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ABSTRACT
Inefficient operation of distribution networks in transportation reduces the profits of commercial
enterprises and increases the cost of goods for people. Using ineffective methods of ensuring cargo
preservation leads to deteriorating consumer properties of goods, increased fuel consumption and an
increase in the amount of harmful emissions from car exhaust gases. This enhances the negative impact
of transport on the environment, especially in major cities, which makes the problem of ensuring cargo
preservation and improving transport efficiency relevant.

The objective of this work is to solve the problem of reducing the energy intensity of transportation
and improving the efficiency of refrigerated vehicles in summer when delivering perishable goods
(PGs) on urban routes.

Factors that impact the energy intensity of PGs transportation by refrigerated vehicles are pre-
sented. When assessing the efficiency of refrigerated vehicles operation, it is proposed to take into
account weather and transport operating conditions. An approach is formed to assessing the efficiency
of refrigerated vehicles considering operating costs, cargo preservation costs, transportation energy
intensity.

Keywords: efficiency of transportation, energy consumption, fuel efficiency, perishable goods, refriger-
ated vehicles.

1 INTRODUCTION
Much of the food sold through the retail system requires compliance with the temperature
storage conditions during transportation and sales and has a limited storage life.

It should be noted that even for a short product, if temperature increases, there is a reduc-
tion in its quality, since in this case physical-chemical, microbiological and biochemical
processes start to develop which together cause undesirable changes in product quality influ-
encing the safety of its use.

Product suppliers and trade organizations thus experience considerable losses, and unscru-
pulous retailers sell spoiled goods or compensate for their losses by increasing the cost of
other goods.

Inefficient operation of transportation and increased transportation energy consumption is
accompanied by an increase in emissions from the exhaust gases of cars. This has a negative
impact on the environment, especially in large cities with lots of vehicles.

This problem is particularly acute for countries with warm and hot climate. Meanwhile,
to date, there exists no integral approach to the selection and definition of the refriger-
ated vehicles management. This paper presents evidence-based techniques to solve this
problem.
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2 FEATURES OF PERISHABLE GOODS TRANSPORTATION
BY REFRIGERATED VEHICLES ON URBAN ROUTES
In Russia, as in many other countries having emerging economies, there are a significant
number of small trading companies that have limited resources to store products requiring
temperature control for preservation of goods. To ensure uninterrupted provision of public
with goods such organizations place frequent orders with wholesale suppliers for small con-
signments. As a result, a small amount of perishable goods (PGs) at a subsequent shipment to
a single retail outlet is delivered, not exceeding the capacity of frozen food storage chambers.
This study examines transportation of deep-frozen products (for example, ice cream).

In order to reduce costs and improve vehicle efficiency, transportation of small-lot cargoes
is performed on delivering-gathering routes. The route length and the number of discharge
points are important factors in terms of transport vehicles operating conditions. When transport-
ing PG on delivering routes with a large number of consignees, van doors must be frequently
opened for unloading. This leads to a temperature change in the cargo compartment (CC) and
non-compliance with the temperature conditions of PG transportation. Particularly, urgent is
the problem of PG preservation during their transportation in summer.

Table 1 presents data on the duration of periods with positive air temperatures for Tyumen
(Russia), a city located in one of the northern regions of Russia.

It should be noted that the length of such periods has significantly increased on average
over the last decades due to global climate trends.

A large number of days with positive air temperature generate a need for refrigerated vehi-
cles when delivering PG.

Using modern designs and materials in the manufacture of refrigerated vehicle bodies
allows one to maintain the required temperature conditions for a long time when the CC
doors are closed.

The influence of air temperature and travel time on the temperature conditions of the CC
when its doors are closed is minimal.

At high air temperatures and prolonged unloading time, the amount of heat getting into
the CC increases. To preserve PG, the heat coming into the CC must be compensated by cold
produced by a refrigeration unit. This results in the increase in energy consumption (chemical
energy of fuel or electricity) to maintain the required temperature.

An increase in the ambient air temperature and loading and unloading operation time leads
to an increase in the CC temperature of the refrigerated vehicle and a reduction in the period
of time during which the required temperature conditions are maintained [1, 2].

Table 1: The number of days with positive ambient temperature for the climatic conditions

of Tyumen.
Air temperature interval, °C The number of days per year
0.1..... +10 77.3
+10.1 ... +20 94.2
+20.1... +30 29.4
+30 ..... +40 0.1

Total 201
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To ensure preservation of PG during transportation on delivering routes with frequent stops
for unloading in summer, it is more expedient to use refrigerated vehicles with a eutectic-
type refrigeration unit that are more adapted to such conditions, or perform a partial load of
the refrigerated vehicle. Having thus provided cargo preservation, one must also solve the
problem of reducing the energy intensity and improving the efficiency of vehicle operation.

3 THE EFFICIENCY OF REFRIGERATED VEHICLES OPERATION
3.1 The energy intensity of the perishable goods transportation process

The global market for road transport operates in a highly competitive environment.
Transportation companies need to improve their competitiveness, including transportation
cost saving. One way to reduce costs is to save fuel and energy resources by reducing the
energy intensity and improving the transport efficiency. Reduction in the energy intensity of
transport is determined primarily by the saved fuel and electricity.

The energy intensity of the transport process is determined by the amount of energy and fuel
to be spent on implementation of the transport unit of work, and includes three components:

E=E,, +E,+E,, 4)

where E - the energy intensity of transportation, MJ/(100 t-km); E - the energy consumption
for the motor vehicle movement, MJ/(100 t-km); E - the energy consumption to perform the
transportation work when delivering goods, MJ/(100 t-km); Epr— the energy consumption to
perform loading and unloading operations and preservation of cargo, MJ/(100 t-km).

In some cases, weather and climatic operating conditions have different effects on energy
consumption. So, when transporting PG (frozen goods according to the classification of
PG) in summer, the energy consumption to move the vehicle (£, —min) and perform the
transportation work (Eg%min) is optimal. At the same time, the cost of providing cargo
preservation (Epr—>max) increases significantly. On the other hand, in winter, the cost of pro-
viding cargo preservation (Epr—>0) is minimal, while the vehicle movement (£, —max) and
the transportation work cost (Eg%max) increases.

The need of accounting electric energy consumption is caused by an increasing number
of electric vehicles, vehicles with hybrid power plants, as well as the use of electric energy
to freeze plates of the eutectic-type refrigeration unit for PG transportation [1, 2]. For joint
accounting of vehicle fuel efficiency and the amount of energy consumed and comparing the
efficiency of using different types of transport (or fuel) the energy intensity indicator is used.
The energy intensity for vehicles with the internal combustion engine and compressor-type
refrigeration unit is determined by eqn (5):

o 100Q6A ’ 5)
w
where E — the energy intensity of the transport process, MJ/100 t-km; d- the fuel density,
kg/dm3; A - the calorific fuel capacity, kJ/kg; Q - the fuel consumption, 1; W - the performed
transportation work, t-km.

The consumption of electricity to charge the eutectic plates in the refrigeration unit of the
refrigerated vehicle is determined by eqn (6):

_ 360Pt,,

Ee
14

, (6)
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where E, - the electric energy consumption, MJ/100 t-km; P- the power consumption when
charging the eutectic plates of the refrigeration unit, kW; 1_,- the charging time (electrical
connection), h.

The total energy consumption of the refrigerated vehicle with eutectic refrigeration equip-
ment consists of the consumed fuel energy and the amount of electricity for charging the
eutectic plates, eqn (7):

E 100xQx pxA+3,6Pt,,
W

(7

3.2 The fuel efficiency of refrigerated vehicles

The fuel efficiency of refrigerated vehicles is estimated by the fuel economy according to the
formula (8):

- IO?Q, _ IOO(delJrS r,)’ )
where ¢ - the vehicle fuel economy, 1/106 km; Q - the furel consumption rate on route, 1; Q s
the fuel consumption rate of the refrigerated vehicle with a disabled refrigeration unit, 1;
S - the sensitivity to increased fuel consumption by the operation time of the refrigeration
unit, I/h; T _— the refrigeration unit operation time, h; / - the route length, km.

The fuel consumption for PG preservation (Q o) and the fuel economy are directly pro-
portional to the refrigeration unit operation time. At this period, the frequency of crankshaft
rotation in the refrigerated vehicle engine is increased.

Figure 1 illustrates the dynamics of fuel consumption of the refrigeration unit operation for
a refrigerated vehicle GAZ-3717 when changing the duration of work.

Qer, 1 Qu=1.1tr
50 T . - - -

45 |

40}

35}

30 ¢

25t

20

15 ¢

10

05}

-05 0.0 0.5 10 15 20 24 30 35 40 45
t.h

Figure 1: The dependence of the refrigeration unit fuel consumption on the operation time
(refrigerated vehicle GAZ-3717).
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The operation time of the refrigeration unit depends on its performance and total heat input
which enters the CC during unloading and which has to be compensated during movement:

T, = f(At 7,,P), )

air>Tuo

where T — the refrigeration unit operation time, h; Az , - the difference between the tempera-
ture of goods preservation and the ambient temperature, °C; T, — the total unloading time
during which the heat exchange is possible through the open doors, h; T - the total travel time
over which the heat influx enters through the walls of the van, and the cooling capacity of the
refrigeration unit, h; P- the refrigeration unit performance, kW/h.

The maximum increase in fuel consumption for different refrigerated vehicles differs sig-
nificantly: with a diesel engine — 4.5 1/100 km, with a gasoline engine — 9.1 1/100 km, for the
engine running on natural gas — 12.77 1/100 km. How the fuel type impacts its consumption
is described in [3].

The reduction in the fuel consumption at the air temperature of 15°C ... 20°C (Fig. 2)
is due to the reduction in the fuel consumption to move the vehicle under optimum
conditions [4-8].

3.3 Ways to reduce the energy intensity of the transport process

The energy intensity of transportation and ways to reduce it depend on many factors that can
be grouped as follows:

Design factors (type of ICE and power plant);
Organization and management factors (driver qualification, the system applied to adjust
the fuel consumption rate of the vehicle based on the operating conditions);

e Process factors (route characteristics, transportation route optimization according to the
criteria of distance and transportation cost, cargo preservation; selection of the rolling
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Figure 2: The impact of temperature on fuel consumption by vehicle GAZ-3717.
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stock (RS) make and model most adapted to the transportation conditions and cargo pres-
ervation, optimal loading of the vehicle CC taking into account cargo preservation; using
optimal fuels for the transportation conditions).

To reduce the cost of PG transportation, the energy intensity of transportation must be reduced
for refrigerated vehicles (Table 2).

With increasing air temperature, the lowest energy intensity of transportation corresponds
to the refrigerated vehicle IVECO 59-12. Accordingly, the choice of a vehicle should be
made taking into account the anticipated temperature conditions.

The calculation results of the energy intensity of the transport process on urban delivering
routes are shown in Table 3. When the air temperature is +10°C, the lowest energy intensity
of transportation is observed in GAZ-3717 working on gas fuel.

3.4 Evaluation of the operational efficiency of refrigerated vehicles when transporting
perishable goods

Evaluation of the transportation energy efficiency is conditioned by the need to relate the
resulting effect in the form of the saved fuel and electricity and the costs to achieve this effect.
The costs include purchasing vehicles, replacing refrigeration units, repairing equipment.
When there is a small effect and considerable costs to achieve it, the payback period should
be compared with the possible performance life of the rolling stock.

Table 2: Ways to reduce the energy intensity of PG transportation.

Type of energy

. Measures
consumption

Energy  consumption - Improving the design of the internal combustion engine and

for the motor vehicle power plant;

movement (E_ ) - Differential correction of fuel consumption rates (an objective
determination of the norm) considering the operating conditions;

- Selection of the rolling stock make and model most adapted to
the transportation conditions;

- Transportation route optimization according to the criteria of
distance and transportation cost, as well as traffic irregularity
conditions;

- Ensuring the application of fuels optimal for the transportation
conditions, namely, summer, winter or arctic grades of diesel
fuel in accordance with the temperature conditions, the use of
gasoline and diesel fuels with modifying additives that reduce
the specific consumption [9,10].

Energy consumption to
perform the transporta-
tion work (Eg) (deliver-
ing goods)

Energy  consumption - Selection of the rolling stock model most adapted to cargo pres-
for cargo preservation ervation;
(Epr) - Developlpg the optimal route according to the criteria of cargo
preservation;
- Determining the optimal loading of the vehicle CC.
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Table 3: The energy intensity of PG transportation*.

Indicators GAZ-3717 GAZ-3717 IVECO 59-12
(gasoline) (gas fuel) (diesel fuel)

Fuel consumption, 17.4 19.2 15.5
1/100 km
Fuel density, kg/l 0.735 0.55 0.769
Calorific value capac- 44.0 45.2 43.1
ity of fuel, MJ/kg
Ambient air tempera- 10 20 30 10 20 30 10 20 30
ture, °C
Working time of the 0 0 6 9 12
refrigeration unit, h
Total mileage of one 84 168 168 84 168 168 84 84 84
motor vehicle per
shift, km
Fuel consumption per 16.2 324 324 18 36 36 13 13 13
shift, 1
Time on route, h 87 133 133 87 133 133 87 87 87
Number of hauls per 1 2 2 1 2 2 1 1 1
shift
Energy consumption, 0 0 0 0 0 0 192 28.8 384
kW
Energy intensity of 416 832 832 355 710 710 396 424 452
transportation, MJ/
tkm
Energy intensity of 035 044 044 03 060 0.6 033 036 0.38

transportation, MJ/kg

*The volume of traffic per day - 1.5 t, the length of the route - 84 km. The compressor capac-
ity of the eutectic refrigeration unit IVECO 59-12 is 3.2 kW/h.If the ambient temperature is
changed from 10°C to 30°C the charging time of cold accumulators increases from 6 to 12 h.

When planning a short-term work (2-3 years), the implementation of measures to reduce
the energy intensity of transportation for the company becomes unprofitable. If the company
has long-term contracts with the manufacturer (supplier) of goods for transport services, the
implementation of measures for energy efficiency becomes feasible. It is also necessary to
assess the efficiency of rolling stock operation.

The efficiency of the motor vehicle use is assessed according to the energy intensity and the
cost of transportation, operation, preservation of cargo, quality of transport services and other
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indicators. When choosing a rolling stock, a number of conditions are taken into account: the
energy intensity of transportation, the efficiency of vehicle operation considering the cost of
fuel, electricity, maintenance and repairs, car reliability. Issues relating to the provision of
preservation, reduction of the energy intensity of PG transportation by refrigerated vehicles
and conservation of ecology are discussed in many works [1, 2, 11-19].

When transporting ice cream on delivering routes to the retail network in summer, the
travel time over which the temperature conditions of transportation are maintained in the
CC of the refrigerated vehicle with the compressor-type refrigeration unit is less than the
actual running time on route. To ensure cargo preservation, the carrier divides the con-

Table 4: The economic efficiency of refrigerated vehicles operation*.

Indicators GAZ-3717  GAZ-3717 1279]::(1:20
(gasoline) (gas fuel) (diesel fuel)

Rated load capacity, tons 1.2 1.2 2.1
Rolling stock’s capacity utilization rate (load  0.62 0.62 0.71
capacity) 0.4) 0.4) (0.95)
Motor vehicle purchase cost, rubles 1,100,000 1,150,000 2,850,000
Travel time, h / number of hauls per shift 6.65/2 6.65/2 8.66/1
Performance per haul, t/boxes 0.75/200 0.75/200 1.5/400
Number of motor vehicles for transport 2 2 1
Total distance covered by one motor vehicleper 168 168 84
shift, km
Operation costs, rubles/km 16.19 12.88 16.99
Cost per 1 h of operation, rubles/h 272 218 254
Total transportation costs, rubles 6376 5094 3627
Profit from transportation, rubles per day 104 1386 2853
Profitability of transportation, % 1.6 27 78
Economic efficiency of investments, rubles / 0.02 0.29 0.24
rubles
Discounted costs, rubles 3156 3791 2055
Payback period, years 40 35 3.8

*Calculation is performed for the conditions: average speed of movement V, = 18 km/h,
route length 1 =84 km, quantity of cargo per day Qdayzl.S t, total loading time t, , .. g:0. 12
h, total unloading time t =1 h, 25 unloading points on route, Revenue from transport
activities — 6480 rubles.

unloading
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signment into 2-3 parts and transports the goods in parts. This significantly increases
the vehicle operating time on route and transportation costs. Using liquefied natural gas
as fuel for refrigerated vehicles would greatly reduce operating costs, due to its much
higher calorific value compared to liquid petroleum fuels, and low cost. To reduce the
specific consumption of gasoline and diesel fuels, it is advisable to use fuel additives that
increase the energy efficiency of vehicles operation [9, 10]. It should be noted that these
measures also make it possible to significantly improve the environmental performance of
vehicles.

Using refrigerated vehicles with eutectic refrigeration units leads to extra costs for electric-
ity needed for ‘charging’ the cold accumulators.

Performance indicators of the rolling stock on delivering routes when transporting ice
cream in Tyumen (at the ambient temperature of +30°C) are shown in Table 4.

Analysis of the results shows that the use of specialized vehicles complying with certain
conditions of goods transportation leads to an increase in the efficiency of the company and
its competitiveness. To reduce costs for purchase of the rolling stock carriers acquire IVECO
refrigerated vehicles with low mileage.

Due to their high manufacturing quality, these vehicles can be used on delivering routes for
a long time without repairs and replacement.

4 CONCLUSION
The theoretical and experimental studies of the effect of transport and weather conditions of
refrigerated vehicles operation on the transport energy intensity and efficiency allowed the
authors to develop recommendations on the selection of the rolling stock and preservation of,
as well as techniques for practical use.

It was found that at ambient temperatures up to +10°C to transport ice cream on delivering
routes, it is more appropriate to use refrigerated vehicles with a compressor-type refrigeration
unit working on gas fuel. At air temperatures above + 10°C to ensure preservation of goods
that can be delivered to the consignee without deterioration, it is necessary to determine the
optimal amount of transportation and the length of the route. If it is impossible to ensure
cargo preservation by optimizing the routing and volume of traffic, it is worthwhile to replace
the compressor-type refrigerated vehicle with the eutectic-type one.

The developed techniques allow us to calculate the optimal loading of the refrigerated
vehicle and the delivering route characteristics, as well as determine the objective fuel con-
sumption rate of the refrigerated vehicle.

Applying the developed techniques in practice makes it possible to reduce mileage and
fuel consumption when the compressor-type refrigerated vehicles are replaced with the
eutectic-type ones.
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