbed by the refrigeration unit, produced by the PV system and
reintegration from the grid (a) and monthly infiltration losses during the unloading operations of
the products in each delivery (b).

Fig. 12 shows the economic and COze savings compared with the same van without
PV panels. As it is seen, there is a yearly economic saving of about 138 €. Undoubtedly the
savings would be of no minor importance for longer trips and carrying out more than one
delivery per day. Moreover, like in the single delivery scenario, a higher cost saving
should be expected with an increasing unit cost of methane.

Besides the financial information, from the environmental point of view, it is possible
to save about 463.6 kgCOze per year, being more noticeable than the peak in the spring
and summer months. Since the economic and environmental savings are caused by the
increase of energy produced by the PV panels, similar trends are observed. Moreover, the
results could further improve considering longer trips and carrying out more than one
multiple-deliveries per day.
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Figure 12. Monthly economic and CO:z emissions savings provided considering the multiple-deliv-
eries scenario. The refrigerated van represents the reference solution without the PV panels in-
stalled.

4. Conclusions

The refrigerated transport sector demands a sustainable transition to decrease the
dramatic figures in total greenhouse gas emissions. Current solutions aim to the electrifi-
cation of vehicles, including batteries onboard. This paper presents a comprehensive en-
ergy model (thermal-electrical) that simulates a hybrid refrigerated van and calculates fuel
energy consumption, costs, and COze emissions for any type of use.

The model uses the set-point temperature, battery and photovoltaic panels charac-
teristics, and trip as input parameters. Then, the V-I characteristic curve of the photovol-
taic panels and the environmental conditions are determined. The thermal model of the
refrigerated cabin, and the electrical model, including batteries and photovoltaic panels,
are coupled.

For the economic analysis, all technologies produce comparable electricity annually,
and the factor that determines the most suitable panel is the investment cost. Then, re-
garding batteries, lead-acid battery highlighted over lithium as the most convenient tech-
nology, also optimizing the capacity.

The total net savings for a single delivery scenario is around 100 € per year, and 150
to 250 kgCOz,e emissions are avoided. In a multiple deliveries scenario, the yearly eco-
nomic saving is increased to 138 €, and the carbon footprint is reduced by 464 kgCOze.
The batteries and the photovoltaic production are not enough to provide the cooling re-
quired by the refrigeration unit.

The hybridization of refrigerated vans can decrease carbon emissions along the cold
chain. Still, their optimal design is crucial since the investment costs can hinder the tran-
sition to these eco-friendlier systems. Future works should be addressed to test alternative
scenarios with different operating conditions and adopted technologies.
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Appendix A - Refrigerated van and PV system features

The characteristics of the refrigerated van are shown in Table 1.

Table 1. Main characteristics of the refrigerated van.

Parameter Characteristics
4-stroke Bi-fuel spark ignition (petrol-methane)
Engine maximum power (methane): 100 kW (136 CV) @ 2730 - 3500 rpm
(F1ICFA401A) maximum torque (methane): 350 N-m @ 1500 - 2730 rpm

Displacement: 2998 cm3
Reinforced isothermal class F (thermal transmittance of the walls
Refrigerated cabin ~ between 0.29 and 0.4 W m2K-1), minimum temperature inside
the cabin of —20 °C

. . . R-452A refrigerant, hermetic compressor with inverter (30 to 80
Refrigeration unit

Hz)
Refrigeration unit  Electric mains or dedicated auxiliary alternator, directly driven
power supply by the heat engine

Then, the internal composition of the refrigerated cabin walls considered in the
model is shown in Table A2.

Table 2. Characteristics of different materials considered for the walls.

Polyure- Glass fiber reinforced polymer
Parameter Body thane (GREP)
Heat transfer transmit-
tance, 60 0.024 0.64
A (W m1K?)
Width, s (m) 0.005 0.064 0.002
Density, o (kg m?) 2700 40 1800
Specific heat capacity,
¢ ( ke K7) 900 1400 1255

Table A3 shows the nominal characteristics of the three photovoltaic panels simu-
lated in the energy model.

Table 3. Characteristics of each type of photovoltaic panel simulated within the energy model.

Parameter Type A Type B Type C
Technology HJT Monocrystalline Monocrystalline
Peak power [W] 120 108 52
Voc [V] 17.3 15.3 10.9
Vimp [V] 14 12.6 9.1
imp [A] 8.6 8.6 5.7
isc [A] 9 9 6
Dimensions [mm] 1046x683 1046x683 1109x293
Weight [kg] 1.7 1.7 0.8

The size of the inverter was chosen according to the peak load. Its main characteris-
tics are presented in Table A4.

Table 4. Inverter characteristics.

Parameter Value
Nominal power [VA/W] 3000 / 3000
Voltage [VAC] 230
AC Voltage regulation 230 5%

(battery mode) [VAC] 170-280 (For Personal Computers)
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280 (For Home Appliances)

Peak power [VA]

6000

Efficiency peak [/]

90% to 93%

Transfer time [ms]

10  (For Personal Computers)
20 (For Home Appliances)

Waveshape PURE WAVE
Battery/charge voltage [VDC] 24 /27
Overcharge protection [VDC] 33
Type of charge controller MPPT
Maximum capacity PV [W] 1500
Maximum PV array open-circuit voltage [VDC] 145
PV Array MPPT Voltage Range [VD(] 30 to 115
Maximum charge current: solar and AC / rest [A] 60/120
Relative humidity 5% to 95%

Operating /storage temperature [°C]

—10to 50 / —15 to 60

Moreover, 95% and 90% efficiency have been assumed for the DC-DC and DC-AC
conversions, respectively. Therefore, a small percentage of losses (10%) caused by the con-
tinuous DC-AC conversion is added to the net electrical power required by the refrigera-
tion unit in monthly operation and the losses in the wiring. The remaining significant
losses (about 30%) are due to the conversion between DC-AC current, including the power

factor (coseg of 0.7).

Appendix B

Table B1 summarizes the equations regarding the heat transfer mechanisms consid-

ered in the thermal model.

Table 1. Heat transfer in the refrigerated van.

Type of heat transfer

Equation

Convective between the walls ex-
ternal surface and the external air
[30]

Convective between the walls ex-
ternal surface and the air inside the
driver's cabin [30]

Incident solar radiation [30]

Radiative with the celestial vault

(the vehicle is considered a small

convex object placed inside a cav-
ity) [30]

Convective between the internal air
and the surface of the inner wall
bordering the outside
Convective heat exchange between
the internal air and the walls inner
surface bordering the driver's cabin
Internal due to the auxiliaries

Qe-w = heSel[Tamp — Tw-e(x = 0)]

Qc—w heSc[T, — Ty—c(x = 0)]

4

Qrad = Z ag G;S;

i=1

Qw—sky = UEBSroof [Ts‘ll-(y —Ty—ext(x = 0)4]

Qin—w = Rin-wSin-e [Tw—e(x = Swan) — Tin]

Qi—c = hin—cSin—c[Tw—c(x = Swan) — Tin]

Qaux
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Qdoor = ma(ja,o _ja,in)

where,
Door opening (#0 only in the goods,;,
loading/unloading phases, known 3/,
durati 31 in — Pe\ "5 2 n T+
uration) [31] — Cindeoor\/ﬁ (pm : Pe <pm a pe)

1+ (pin/pe)1/3
Defrost system, given by electrical

resistances (# 0 only during activa- Qdefrost =867W
tion, known duration)

Cooling capacity of the refrigera- .

tion system Cru
The Fourier equation for unsteady 1D conduction is solved for the exchange with the
ambient and the driver's cabin, assuming the cold room to a parallelepiped, Equation (B1).

2
pcaT—w =220 (B1)

at ax%’
The boundary conditions assumed for this model are shown in Table B2.

Table 2. Boundary conditions.

Condition Equation

—A—— = he[Tamp — Tw—e(x = 0)]

+ Qrad + Qw—sky
Se

With the ambient

. . aTW—C
With the cabin _AW , =h (T, —T,_.(x = 0)]
x=
With the internal air (wall that ex- 0Ty
-1 = hy[Ty-e(x =s -T;
changes with the ambient) 0X  x=s,a1 inlT-e( wat) = Tin]
With the internal air (wall that ex- 0Ty
—1 = hyp[Ty_o(x = -T
changes with the driver's cabin) 0X rmsyun in[Tw—c(x = Syau) — Tinl
Between two adjacent layers of _, 0Ty — . 9T,
the stratigraphy (i and j) ' OX x=s] T 0x x=st

The presence of the panels is modeled by a thermal energy balance with lumped pa-
rameters, Equation (B2).

oT . .
MpyCpy — = = Qraapy + ReSroof (Tamp = Tev) + hagSroof(Tac — Tev) + Qag, (B2)

where mpy and cpy are the mass and the specific heat of the panel, Tpy is the panel
temperature, assumed as constant, h, is the convective heat exchange coefficient of the
ambient air, and hy,g of the air flowing through the interspace (AG, Air Gap), Tg¢ is the
air temperature in the cavity, assumed as constant and equal to the external temperature
T amb, Qraapy is the radiative heat exchange due to solar radiation and heat exchange with
the celestial vault, as defined above, Q4 is the radiative heat exchange between the lower
surface of the panel and the external surface of the wall, calculated as Equation (B3) indi-
cates.

. Sroof(Thoos)—Thv) (B3)
Qu6 = T 1 -
Xfront %back

The boundary condition for the roof is then determined by employing Equation (B4)
and (B5).

—p 0x y=0 = hye (TAG - Troof(o)) — qag/ (B4)
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_ e (B5)
The properties of the PV panels are defined in Table B3.

Table 3. Thermodynamic and geometrical properties of the PV panels.

Density Width  Specificheat Absorptivity Absorptivity Emissivity

capacity (front side) (back side)
(ppv) (spv) (cpv) (@front) (@paci) (&)
2700 kgm=? 0.003m  900] kg! K1 0.72 0.2 0.91

Appendix C
Lithium battery

The equation representative of the lithium battery discharge is Equation (C1) [32].
Two corrective parameters Corrr and Corrx have been introduced, which allow consider-
ing a variation of the internal resistance as the battery charge varies (it) and the variation
of the bias constant as the discharge current varies (i). These parameters are calculated
using an optimization function that minimizes the mean square error between the two
curves (simulated and real) at a given current value. An average and a maximum error of
0.4% and 1% are obtained.

V,,=V—K-Q‘_’it-(it+i*)—R-i+A-e—B'“, (C1)

R =R, (1+ Corry-it), (C2)

K =K,.;(1— Corrg i), (C3)
where:

. V is the constant voltage of the battery [V];

. K is the Polarization constant [V A-1h-1] or Polarization resistance [Q];
o Q is the battery capacity [Ah];

J it is the actual charge of the battery [Ah];

. A is the width of the exponential area [V];

. B is the constant of time in the exponential area [Ah-];
. R is the internal resistance of the battery [Q];

. i is the current [A];

. i" is the filtered current [A].

For the charge instead, Equation (C4) is used. The polarisation resistance varies in
the charging phase model and the current direction. This ends with an increase in voltage
at the end of the charging process. From a mathematical point of view, it behaves like a
vertical asymptote so that, at a particular state of charge, the voltage will tend to infinity.

Q it-K-—2 . i"—R-it+A-e Bl (C4)

Q-it it+0.05Q

Vb=V—K

Note that the charging process occurs in two phases, the first phase at constant cur-
rent and a phase at a constant voltage. The charger will limit the current not exceeding a
voltage limit value in the constant voltage phase. This phenomenon is modeled using a
current limiting function where a higher current would cause an overvoltage than the
chosen limiting voltage.

Lead-acid battery

For the lead-acid battery discharging phase, the variability of capacitance with cur-
rent according to Peukert's law has been added. The model is valid for any SOC value.
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QQi -i" =R - i+ Exp(t), (C5)

, i \* Coé
Q@) = ($> " Qnom, (C6)
a = l08(Ql2)-log(Q(y)) (C7)

log(i1)-log(iz) ’

where:
o Q(i) is the battery capacity, in Ah, at the discharge current i;
J Qrom is the nominal battery capacity at a reference discharge current io;
J Q(i2) and Q(i1) are two different battery capacities at different discharge rates i> and
i2;
J Exp (t) is the exponential voltage [V], given by:

Exp(t) =B-1i(t) |- (-Exp (t) +A-u(t)), (C8)

with variable u (t) in charge (u (t) = 1) or discharge mode (u (t) = 0).

A new control phase has been added to the model for the charging phase. A map of
values allows identifying the maximum currents supplied according to the SOC and the
limit voltage to be charged. Therefore, currents that cause an overvoltage in the constant
voltage charging phase are limited.

vk -2 u_k— % R (C9)
Vpy =V KQ—it it KQ—O.lit i" —R i+ Exp(¢)

The limits imposed by the model are that: the minimum no-load battery voltage is 0
V, while the maximum battery voltage is 2 V and the minimum battery capacity is 0 Ah,
and the maximum capacity is Q. Therefore, the maximum SOC cannot exceed 100% if the
battery is overcharged.

It is possible to obtain the necessary parameters using the manual supplied with the
batteries. The characteristic discharge curve is provided together with the internal re-
sistance R of the battery. The characteristic time constant of the filtered current i* can be
obtained through experimental tests or assumed equal to 10s (a value considered accepta-
ble by the literature for both lithium and lead-acid batteries). The calculated values for the
discharge phase are also used to model the charge phase.

The state of charge (percentage of residual charge) is given by the following equation
[33]:

. t i
SOC(t) = SOC(0) + W. (C10)
The efficiency 1) is the Coulombic efficiency, with a unitary value in the case of dis-
charge and less than one in the case of charge (variable according to the type of battery).
The slow dynamics of voltage adjustment for an instantaneous step change of the
current is modeled by the filtered current i * flowing through the bias resistor:

v di (C11)
T dt’
with 7 representing the characteristic time constant of the considered battery.
The model can simulate the experimental voltage with a good approximation, with

an error below 5% throughout the charging process.

Generalization of the model

The two types of battery considered so far have been modeled considering a 12V
100Ah battery so that all the parameters refer to this battery size. To obtain the capacity
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and voltage of a generically sized battery, it is necessary to identify generalized parame-

ters.
For a generic capacity:
QTC
Qeonv = Qm);/ (C12)

where Qconv is a conversion parameter obtained as the ratio between the reference
capacity (in this case, 100 Ah) and the nominal capacity of the battery that we want to
adopt.

By the same reasoning, the correction parameters and the internal resistance are:

Corry = Zkref (C13)
Corry = S2Tkref (C14)
R = Rref * Qconv- (C15)

For a generic voltage:

Vre
Veonw = Vnmfn, (C16)
R= :_f (C17)

So, for a generic voltage and a generic capacity:

R=20 00, (c18)
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