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Abstract In this study, the energy characteristics of BEV and HEV were presented.
Original experimental results for energy consumption are presented. The life cycle
assessment of main types of ecological vehicles was done. As a base of comparison,
the primary energy and CO, emissions of conventional gasoline vehicle was used.
An area, concerning vehicles, which are more effective in economic and ecological
aspects, at average Emission factor of EU-28, is defined. For a separate country, this
area will be different, depend on value of its Emission factor of electricity production.
The study gives the evidences for the hypothesis that electric vehicles do not generate
emissions at the place, where it runs, can be used for resolving the local problems
with air pollutions, but not global.
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1 Energy Characteristics of Electric and Hybrid Vehicles

1.1 Energy Consumption of an Electric Vehicle

In search of solutions for the energy crisis of the last century [1-4] and the impact
of transport on global warming [5-7], there has been an increasing interest in the
production and putting into operation of a growing number of electric vehicles [8—12].

The testing of the vehicle energy characteristics is possible in real road conditions
or in the laboratory, on the testing benches [13, 14]. Usually the result from road and
laboratory tests have some difference.

The main characteristics concerning energy properties of a BEV are energy char-
acteristic and power characteristic. First one is relation between specific energy
consumption E in kWh/km and constant speed V in km/h. the power characteristic
is relation between needed power P in kW and constant speed V, km/h.

An example of energy characteristic, in case of BEV with constant gear ratio
in transmission (without gear changing), is shown on Fig. 1. At the low speed,
energy consumption is higher. Then, there is an interval of speeds with low energy
consumption. After that, at high speeds the energy consumption increases.

Usually the experimental result obtained on the road and in laboratory have differ-
ences. This can be seen on Fig. 2, which presents power characteristic of a converted
electrical vehicle.

Fundamentals of electric vehicle energy consumption
The main purpose of energy, accumulated in the battery, is the supply electric motor
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Fig.1 Energy characteristic and distribution the total specific energy consumption of Tesla Roadster
[140]
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Fig. 2 Road and laboratory power characteristics [16, 19]

and to provide electric vehicle motion in different running conditions. In addition
the battery has to provide also supply of auxiliary systems, which guarantee safety
travel (as lights, horn, window cleaner etc.) and comfort (as air conditioning sys-
tem, media etc.). During the travel, the value of specific energy consumption (in
Wh/km or kWh/100 km) can be different. Depending on the skills and desires of the
driver, energy consumption can arise over 2 times more than indicated in technical
specification of the electric vehicle.

In general case, the specific energy consumption can be theoretically determined
by following expression

2

100 1%
[(fo +5x 1077 V)G + kBSE} + Eag, kWh/100km, (1)

T 360 ne

where

fo—1is the rolling resistance coefficient at low speed;

V—the vehicle speed, km/h;

G—the vehicle weight, kN;

kp—the coefficient of aerodynamic resistance, kN s2/m*;

S—the front area of the vehicle, m2;

nu—the efficiency coefficient of transmission;

ng—the efficiency coefficient of the electric motor and power electronics;
E 4, s—the specific energy consumption of auxiliary systems, kWh/100 km.

The coefficient kp is calculated as
kg = 0.5 x 107 pc,, kN s> /m*, )

where
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p—is the air density, kg/m?;
cy—the drag coefficient.

The change of the air temperature ¢ from +40 to —20 °C cause a change of it
density from 1.127 to 1.395 kg/m? [15] and at high vehicle speed can increase the
energy consumption over 10%. The value of the air density can be evaluated with
good accuracy (deviation of not more than 0.5% at low temperature) using the relation

p=2x10"21 —0.0048¢ + 1.2926, kg/m°. (3)

Mechanical losses in the transmission vary in wide limits and they depend on
the electric motor load. The efficiency coefficient 1), with good accuracy can be
evaluated using the approach, proposed in [16]. The losses in electric motor and
power electronics 1z also depend on working conditions and load. The product of
both coefficients vary in 90-95%, but can decrease under 50% at some running
conditions [17]. It is necessary to have the characteristics of elements of electric
drive, not only at nominal load (which value is given in technical specifications), but
also in particular load. Some of the researchers assign these two types of losses to
so-called drive train losses [18].

Distribution of the total energy consumption of electric vehicle

An analysis of distribution of total used energy can be done on the base of an exist-
ing example. On Fig. 1 a real picture of the energy consumption of the electric
vehicle model Tesla Roadster at different values of the speed is presented. The Air
conditioning (AC) system does not work [18].

The ratio between different parts of total specific energy consumption changes
with the increase of the vehicle speed. At low speed most significant is the part of
energy consumption for drive train losses and supply of the auxiliary systems. Higher
energy consumption at slow motion is caused by the low values of the efficiency
coefficients 1, and ng. At high speed, the part of energy, spent for air resistance
becomes largest.

The energy spent for rolling resistance is changed in short limits, because of the
small influence of the speed on the coefficient f,.

In fact, during the motion the most variable can be the parts of energy spent for
air resistance and supply of auxiliary systems. The last part depends on atmosphere
conditions as rain, snow, wind etc.

The curves shown on Fig. 1 are well represented by the following regression
models:

— total specific energy consumption

E=4x107"°v% -3 x 1077V> +7 x 107°V* = 0.009V?3 + 0.5715V?
—16.313V + 234.92, Wh/km 4)

— specific energy consumption for drive train losses
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E=3x107""Y% -2 x 1077V> +5 x 107°V* — 0.0057V?> + 0.358 V2
—10.26V + 139.27, Wh/km (5)

— specific energy consumption for rolling resistance
E =0.0297V 4 32.278, Wh/km (6)
— specific energy consumption for air resistance
E=1x10"°V?+40.007V? + 0.0035V + 86.32, Wh/km (7)
— specific energy consumption for supply of auxiliary systems
E = 121.1V %™ 'Wh/km. (8)

There are many models with gearbox in the transmission. In this case the energy
characteristic shows consumption at every one gear (Fig. 3). Presence of the different
gears gives possibility to choose more precise the working regime of the electric
motor, and to cover wider range of speeds.

For laboratory test, concerning energy consumption, the driving cycles can be
applied [13]. There are generally accepted driving cycle ECE 15 which is for con-
ventional vehicles and also Special cycles for electric vehicles. Results obtained
under first one cycle (Fig. 4) allow to compare energy consumption of the electric
end conventional vehicles [13, 18].

The second cycle (Fig. 5) is specially developed for electric vehicles and can be
used for comparative analysis only between these types of vehicles [13].

The energy consumption for some corporate electric vehicles [3, 13] are given in
Table 1.
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Fig. 3 Energy characteristic of a BEV on the road by gears [16]
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Fig. 4 Energy consumption during special cycle for electric vehicles [16]
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Fig. 5 Energy consumption during European driving cycle ECE-15 [16]

Table 1 Energy consumption in ECE-15 for electric vehicles with lithium rechargeable batteries

Ne | Electric vehicle Mass, kg | Maximum power, kW | Energy consumption per
cycle, kWh
1. | Mitsubishi MiEV 1370 47 1.96
2. | RenaultZE BEBOR | 1881 44 2.71
3. | MiniE 1615 47 2.07
4. | THINK City 1547 30 2.20
5. | FIAT Phylla 970 27 1.42
6. DuraCarQuicc! 1640 50 2.43
7. TESLA Roadster 1385 184 1.99
8. Protoscar LAMPO 1530 200 2.19
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1.2 Fuel and Energy Consumption of a Hybrid Vehicle

One of the main environment pollution sources are vehicles [19-23]. In the last
years, the alternative vehicle propulsion systems became the main priority for a lot of
automotive companies and research teams. The basic objective of those propulsions
[20, 24-27] is the achievement of energy independence from nonrenewable sources
like liquid and gas fuels. One of the variants of vehicle propulsion, which is built-in
a few vehicle models is hybrid system [25, 28, 29].

According to the information from the producers and a number of studies [21,
24, 25, 29-33] hybrid vehicle consumes less fuel and generates les air pollutions
in comparison with a vehicle equipped with a gasoline or diesel engine during the
city motion. Similar effect exists for inter-city conditions. That is one of the main
advantages of hybrid vehicles because in city conditions, up to 50 km/h, the motion
is realized using only electric energy from the battery.

In some studies [24-26, 28-30, 34] there are verifications that hybrid vehicle has
advantages versus gasoline, even versus diesel vehicle especially in urban conditions.
The fuel consumption in inter-city conditions are not well studied.

Estimate the energy or fuel consumption of a hybrid vehicle is very complex
problem, because of computer control system and properties of transmission (CVT
or not).

Fuel consumption at constant speed and energy characteristic of an example—
Toyota Yaris Hybrid 1.5 HSD is presented on Fig. 6. At low constant speed, the
energy consumption is a little higher (Fig. 6), which is a result of low values of
the transmission and electric propulsion efficiency. Then the energy consumption
slowly goes down. Up to 50 km/h fuel consumption is zero 1/100 km, because for
the motion, the vehicle use only electric energy (approximately 0.08-0.1 kWh/km)
from the battery. At constant speed over 50 km/h, the fuel consumption is practically
equal to that one of the conventional variant of the same vehicle. At high-speed
conditions, the hybrid vehicle runs using only ICE. Obviously, it is not appropriate
to make comparative analysis of different models hybrid vehicles only on the base
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Fig. 6 Fuel consumption and energy characteristic of Toyota Yaris Hybrid 1.5 HSD [25]
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of fuel consumption and energy characteristics. In real traffic, usage of the electric
or ICE mode depends on many factors, including not only road conditions, speed,
traffic density but also driver’s skills, discharge level of the battery etc.

Our opinion is—an additional study of the fuel consumption of hybrid vehicle in
urban and inter-city conditions is needed. That way a full picture concerning fuel
and energy properties of the tested vehicle can be obtained.

Study of the fuel consumption of the hybrid vehicle in urban conditions
The experiments include series of tests in urban routs in Bulgarian town Ruse.
Consumption on three typical urban routs [35] were investigated:

— Route 1 “Rail station—Danube bridge—Rail station” (Fig. 7);
— Route 2 “Rail station—River station—Rail station” (Fig. 8);
— Route 3 “Rail station—Druzhba 3—Rail station” (Fig. 9).

The first route has a predominant plane terrain and a distance of 15.3 km. The
second one includes horizontal and also parts with longitudinal inclination. On this
route the motion in one direction and return to start point are realized by passing
through different streets, because of presence of one way streets. Distance of the
second route is 4.6 km. The third route has a predominant hill terrain. The distance
is 6.4 km.

Motion was realized in the traffic peak period—17-18 h. Every route was passed
in two modes—without and with activated “ECO MODE” of the hybrid system. The

Youth Park
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Fig. 7 Route 1 “Rail station—Danube bridge—Rail station”
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load of the vehicle was 3 persons (including driver). During the all experiments the
AC system was working.

The choice of the routes was realized taking into account the fact that all are
with intensive traffic, different traffic regulation and include parts with different
inclinations. Before series of road experiments, a verification of the fuel consump-
tion, indicated by the vehicle board computer was done using Flowtronic 205. The
difference between board computer and Flowtronic 205 result for the average fuel
consumption, passing a distance of 2 km, at different speeds is less than 2%.

Every experiment was repeated 3 times. At the end of the experiments, in the
laboratory, the results were proceeded and the graphics were created [23]. All results
in urban conditions are summarized in Table 2.

The average fuel consumption of the hybrid vehicle Toyota Yaris is significantly
higher from that one indicated from the producer in the technical specification (see
Table 2). Possible reason for that difference can be explained with the density of
the real traffic in Ruse at peak period and European city cycle. It is obvious that
fuel consumption of the HEV on all three routes without “ECO MODE” is higher
than that the one with working “ECO MODE”. Using “ECO MODE” the vehicle
accelerates slowly.

The fuel consumption on the first route without and with working “ECO MODE”
is respectively 61.3% and 35.4% higher than indicated in technical specification of
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Fig. 9 Route 3 “Rail station—Druzhba 3—Rail station”

the producer. The fuel consumption on the second route without and with working
“ECO MODE?” is respectively 119.4% and 64.5% higher than indicated in technical
specification of the producer. The fuel consumption on the third route without and
with working “ECO MODE” is respectively 87.1% and 74.2% higher than indicated
in technical specification of the producer.

In urban conditions, the energy saved in the battery and regeneration of the energy
during braking are used more active. The less using of the ICE decreases the fuel
consumption and energy performance of the hybrid vehicle is similar to that one of
the less powerful conventional model Toyota Yaris (P3)—1.0 VVT-i 5 M/T (Table 4).

Study of the fuel consumption of the hybrid vehicle in inter-city conditions
Fuel consumption on three inter-city routs were investigated:

— Route 1 “Ruse—Varna—resort Golden sands—Ruse” (Fig. 10);
— Route 2 “Ruse—Sozopol—Ruse” (Fig. 11);
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Table 2 Obtained results for distance S, average speed V,, time #, average fuel consumption Q,,
and in urban routs, concerning hybrid vehicle and conventional vehicle with similar power

Route Toyota Yaris (P3) Toyota
1.5 HSD Hybrid Yaris (P3)
1,0 VVT-i
5M/T
Distance Average Travel Qav, /100 km o,
S, km speed time ¢, Without With 17100 km
Vav, km/h | min ecomode | eco
mode
“Rail 153 23 30 5.0 4.2 4.9
station—Danube
bridge—Rail
station”
“Rail 4.6 21 14 6.8 5.1 6.7
station—River
station—Rail
station”
“Rail 6.4 22 12 5.8 5.4 5.8
station—Druzhba
3—Rail station”
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Fig. 10 Inter-city route 1 “Ruse—Varna—resort Golden sands—Ruse”
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Fig. 11 Inter-city route 2 “Ruse—Sozopol—Ruse”

— Route 3 “Ruse—Silistra—Ruse” (Fig. 12).

The choice of the routes was made taking into account combination of the
inter-town, high way and urban parts. The combination of the uphill, downhill and
horizontal part in the routes is also considered.

Route 1 “Ruse—Varna—resort Golden sands” and return (Fig. 10) includes
motion on the first class road Ruse—Shumen, on the high way Shumen—Varna
and in urban conditions. Route 2 “Ruse—Sozopol—Ruse” (Fig. 11) has a specific
relief (motion uphill, downhill and horizontal parts). The route distance is 300 km.
The experiment is done with 2 passengers and working AC system. Route 3 “Ruse—
Silistra—Ruse” (Fig. 12) is 116.9 km. The experiment is done with working AC
system. The load was 4 passengers in direction Ruse—Silistra and 3 passengers in
direction Silistra—Ruse. The route is plane and different number of passengers give
the possibility to estimate the influence of the vehicle load on the fuel consumption.
During the pass of the routes, the “ECO MODE” was deactivated for all 3 routes. The
results for current and average fuel consumption of the hybrid vehicle are presented
in Table 3.

Route 1 “Ruse—Varna—resort Golden sands—Ruse” . The obtained results show
that average fuel consumption of the whole route is significantly higher than indicated
in technical specification of the producer (see Tables 3 and 4). The difference is up
to 40-50%. The cause probably is different motion intensity out of the towns and
on the high way, in comparison with used European cycle using by the producer to
estimate fuel consumption of the hybrid vehicle. Less using the ICE decreases the
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Fig. 12 Inter-city route 3 “Ruse—Silistra—Ruse”

Table 3 Obtained results for distance S, average speed V,,, time ¢, average fuel consumption Q,,
and average route fuel consumption Q, (two directions) in inter—city routes

Routes Results

S, km Vav, t, min | Qqy, Or,
km/h 1/100 km 1/100 km

Route 1 212 77.1 165 5.25 5.18

Golden sands”—with 4
persons

Route 1 “resort Golden 212 78.4 163 5.10
sands—Varna—Ruse”—with
4 persons

Route 2 300 71.8 251 4.5 4.6
“Ruse—Sozopol”—with 2
persons

Route 2 300 70.4 247 4.7
“Sozopol—Ruse”—with 2
persons

Route 3 116.9 62.2 113 5 -
“Ruse—Silistra”—with 4
persons

Route 3 116.9 65 108 4.35 -
“Silistra—Ruse”—with 3
persons
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Table 4 Fuel consumption Q given by the producer for the hybrid and conventional vehicle with
similar power

Conventional models Q, /100 km
Urban cycle | Inter—city cycle | Combined cycle
Toyota Yaris (P3)—1.5 HSD Hybrid 3.1 35 35
(100 Hp)
Toyota Yaris (P3)—1.0 VVT-i 5 M/T (69 | 5.7 4.2 4.8
Hp)

fuel consumption of the hybrid vehicle in urban condition and this way decrease
the consumption for whole route. In inter-city conditions, the fuel consumption is
similar to this one of the conventional vehicle of the same producer (5.4 1/100 km for
combined cycle of motion). In this case, the effect of the hybrid system is minimal.

Route 2 “Ruse—Sozopol—Ruse”. Differences of the fuel consumption in sepa-
rated parts of the route, in two directions are minimal. Exception is this part, which
concerns exit and entrance in Ruse because of uphill and downhill motion in different
directions of the route. One can see on the figures part with zero consumption. They
correspond to passes through small villages, with limited speed less than 50 km/h.
During those periods hybrid vehicle was moving on the electric energy only thanks
to full charged battery in inter-city conditions. The fuel consumption of the hybrid
vehicle on the route is significantly higher than indicated in technical specification
of the producer (see Tables 3 and 4).

Route 3 “Ruse—Silistra—Ruse”. In inter-city conditions, the fuel consumption
is similar to that one of the conventional vehicles of the same producer and the
effect of the hybrid system is minimal. Less consumption is registered during the
exit of Silistra and during the entrance in Ruse, because of the downhill motion. The
difference of 1 person less into return direction causes a less fuel consumption of
0.65 1/100 km.

A complex study of the fuel consumption of a hybrid vehicle Toyota Yaris was
done. Original data for motion at different constant speeds were obtained. The eco-
nomical and energy characteristics of the vehicle was received and analyzed. At low
constant speed, the energy consumption is a little higher (Fig. 3), which is a result
of low values of the transmission and electric propulsion efficiency. Then the energy
consumption slowly goes down. Up to 50 km/h fuel consumption is zero 1/100 km,
because for the motion, the vehicle use only electric energy (approximately 0.08-0.1
kWh/km) from the battery. At constant speed over 50 km/h, the fuel consumption
is practically equal to that one of the conventional variant of the same vehicle. At
high-speed conditions, the hybrid vehicle runs using only ICE. It is not appropriate
to make comparative analysis of different models hybrid vehicles only on the base
of fuel consumption and energy characteristics.

The fuel consumption at urban routes is different for the separated routes (Table 2
and Fig. 7). Probably the differences are generated by the terrain, the traffic and
battery recharge. In real urban conditions, at rush hours, the hybrid vehicle has



Energy Efficiency and Ecological Impact of the Vehicles 183

significantly higher consumption than indicated in technical specification of the pro-
ducer—for studied routes from 61.3 to 119.4%. The usage the “ECO MODE”, in
urban conditions, reduce the fuel consumption with 7.4-33% for separate routes and
average for all routes consists 20%. Improving the fuel consumption is connected
with worse dynamic performance.

In the real inter-city conditions, the motion of the hybrid vehicle is essentially
realized by the ICE. The investigated vehicle has a 31.4-48% higher fuel consumption
than indicated in technical specification of the producer. Usage of the “ECO MODE”
in inter-city conditions has no significant effect. The minimal effect (under 4%) is a
result of motion in villages with limited speed, basically on the electric energy.

The effect of the hybrid driving system is contradictory. In urban conditions,
hybrid system has up to 31.3% less fuel consumption (with “ECO MODE”) in com-
parison with an equivalent conventional model. In Inter-city conditions, the fuel
consumption is practically equal to this on of the conventional vehicle Toyota Yaris
(P3)—1.0 VVT-i 5 M/T. The effect on the consumption in urban conditions depend-
ing on intensity of the motion, road profile, possibility for regeneration, “green wave”
etc.

The opinion of the research team is that have to be built-in battery with higher
capacity. This action will improve effect of the hybrid system. The existing battery
of 0.94 kWh assures a motion of 3 km on horizontal terrain, which is not enough in
an urban route of a middle-size East European town.

1.3 Energy Consumption of Electric Bicycle

Moving in urban areas is connected with big intensity, often braking and starting and
continuous working of the engines in idle mode. The increased fuel consumption
leads to increased level of the air pollutions.

The governments in the different countries apply different measures for stimu-
lation the use of environmentally cleaner vehicles [19, 36-39] and production of
electric energy by renewable energy sources [19, 38, 40].

Many European and Asian countries encourage the usage of bicycles and special
attention is paid to the bicycle moving infrastructure [38, 39, 41]. One special cate-
gory of the vehicles is the electric bicycles. They combine some advantages both from
the classic bicycle and the electromobile [19] such as less costs for self-movement,
typical for the two-wheeled vehicles, possibility for electric operation or help for
climbing etc. In the bigger part of the existing ones there is a possibility provided
for generating of energy by charging of the battery during braking or descending.

Itis well known that the bicycle has a very low energy consumption in comparison
of BEV. For the purposes of the research, a team from the Ruse University has worked
out an experimental electric bicycle [42] based on a Bulgarian bicycle and electric
elements. The general structure of the electric bicycle is shown on Fig. 13.

The electric bicycle is operated by BLDC electric motor 5 with a nominal power
of 500 W, built-in the front wheel. It is operated by lithium ion battery 3. The battery
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Fig. 13 General view of the electric bicycle: 1—frame; 2—back wheel with a chain mechanism;
3—battery; 4—controller; 5—electric motor; 6—handlebar

Fig. 14 Dependence of the P,W
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has a working tension of 36 V, capacity 9 Ah and a mass of 3.5 kg. The battery
contains 324 Wh electric energy. The total mass of the electric bicycle is 24.4 kg.

The parts for operating and control are assembled on the handlebar. The controller
optimizes the working regimes of the electric motor and the regime of regenerative
braking. The autopilot provides a constant speed of the electric bicycle thus giving
a possibility to free the right hand from the speed regulation lever. The regenerative
stopping is operated by a separate button aiming to eliminate the eventual switch on
of the mechanical brake system.

The energy consumption of the electric bicycle has been studied during different
working regimes. There have been made experiments on a horizontal road in two
directions with a five time repeating at constant speeds from 5 to 30 km/h. The total
weight of the electric bicycle and the cyclist was 99.4 kg. The power P from the
electric motor at different speed V of the electric bicycle is shown at Fig. 14. The
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energy characteristic—energy consumption E per 1 km at different constant speeds
V is shown at Fig. 15.

Study on the regenerative braking of the electric bicycle

At serial production the electric bicycles and the sets on the market, the regenerating
braking is achieved by the levers for activation the front and the back brake. At the
first starting of the lever only the regenerating braking is switched on and after that
depending on the power of pressing of the lever is achieved the desired brake delay,
accordingly from the two braking systems—the electric and the mechanical.

At present, there are no enough researches for the effectiveness of the regenerative
braking of the electric bicycles in urban areas. In [43] it is indicated that depending
on the conditions of moving and the slopes of the streets, the regeneration of energy
varies from 6 to 14%. The experiments made in city of Ruse during a covered distance
of 215 km at some of the routes of the public transport a regeneration of 5.5% is
obtained.

The full stop only by electric motor, without using the mechanical brake is impos-
sible. At the beginning there is only regenerating braking and after that it is necessary
to switch on some of the braking systems to be achieved a full braking.

There have been made experiments at different initial speed and only regenerative
braking has been performed. The results from the studies are presented at Fig. 16.
Each full braking or speed reduction through the electric motor increases the run of
the electric bicycle and the exploitation time of the mechanical brake system.

It is possible in the infrastructure of the urban area to be realized descending with
a speed reduction possibility through the electric motor. With this regard there have
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Fig. 17 Dependence of the regenerative current ey versus speed of the electric bicycle V

been performed experiments of descending at different speed. The results from the
experiments are shown at Fig. 17. At the different values of constant speed V is
reported the regenerated current L., which charges the electric battery.

From this characteristics it is seen that upon descending with speed 25 km/h
in a regenerating regime for 60 s (the slope is 420 m long) in the battery will be
regenerated ~0.17 Ah. At 9 Ah battery capacity, this regenerated capacity is ~2%.

Study the energy consumption for typical routes in the conditions of a medium
size town

For the study of the energy efficiency of the electric bicycle there have been chosen
three typical routes in the town of Ruse (population ~150,000) with a different profile
but with a heavy traffic. They are shown at Figs. 7, 8 and 9. For their visualization a
virtual map has been used.

The three routes were passed by two group experiments. Firstly, at the beginning
without the help of the cyclist and starting only by using the electric motor for
acceleration. Again, the same routes have been passed with the help of the cyclist
though the bicycle pedals only at staring until reaching a speed of 5 km/h. All the
experiments have been started with fully charged battery. The results are shown at
Table 5.

There has been made an experiment also for determination the operating range
of the bicycle at a daytime period with a less traffic (Sunday morning). The average
results from route 1 showed that with one charge of the battery, the electric bicycle
passes a distance of 34.77 km in urban conditions, without using the regenerative
braking. The maximum achieved speed was 35.4 km/h and the average speed—
23.8 km/h. For the whole pass of the route, the electric bicycle has used 390.49 Wh
of energy and average per km—11.2 Wh/km.

From the carried-out research and the analyses of the results, the following
conclusions could be made:

Without regeneration of the energy in urban conditions the range of the electric
bicycle is about 35 km. Considering the average value of the regenerating energy in
a town of Ruse, the run of the electric bicycle could be increased from 5 to 10%.
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Table 5 Results from the trials

Parameters Routes, passed without a help at Routes, passed with a help at starting
starting

1 2 3 1 2 3

Passed 15.03 5.5 4.34 15.77 5.78 4.33
distance S,
km

Energy 12.8 16.4 18.4 12.5 13.4 13.1
consumption
per 1 km
passed way,
Wh/km

Regenerated | 4.5 52 9.5 7.7 104 10.7
energy, %

Maximum 36.6 35.8 33.1 35.2 39.8 31.6
speed on the

route Viax,
km/h

Average 24.5 22.8 18.4 22.4 21.3 20.6
speed on the
route Vyy,
km/h

Time for 36 min, 15 min, 14 min, 42 min, 16 min, 12 min,
route 46 s 5s 5s 10s 16s 36s
passing,
min, s

At daytime periods with not so heavy traffic, the run of the electric bicycle could be
increased with about 11% due to the smaller number of braking and accelerations.

The studies showed that in a town like Ruse, the use of electric bicycle instead of
other vehicles by one person could reduce the air pollutions up to 10 and 15 times
compared to the electromobiles and the conventional vehicles.

At speed of 15-25 km/h the used power of the electric motor is from 100 to 300 W
and the energy consumption is from 7 to 12 Wh/km which is 6-23 times less than
the energy consumption of the electromobiles produced now. There is a bigger effect
from the regeneration of energy at the routes including slopes. For example, at the
plain route 1 the regeneration is about 5%, but at routes 2 and 3 including slopes the
regeneration reaches about 10%.

The level of increasing the effectiveness of the regenerative braking depends on
the road infrastructure for moving of bicycles and electric bicycles, and the chosen
by the cyclist regimes for speed reduction and braking.
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1.4 Energy Consumption of the Auxiliary Systems of Electric
Vehicles

An important characteristic of energy performance of the electric vehicle is traveled
distance for one charge of battery [16, 18, 44]. Usually, in the technical specification
of electric vehicles, the producers give an operational range, which is not precisely
detailed concerning the conditions of motion (in city or inter-city traffic, what is the
air temperature, what use of the auxiliary systems etc.). For the owners it is very
important to know as realistic as possible the remaining travel distance and influence
of auxiliary systems on energy consumption and distance [45—48]. That knowledge
will ensure a calm and comfortable travel, independent of limited energy autonomy of
electric vehicles. The goal of the study is to analyze the influence of different auxiliary
systems of electric vehicles on the travel distance at different running conditions and
comfort (as temperature in the vehicle, using the lights, audio system etc.).

A significant influence on the energy consumption have auxiliary systems—the
second part E4g of relation (1). The approach for their assessment has to be very
accurate, especially when the maximal power of those devices is in use, to assure
exact determination of travel distance.

The power supply of auxiliary systems is realized by the second (operational)
battery at voltage of 12 V. It can be recharged from the traction battery trough DC/DC
convertor. The losses during this transformation have to be taken into account by
introducing a coefficient marked as npc¢. Finally, the specific consumption of the
auxiliary systems can be represented as

1
Eus = U_(ECC + Ep + Ewcs + Eos), kWh/100 km, )
DC

where

npc—is the efficiency coefficient of the convertor between two batteries;

E ¢c—the specific energy consumption of AC system;

E—the specific energy consumption of lights and horn;

Ewcs—the specific energy consumption of windows cleaning system;

E os—the specific energy consumption of other systems as SRS, ABS, TC ESP,
electric windows open system etc.

Energy consumption of the separate auxiliary systems
Approximately, the energy consumption of the auxiliary systems presented as % of
energy charged in the main (traction) battery is shown in Table 6 [45, 46].

The presented information in Table 6 is more general and does not include all oper-
ational conditions of electric vehicles. This is a reason to make a review, concerning
influence of different factors on energy consumption of each auxiliary system.

AC system
The normal internal temperature of the air in the compartment have to be 20-23 °C.
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Table 6 En.er.gy consumption Auxiliary systems Part of traction battery
of some auxiliary systems
energy, %

AC system Up to 30%

— Cooling Upto35%

— Heating

Power steering Up to 5%

Braking system Upto 5%

Other (lights, media, locks Up to 5%

etc.)

To maintain that limits, the energy consumption of AC system depends on temper-
ature difference in and out of the vehicle. Table 7 presents an example concerning
needed power of control system at different internal temperatures and high external
temperature [45].

The maximal value of the power supply of AC system can achieve 3—5 kW for
some vehicle models. As heat device they use electric heater or heat pump.

On Fig. 18 the influence of power consumption of 2 kW (working AC system) on
travel distance is illustrated for electric vehicle Tesla Roadster [18].

At speed of 25 km/h, the travel distance per one charge of the battery decreases
approximately 2 times when the AC system of 2 kW works. The curves are well
represented by the following regression models:

— travel distance without working AC system

L=-9x%x10""v®4+6x1077V> — 0.0002V* + 0.0228 V> — 1.6088V?
+50.131V + 116.1, km. (10)

— travel distance with working AC system of 2 kW power
L=4x10"%v*+0.0018V> —0.3157V> + 19.881V + 10.837, km. (11)

There are not many researches concerning influence of the external air temperature
on the energy consumption. In [49] a Canadian company, on the base of over 7000
travels in the whole North America, have made a generalization of average energy
consumption of electric vehicle Nissan Leaf (Fig. 19).

The curve from Fig. 19 is well represented by the regression model

Tablle 7 flieceded power for External air Internal Needed power, kW
supply of AL system in temperature, °C temperature, °C
function of internal
temperature in the passenger 43 21 1.5-2
compartment 43 25 1

43 29 0.5
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Fig. 18 Influence of AC system power consumption of 2 kW on the traveled distance per one
charge of battery for electric vehicle Tesla Roadster [140]

E=28x10"%% =3 x 107%° + 0.00017* + 0.00287> — 0.0546¢> — 2.797¢
+206.22, Wh/km. (12)

The same data is shown on Fig. 20 as influence on the travel distance L [50]. The
respective regression model is

L=6x10"%°—4x 1077 — 0.0001* — 0.0004¢> + 0.0544¢> + 1.3326¢
+99.995, km. (13)

E, Wh/km

150

30 26 -20 -15 10 -5 0 5 10 15 20 25 30 35 45 50¢t°C

Fig. 19 Influence of the external air temperature on the specific energy consumption of electric
vehicle Nissan Leaf [140]
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Fig. 20 Influence of the external air temperature on the range of electric vehicle Nissan Leaf [140]

It is obvious that external air temperature has a significant influence on the energy
consumption of electric vehicle. The explanation is connected with energy for heating
or cooling but also with efficiency of battery at different temperatures. Taking into
account these two factors, one can see an optimal external air temperature at which
the energy consumption is minimal and travel distance is maximal (Figs. 19 and 20).
This optimal value is approximately 20 °C.

Light system, light signalization and horn

The energy consumption of the light system and signalization depend on twenty-
four-hour period—if the travel is realized in the day or in the night. That is especially
important for long and short front lights. Usage of elements of light system and
signalization, during 100 km travel, are presented in Table 8. The data from different
sources [47, 48] was proceeded and a generalization was done.

The calculations show that maximal energy consumption of light system using
conventional lamps at night travel is about 150 Wh/100 km. Usage of the LED-lamps
decrease the consumption 2.2-3.8 times [44, 47, 48, 51, 52].

In specialized literature there is no information concerning time for use and energy
consumption of the horn. Probably, because the value of used energy is insignificant.

Audio system
Energy consumption depends on the power characteristic and time for use of the
system. Usually built in systems have a power supply of about 200 W. The time for
use of the audio system vary in wide limits and correspond to driver and passenger’s
needs.

Actual energy consumption also depends on sound level. Some authors [17], in
simulation models, give an average power supply of 20 W for audio system and use
ratio approximately 75% of travel time.
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Table 8 The statistical data for usage of the elements of light system and signalization

Elements Working time, Power consumption Power consumption
min/100 km for vehicle with for electric vehicle

conventional lamps, with LED-lamps, W
W

Daily lights 116.5 40 8

Long lights 9.8% 60 344

Short lights 97.6% 55 54

Left blinker 5.8 21 6.9

Right blinker 4.6 21 6.9

Stop-lights 18.9 21 5.6

Stop-lights (central 18.9 21 3

position)

Rear-lights 107.4 5 1.7

Registration table 107.4 5 0.5

lights

Reverse motion light | 0.9 21 52

#Night time driving only

Windows cleaning system and seat heating
This system uses electric motors with maximal power of 30-50 W. Time of use
strongly depends on the weather (if there is the rain or snow).

The average consumption of the seat heating system is 30 W and mean use ratio—
5% of time [17].

Other systems

The main included in this group are: system of passive safety—SRS; Anti-lock
Braking System—ABS; Traction Control System—TC; Dynamic Stability System—
ESP; systems for opening and closing of door windows and roof. The biggest con-
summators form this group are the systems for active safety, but value of energy
depends on driving style.

Internal losses in traction battery

Depending on the battery type, during idle time (no traction) the additional losses
can present for maintenance of the working temperature. For example, some metal-
hydride batteries work at a temperature of approximately 300 °C and permanent
consummation power of 60—-80 W for temperature maintenance. If the capacity of
the battery is 18 kWh after 10 days idle time it will be fully discharged.

Internal losses of the Lithium-ion batteries depend on the number of the connected
cells and Battery Management System—BMS.

Every battery has a limited period of exploitation. To extend that period the power
electronics controls charge/discharge process. This means that only a part of the
battery capacity can be used—full charge and discharge are unavailable. This is
made to provide the possibility for accumulation of the regenerative braking energy.
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Influence of the regeneration on the travel distance

Regeneration of electric energy is possible during braking process. Depending on
running conditions and route characteristic, the maximal value of regenerative energy
vary from 10 to 25% in city conditions [53, 54]. The experimental results [53, 54]
show that braking deceleration in limits 2—3 m/s? can assure efficiency of regenerative
braking up to 90% and minimal transformation of kinetic energy to heat and friction
in mechanical braking system (Fig. 21).

At bigger decelerations, the battery cannot receive regenerative energy, the
mechanical braking system is switched on and all two system work together to
provide required deceleration (Fig. 22).

To improve usage of regenerative energy they often build in traction system
supercapacitors (especially in buses).

On the basis of investigation and analysis of influence of the running conditions
and auxiliary systems on the energy consumption of an electric vehicle, the following
conclusions can be formulated. The minimal energy consumption of electric vehicles
is realized at lower speed—up to 40 km/h. These values are significantly lower than
respective for conventional vehicles—approximately 65 km/h.

Fig. 21 Example of A

realizing of regenerative v

braking [19]: 1—vehicle a

speed; 2, 3—deceleration, 1

realized only by regenerative
braking; 4—deceleration,
realized only by mechanical
braking system [19, 140]

Fig. 22 Interaction of the
two braking systems during
formation of constant
deceleration [19]: 1—vehicle
speed; 2—total deceleration;
3—deceleration, realized by
mechanical braking system;
4—deceleration, realized by
regenerative braking [19,
140]
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At low speed, for example 5 km/h (hard traffic and jams), the energy consumption
can be equal to that one at 100 km/h. The cause for this is low efficiency of the drive
train and big part of energy consumption for supply of the auxiliary systems at low
speed motion. At high speed—over 50 km/h, the influence of the part of auxiliary
systems in total energy consumption decrease and the energy consumption spend for
air resistance becomes dominant.

At some values of speed and weather conditions, the energy consumption for the
supply of auxiliary systems can decrease twice travel distance of the vehicle.

The minimal energy consumption of auxiliary systems is realized at external air
temperature of 20 °C, at which the biggest travel distance is achieved.

The light system and signalization consume about 1% of total energy consumption
of electric vehicle.

It is very important to indicate that all above regarded characteristics do not
present exactly total spent energy and generated emissions during whole “LIFE” of
the vehicle. It is obviously that one other assessment has to be applied.

2 Life Cycle Assessment of Vehicles, Using Different Types
of Fuels or Electricity. Energy Consumption and CO,
Emissions

During the last decade, the Life cycle assessment (LCA) became a dominant method-
ology into researches concerning sustainable development of a product [55]. LCA
is applicable also for study influence of a production process on the environment.
Existing researches [56—61] about the effectiveness of fuel production and use in
vehicles stimulate environment protection and support development in this area.

Building of a sustainable transport system is connected with modernization of
existing vehicle park using ecological vehicles. The alternative vehicles can be
classified as:

— Gasoline fuel vehicles (GV);

— Flexible fuel vehicles (FFV);

— Dedicated vehicles (DV);

— Bi-fuel vehicles (BFV);

— Dual fuel vehicles (DFV);

— Battery electric vehicles (BEV);

— Hybrid electric vehicles (HEV);

— Hydrogen fuel-cell vehicles (FCV);
— Compressed-air vehicles (CAV).

In this study, the following values of the quantities and assumptions are used:

— equal mass of the all types of vehicles;
— energy consumption of the BEV—0.210 kWh/km;
— fuel consumption of the GV—7.6 1/100 km of gasoline;
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— capacity of the battery of BEV—40 kWh;

— equal range of the life cycle all types of vehicles—290,000 km;

— energy for vehicle production—11,900 kWh [59];

— efficiency of NPS—29.5% [62];

— efficiency of TPS using coal—26% [63];

— efficiency of TPS using natural gas—40% [64];

— efficiency of water power station (WPS)—60% [65];

— efficiency of wind power station (WiPS)—40%;

— average efficiency of power stations using renewable energy sources—>50%;

— losses for transport and distribution of the electricity—5% [66];

— efficiency of gasoline fuel production—89.1% [67];

— efficiency of liquid petroleum gas (LPG) fuel production—94% [67];

— efficiency of natural gas (NG) fuel production—91% [67];

— losses due to leakage of NG—1.5% [68];

— losses due to transformation of NG in liquid phase—8% [69];

— generated CO, emissions during burning process of: gasoline—240.82 g/kWh;
NG—183.96 g/kWh; LPG—214.48 g/kWh [60];

— global warming potential (GWP) of NG—25 [66];

— emission factors of electricity production for Bulgaria, Poland, Norway and
average for EU-28 are respectively—669,980, 17 u 447 g/kWh [59, 70];

— in LSA of different types of vehicles, used primary energy and generated emissions
due to fuel transportation are not included. Their values can be different for each
country. This way a more precise analysis of advantages and disadvantages of
separate type of vehicles can be done.

2.1 Life Cycle Assessment of Electric and Conventional
Vehicles

In view of decreasing the impact of vehicles on global warming in recent years,
more and more electric vehicles replace the conventional ones. Following this trend,
a lot of companies direct their efforts at producing vehicles with electric propulsion
using Li-ion battery. An electric vehicle at appropriate running conditions can be
more effective than the conventional one in terms of environment safety. The general
structure of an electric vehicle is presented on Fig. 23. This kind of vehicles use
the electric energy accumulated in the traction battery, which supplies the electric
motor. Different kinds of batteries (Li-ion, LiFePOy etc.) and electric motors (PMDC,
BLDC, AC etc.) exist.

There are studies [68, 71-74] of the effectiveness of electric vehicle versus con-
ventional ones in terms of emissions of greenhouse gases adjusted to carbon dioxide
equivalent (CO;). Usually, this type of studies is done using the Life Cycle Assess-
ment (LCA) method [55] and the comparison is made for the energy consumption
and/or CO, emissions. LCA is used to assess the environmental impact during all
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Fig. 23 Structure of an electric vehicle: 1—cooling system; 2—DC/DC convertor; 3—power elec-
tronics; 4—electric motor; S—traction battery; 6—charging contact; 7—transmission; 8—charging
device; 9—operational battery [74]

stages of vehicle life including extraction of raw materials and energy source, mate-
rials processing, vehicle manufacture, distribution (transport), use (motion) includ-
ing maintenance and repair, and finally recycling or disposal [55]. The interest of
researchers [66, 68, 71-73, 75-79], and our interest is focused mainly on the results
for energy consumption and CO, emissions, obtained through LCA.

In [71] different models of vehicles are studied. The main conclusion is that all the
BEVs researched have lower CO, emissions than ICE vehicles when the electricity
comes from the European mix. The well-to-wheel CO, emissions are reduced by
approximately 50% as compared to a similar internal combustion engine vehicle. It
is not clear what is the energy spent for battery production.

Study [68] calculates the energy inputs and CO, equivalent emissions of a con-
ventional gasoline vehicle, a hybrid vehicle, and a battery electric vehicle. The aim is
to determine the lifecycle environmental costs of each vehicle type in conditions of
California. The main purpose of the study is to examine the environmental impact of
each vehicle type, taking into account lifecycle energy usage and both CO, equiva-
lents and air pollution emitted. The models are developed and the impact of a variety
of factors, including carbon intensity of gasoline and electricity, varied electricity
mixes, battery lifetime, and fuel economy is studied. The cost effectiveness for each
vehicle type was also calculated.

Study [72] models the relative impact of new BEVs and ICEVs in the US for
the year 2015, and it projects the economic and environmental impact of BEVs and
ICEVs over the entire assumed twenty-year lifetime of a US passenger vehicle.

Alot of sources [18, 75, 77, 78, 80-84] contain particular data about the elements
and processes included in LCA of vehicles, but some of them are fragmentary and
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contradictory, which does not permit appropriate use for comparative analysis. The
results from the above-mentioned studies show that the average electric energy mix
of the respective country has the main impact on CO, emissions. A full comparative
analysis, based on the LCA method and concerning used energy and generated CO,
emissions of electric and conventional vehicles in Bulgaria does not exist. The present
study is concerned with that problem. LCA of electric and conventional vehicles,
based on data about the electric energy mix in some specific EU countries (like
Norway, Poland and Bulgaria) and in EU-28, is made.

The generated emissions in CO, equivalent for production of 1 kWh electric
energy depend on the electric energy mix for the respective country. In Europe, the
larger part of electricity is produced by thermal power stations using coal (TPS),
nuclear power stations (NPS) and stations using renewable energy sources (RES).
In some countries like Holland, the main part of the electricity is produced using
natural gas (NG).

In Table 9 the electric energy mix for European counties (EU-28) is presented
[65, 80, 83]. In the last row, similar information about Norway is given [80, 83]. In
some of the countries, the total percentage is not a full 100% because of using small
local electric generators, which is not significant for the statistics.

During the production process, power stations’ direct and indirect emissions are
generated. The volume of that emission depends on the life cycle of the power
station. For example, production of electricity from NPS and from RES has no
direct emissions and this is the reason to use electricity produced in such stations for
charging electric vehicles.

The summarized information for the countries of EU-28 concerning the emissions
of CO,; generated for the production of 1 kWh electric energy is given in Table 10 [66,
83, 85]. The whole life cycle of the used primary energy source is taken into account.
In different countries, even with the same type of primary energy source, the volume
of emissions may not be equal. Many factors influence these emissions (like needed
energy for production and transport of the fuel, using the innovative technologies in
production process etc.), but they will not be analyzed in this study. For a correct
LCE of the electric and conventional vehicles all spent energy, including energy for
production the primary energy source, for vehicle and battery production, for using
the vehicle and finally for utilizing the old components, have to be considered.

The fuel consumption of the GV is determined based on the specific energy and
efficiency of its internal combustion engine, and with the assumption to have the
same volume of energy as that one used for motion of the BEV [68]. In the values of
efficiency of different power stations, the losses for extraction of the primary energy
sources (coal, natural gas etc.) are taken into account.

The performance of the BEV basically depends on the type of traction battery. The
production technology of Lithium-ion battery for electric vehicles is not so cheap in
comparison with traditional lead-acid battery.

The energy spent for the production, transport, recycling etc. of the most popu-
lar types of battery was calculated on the basis of data from [75] and is shown in
Fig. 24. Our study about battery recycling confirms the popular opinion that this
process is not economically effective because of high energy consumption and waste
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Table 9 Electric energy production (mix) of the EU-28 countries and Norway [65, 80, 83]

Country Share of total production, %

Nuclear energy | Thermal power-plant Renewable

Solid fuels | Natural gas | Crude oil | *1€I8Y

Austria 0.0 0.0 8.7 7.3 78.0
Belgium 65.0 0.0 0.0 0.0 28.5
Bulgaria 332 48.7 0.7 0.2 17.0
Croatia 0.0 0.0 335 15.6 50.7
Cyprus 0.0 0.0 0.0 0.0 97.4
Czech Republic | 24.2 58.6 0.7 0.7 14.9
Denmark 0.0 0.0 26.4 48.7 22.5
Estonia 0.0 75.6 0.0 0.0 232
Finland 342 4.8 0.0 0.4 59.3
France 82.5 0.0 0.0 0.8 15.7
Germany 19.8 359 53 3.0 325
Greece 0.0 67.0 0.1 0.7 31.2
Hungary 36.7 13.6 12.2 7.6 29.0
Ireland 0.0 39.8 5.6 0.0 51.3
Italy 0.0 0.1 15.3 16.1 65.2
Latvia 0.0 0.0 0.0 0.0 99.6
Lithuania 0.0 1.3 0.0 4.8 92.5
Luxembourg 0.0 0.0 0.0 0.0 76.9
Malta 0.0 0.0 0.0 0.0 100.0
Netherlands 2.2 0.0 82.0 43 10.1
Poland 0.0 79.6 55 1.4 12.8
Portugal 0.0 0.0 0.0 0.0 97.7
Romania 11.3 17.7 33.0 15.6 22.3
Slovakia 62.6 7.8 1.2 0.2 25.2
Slovenia 43.0 254 0.1 0.0 30.2
Spain 442 3.7 0.2 0.7 50.5
Sweden 432 0.3 0.0 0.0 54.6
United 153 43 30.1 39.3 10.0
Kingdom
EU-28 289 18.9 14.0 9.8 26.7
Norway 0.0 1.4 0.0 0.0 98.6
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Table 10 Emissions of CO> in the production of electricity for EU-28 Member States [66] and
Norway [83], g/kWh

Country Gross Gross Net Electricity Electricity
electricity electricity electricity consumed at | consumed at
production production production HV (with LV (with
(combustion | (with (with upstream) upstream)
only) upstream) upstream)

Austria 133 151 156 322 334

Belgium 188 224 233 261 267

Bulgaria 507 532 585 618 669

Croatia 231 273 282 487 524

Cyprus 646 737 773 787 810

Czech 518 545 587 657 685

Republic

Denmark 316 368 386 364 377

Estonia 1020 1022 1152 878 944

Finland 171 200 209 207 211

France 66 88 92 100 105

Germany 485 534 567 599 615

Greece 655 695 755 732 767

Hungary 310 340 368 383 407

Ireland 459 533 555 588 617

Italy 358 427 444 413 431

Latvia 134 173 185 1110 1168

Lithuania 204 246 262 370 390

Luxembourg | 236 288 283 508 513

Malta 731 831 868 954 1032

Netherlands 479 559 582 555 569

Poland 770 847 929 937 980

Portugal 295 346 355 372 400

Romania 356 379 413 449 492

Slovakia 173 199 211 412 420

Slovenia 315 329 351 309 321

Spain 248 295 305 321 341

Sweden 16 24 25 45 47

United 469 555 584 593 623

Kingdom

EU-28 340 387 407 428 447

Norway - - - - 17
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products presence. Probably in the future battery recycling will be oriented basically
for ecological effect and observance of ecological law.

The results show that the life cycle of Li-ion battery needs about 420 kWh per each
kWh of battery capacity. For a middle size battery of 40 kWh capacity, approximately
16,800 kWh energy will be used during the life cycle of the BEV, if only one battery
is used during the life cycle of BEV (range of 290,000 km). The battery construction
permits repair and change of elements. According to some authors [68] itis reasonable
to make calculation for 1.5 batteries. In this case, the energy for the life cycle of battery
will be one and half times more.

Taking into account the values of the energy spent for vehicle production, battery
life cycle and energy or fuel for passing a distance of 290,000 km, the needed energy
for the life cycle of BEV or GV can be calculated.

The obtained results for primary energy used in the life cycle of BEV, produced
and driven in 4 countries, are presented in Fig. 25a. The energy mix and efficiency
of the power station for different countries are used in the calculations.

Generally, the life cycle of the gasoline GV, produced and driven in Bulgaria, needs
approximately 309,750 kWh of primary energy. About 86.5% of the life cycle energy
is spent on motion. This percentage depends on the energy for vehicle production in
the respective country and the last one depends on the energy mix. The energy for
motion/ driving changes insignificantly in different countries and basically depends
on the losses in the fuel production process. Other stages of the life cycle of GV like
production of vehicle and parts, their transportation etc. consume less energy—13.5%
of life cycle energy or approximately 42,000 kWh.

The fuel consumption of the vehicle is determined on the basis of fuel calorific
value and efficiency of the gasoline engine so that a match with energy used by the
electric vehicle presents [68]. Accepted values of power plants efficiency take into
account also the losses in the production of respective fuels.

E, kWh/kWh

400 —
3007

2007

"] | " TR
-100* T

Material Battery Transport ~ Recycling Waste Recycled  Total (Net)
production production (collection) disposal effect

W viion (Ni-co) M Lijon(Mn) M NiMH B Lead-acid

Fig. 24 Energy spent for production and recycling per 1 kWh of capacity of the different battery
types [74]
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Fig. 25 Life cycle of primary energy (a) and CO; emission (b). BEV-1—production and driving
in Bulgaria; BEV-2—production and driving with data for EU-28; BEV-3—production and driving
in Norway; BEV-4—production and driving in Poland

The results obtained for the primary energy consumed for the life cycle of the BEV
and the GV are shown in Fig. 25a [74]. The results represent 4 typical examples—3
countries and EU, which have very different energy mixes.

Overall, the GV for life cycle (production, transport, exploitation, recycling and
disposal of waste), needs approximately 309,750 kWh of primary energy, while the
BEV-1, including the traction battery needs 355,210 kWh. Obviously, the life cycle
of BEV-1 requires approximately 15% more primary energy than GV produced and
operated in Bulgaria (Fig. 25).

For the GV vehicle, approximately 86.5% of the life cycle energy is spent dur-
ing exploitation. This percentage for the different countries will depend mainly on
the energy spent for manufacturing the vehicle, which depends on the country’s
energy mix. The energy needed to operate the vehicle for the different countries
changes insignificantly and will depend mainly on the losses in fuel production.
Other life cycle stages, such as vehicle production and spare parts, waste transporta-
tion and disposal, require much less energy—13.5% of the total life cycle energy or
approximately 42,000 kWh.
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In the case of an electric vehicle, the most energy is used for charging the battery—
71.5% of the total life cycle energy. Battery production also has a significant impact—
16.7% of total energy for the life cycle or 59,290 kWh. The energy at the stages of
production of electric vehicle and spare parts, transportation and disposal of waste is
approximately 11.8% of the total energy or 42,000 kWh (as much as the GV vehicle).

For the BEV-2 produced and operated with the EU-28 average mix (Table 10), the
primary life cycle energy requirement is approximately 16% lower than the BEV-1.

The most energy efficient is the BEV-3—produced and operated in Norway. Pri-
mary energy is approximately twice less (49%) than BEV-1. In this case, the BEV-3
will save more than 42% of the primary energy compared to the GV produced in
Bulgaria, and 38% lower than GV produced in Norway.

The most inefficient in terms of primary energy consumption is the BEV-4
produced and operated in Poland—about 51% more energy than that the BEV-3.

The generated CO, emissions for the life cycle of above-mentioned vehicles are
shown in Fig. 25b. The BEV-1 has 59,940 kg of CO, emissions. It is almost as good
as the petrol vehicle GV—59,750 kg. However, the advantage has to be given to an
electric vehicle, because it doesn’t generate harmful emissions where operates—the
emissions are emitted where the electricity is produced.

The electric vehicle BEV-2 has lower emissions (40,050 kg) compared to BEV-1
by 31%. The minimal value of the CO, emissions has life cycle of the BEV-3—
1530 kg, or 39 times less than BEV-1 (as much as GV), 26 times less than BEV-2
and nearly 59 times less than BEV-4. Compared to a GV produced in the same
country, CO, emissions of BEV-3 are approximately 34 times less (due to lower
emissions at the vehicle production stage).

BEV-4 has the highest level of energy consumption and generated emissions. It is
produced and driven in Poland, where 78.6% of the electricity is from thermal power
stations using coal. The most effective one is BEV-3 produced and driven in Norway,
where the part of renewable energy is 98.6%. The analysis of these results shows
the most effective way to increase the effectiveness and to reduce the emissions of
BEV——change the energy mix of the country by using more nuclear power stations
and renewable energy sources. The process will also cause change of the emissions
for the life cycle of BEV. This effect is illustrated in Fig. 26 for energy mix and CO,
emissions in Bulgaria—0.669 kg/kWh (see Table 10).

For example, if the level of emissions decreases to 0.4 kg/kWh, for the life cycle
of BEV 24,126 kg of CO, can be saved. On the contrary, if the energy mix is changed
and the part of TPS using coal increases, as a result at emission level 0.9 kg/kWh,
the generated emissions for the life cycle of the BEV will exceed the respective ones
for the GV by about 20,717 kg.

The relation is well approximated with the following linear equation

CO, = —89,686 ¢ + 60,000, kg, (14)
where c is level of the generated CO, emissions, kg/kWh.

On the basis of statistical data for the energy mix and generated CO, emissions
for different EU countries an LCE concerning the energy consumption and CO,
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N CO3, kg/kWh

0.2 0.4 0.6 0.8 1.0
-10 N
-20 ™~

-40 L

Fig. 26 Determination of possible CO, savings for the life cycle of the electric vehicle depending
on the emission factor [74]

emissions of BEV and GV was done. The variants in the different countries were
described. At conditions in Bulgaria (energy mix for year 2015 and level of emissions
for the electricity production of 669 kg/kWh), the BEV-1 and the GV have practically
equal emissions for their life cycle. The priority must be given to BEV-1 because the
emissions related to the electric vehicle are generated where electricity is produced—
not in big towns.

Use of RES for electricity production can reduce CO, emissions for the life cycle
of BEV by up to 40 times in comparison to GV. A good example in this direction is
Norway where 98.6% of energy is produced from RES, the life cycle energy of BEV
is 40% less than the average one for EU-28 countries. The emissions are 26 times
less than the average one for EU-28 countries. A negative example can be the life
cycle of BEV in Poland. As a large part of electricity is produced in coal TPS the
primary energy and level of the emissions are very high.

The LCE and the analysis of the results shows that the most effective way to
increase the effectiveness and to reduce the emissions of BEV is changing the energy
mix of the country by using more nuclear power stations and renewable energy
sources.

The production technology of LI-ion battery is continuously developed, but it is
still an obstacle for replacing conventional vehicles with battery electric vehicles.
Battery recycling now is not an effective process and in the future ecological problems
are possible.



204 1. Evtimov et al.

2.2 Impact of Renewable Energy on the Environmental
Efficiency of Electric Vehicles

The exploitation of battery electric vehicles (BEV) is related to the use of electrical
energy to charge their batteries. This energy is produced in different types of power
plants that determine the energy mix of a country. As an alternative to reducing
dependence on fossil fuels, the impact of vehicles on the emission of air pollution
and their impact on global warming, it is the replacement of the vehicle fleet with
electric vehicles. A large number of studies [66, 71, 73, 86—89], regarding electric
vehicle ecologically efficiency compared to a conventional vehicle (GV), concerning
carbon dioxide emissions, have been published. It is Impossible to analyze all these
studies in a single work.

For example, in [71] the study focuses on the efficiency of primary energy use for
life cycle and CO, emissions associated with the operation of electric vehicles in the
Netherlands.

In [68] the impact on the environment of each type of vehicle in the state of
Californiais analyzed, taking into account the life cycle energy consumption and CO,
emissions in the air. With respect to the environmental impact, BEV is determined
to have the least overall impact, followed by the hybrid, and finally the GV. In [72]
an economic analysis of the cost and environmental impact of electric vehicles with
lithium-ion batteries compared to GV with internal combustion engines (ICE) is
made. This study developed models for relative impact of the new BEV and GV in
the US on the environment for 2015.

It is common in all publications that the main problems faced by BEV are related
to the manufacture of batteries and the construction of the appropriate infrastructure
for their charging and servicing. It confirms the main influence on their efficiency of
the energy mix in the production of electricity.

To what extent the electric vehicle is more effective compared to a conventional
vehicle during its entire life cycle, in terms of energy consumption and emissions, it
is not clearly determined. The researchers are incomplete and in a number of cases,
contradictory.

The present article regards the contribution of renewable energy to increasing the
efficiency of electric vehicles in terms of energy used and CO, emissions during their
entire life cycle for EU-28 countries.

Electricity produced from different energy sources has an impact on the environ-
mental performance of electric vehicles. Table 11 summarizes the results of several
studies of conventional technologies and generated CO, emissions in the production
of 1 kWh of electricity from fossil fuels, nuclear energy, wind energy, solar energy
from photovoltaics, hydropower and biomass [86—89].

The emission variation interval depends on the technologies used, carbon content
and fuel quality, climatic conditions, etc., taking into account the emissions through-
out the life cycle of the power plants—construction, operation and recycling. For this
reason, in the production of electricity, emitted CO, emissions can be classified to
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Table 11 Summary of life

cycle GHG emissions for Technology | Direct emissions | General emissions | Mean

selected power plants, CO,eq,  Lignite 800-1700 1100-1700 1100

g/kWh Coal 800-1000 950-1250 1000
Oil 700-800 500-1200 800
Natural gas | 360-575 440-780 580
Nuclear 0.74-1.30 2.8-24 10
Solar PV - 43-73 58
Wind - 8-30 17
Hydro - 1-34 8
Biomass - 35-99 70

direct—during power plant operation and total emissions—over the whole life cycle
of power plants and fuels used.

In Table 10 the energy mix of the member states of the EU-28 and Norway is given
[83]. For the different countries, the share of generated electricity from the main types
of power plants such as thermal power plants using coal, nuclear, and renewable
energy (RES) is different. Therefore, as an assessment of the impact of the country’s
energy mix on CO, emissions in the production of 1 kWh of electricity (Table 10), the
so-called “emission factor” is used [66]. For electric vehicles consuming electricity
for charging the battery, the emission factor data from the last column is used.

Norwegian energy mix is as follows: 1.4%—TPP with solid fuels, 2.7%—WPP
and 95.9%—HPP and ocean power [80]. In Norway, CO, emissions of 17 g/lkWh
are generated [83].

If the data from Tables 9 and 10 is analyzed, it can be established that a significant
influence on the emission factor has produced energy from NPP and RES. The share
of electricity from RES in the final electricity consumption for the E-28 countries in
2017 is shown in Fig. 27 [90].

For the means of transport, the share of energy from renewable energy sources
in relation to total energy is of ecological importance. This share for the EU-28
countries, for 2017 is shown in Fig. 28 [91].

The CO; emissions emitted in the production and recycling of the electric vehicle,
excluding the battery, can be described with the following relation

1
C02 =CEpEz,g/km, (15)

where

c—is the emission factor in the production of electricity, g/kWh;
E p p—the energy required to produce the electric vehicle, kWh;
L—life cycle range of the vehicle, km.

Using renewable energy can significantly reduce CO, emissions from vehicle pro-
duction and recycling. For example, in Norway with an emission factor of 17 g/kWh,
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Fig. 27 Percentage share of electricity from RES in final electricity consumption for the E-28
countries in 2017 [75]
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Fig. 28 Percentage of the used electricity from RES in transport for the E-28 countries in 2017
[75]

CO; emissions during the production and recycling of electric vehicles would be
reduced by approximately 26 times the EU-28 average emission factor.

The performance of electric vehicles depends mainly on the type of traction bat-
tery. Lithium-ion batteries, specially designed for electric vehicles, are still produced
using new, nontraditional technologies. In the contrary, manufacturing of the lead
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acid batteries uses well-known and cheaper technologies. Energy costs for produc-
tion, transportation, recycling, etc. for different types of traction battery are shown
schematically in Fig. 24 [75].

The air pollution, as equivalent of CO, emissions, due to the production, trans-
portation, recycling of battery etc., can be represented by the following mathematical
model

1
COQ:CEPBCBz,g/km, (16)

where

E p p—is the specific energy kWh for the production of a battery with 1 kWh capacity;
Cp—battery capacity, kWh.

Based on Fig. 24, the following average values of energy costs for life cycle of
the batteries can be adopted: for Li-ion (Ni-Co) battery—420 kWh/kWh; for Li-ion
(Mn)—410 kWh/kWh; for Ni-MH—450 kWh/kWh and Lead-acid—240 kWh/kWh.

The apparent effect of the electricity source on CO; air pollution in the manufac-
ture of rechargeable batteries with a capacity of up to 100 kWh for the whole life
cycle of an electric vehicle (290,000 km) is shown in Fig. 29. There is a significantly
lower air pollution in battery production using energy from HPP, compared to the
production using energy from fossil fuels (lignite)—about 140 times, 65 times in
the case of electricity production from wind power plants and 19 times in the case
of electricity production from PV plants. For example, to produce 75 kWh Li-ion
(Ni-Co) battery, the needed electricity is 30.75 MWh. If this energy is produced from
a lignite-fueled TPP, 33.8 tons of CO, emissions would be generated, which corre-
sponds to 117 g/km emissions during life cycle of the electric vehicle. If renewable
energy is used, CO, emission would be from 0.85 to 6.00 g/km depending on the
energy source (HPP, wind or PV power plant).

The general opinion of many researchers is that battery recycling is not cost-
effective for a number of reasons, notably the high energy consumption and waste
products. Therefore, long-term recycling will be primarily geared to environmental
benefits or adherence to accepted environmental laws.

The use of renewable energy during the exploitation of electric vehicles influences
the CO, emissions through the electrical energy needed to charge their batteries.
Emissions of CO, can be expressed by the equation

1
CO; = ¢ Epp. gkm, (17)

where Epg is the specific energy consumption of the BEV, Wh/km.

Figure 30 shows the possibility of reducing the CO, emissions during the exploita-
tion of the electric vehicle using the energy from RES. For example, at an energy
consumption of 210 Wh/km, if we charge the battery only with electricity from a
TPP with lignite fuel, CO, emissions will be 231 g/km. If the electricity only from
hydro power plants is used, the emissions will be 1.65 g/km. Respectively, use only
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Fig. 29 Determination of CO, emissions from the production of different types of batteries
depending on their capacity and the source of electric energy [75]

the electricity from wind power plants generates 57 g/km emissions and electricity
from PV plants generates 12.18 g/km.

On the basis of (17), it is determined how much CO, emissions are emitted per
a 1 km trip, at vehicle energy consumption of 210 Wh/km. This is illustrated on
Fig. 31, using the emission factor data from Table 10. Less air pollution from electric
vehicles, during their exploitation, in countries such as Austria, Sweden and Finland
is mainly due to the large share of renewable energy in the energy mix, whereas in
France, the main cause is the large share of nuclear energy (see Table 9).

Based on (15), (16) and (17), the CO, emissions can be determined for the whole
life cycle of BEV as

1
CO, =C|:(EPE+EPB CB)Z+10_3 E},g/km- (18)

Table 12 shows the energy consumption and the CO, emissions for the vehicles
considered, per 1 km. All electric vehicles consume the same secondary energy of
0.309 kWh/km, which depends on the energy consumption of the electric vehicle
and the efficiency of the charging station and the battery.
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Fig. 30 Determination of CO, emissions, depending on the electric energy consumption of the
electric vehicle, using different sources of energy for charging of its batteries [75]: 1—hydro power
plant; 2—wind power plant; 3—PV power plants; 4—thermal power plants (NG); 5—thermal power
plants (lignite)

The results per 1 km show once again that most efficient is BEV-3. It is obviously
that the best way to increase the efficiency of electric vehicles is to change the energy
mix in favor of the NPP and the energy produced by RES.

The difference in CO, emissions from BEV and GV depends on the sources
of electricity generation. Increasing the share of electricity from RES will reduce
greenhouse gas emissions in electric vehicles and their environmental performance
will steadily increase. This can be seen in Fig. 26.

Including new RES to generate electricity, the energy mix of the country and the
emission factor respectively change. The effect of this change in CO, emissions from
electric vehicles can be determined from the same Fig. 26.

A comparison between life cycle energy consumption and CO, emissions of
BEV and GV was made. From the obtained results, for the effects of replacing the
conventional gasoline vehicle fleet with electric vehicles, some conclusions can be
drawn.
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Fig. 31 Air pollution from electric vehicle exploitation depending on the emission factor of the
EU-28 countries [75]

Table 12 The nefzde.d CNCIEY  Vehicle Primary energy | Secondary energy | COj, g/km
and generated emissions per
1 km distance for separated E, kWh/km
vehicles BEV1 | 1.156 0.309 207
BEV 2 1.030 0.309 138
BEV 3 0.620 0.309 5.28
BEV 4 1.272 0.309 303
GV 1.068 0.880 206

Using RES to produce electricity can reduce life cycle CO, emissions of the BEV
up to 40 times than the respective of a gasoline GV.

The use of electricity from HPP can reduce CO, emissions from electric vehicles
during their life cycle approximately 140 times compared to the use of electricity
produced from fossil fuels (lignite), 65 times compared to the use of electric power
from WPP and about 20 times when using electricity from PV plants.

The use of electricity mainly from fossil fuels leads to an increase in global
warming problems due to the generation of more CO, emissions from BEV than
GV.
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At an emission factor of less than 669 g/kWh, according to the accepted conditions
in this study, electric vehicles pollute the environment less than conventional vehicles.
The most effective way to decrease the energy needs and CO; emissions for life cycle
of the BEV is to change the energy mix by using more energy produced by RES and
NPP.

2.3 Life Cycle Assessment of Fuel Cells Electric Vehicles

Growing towards production of FCV as an alternative of conventional vehicles,
require an assessment of their advantages and disadvantages for the life cycle. FCVs,
like battery electric vehicles (BEV), do not generate air pollutions during the motion
process. The main difference is supply of the electric motor with electric energy.
In FCV, the electricity is produced in motion, from fuel cells (FC), by continuous
supply with hydrogen (H,) and oxygen (O,). Produced electricity is used not only
for motion but also for charging the electric battery at some regimes.

The fuel cell is an energy convertor which theoretical efficiency can be up to
83% [92]. If all loses in auxiliary systems of the cell are taken into account the real
efficiency of electric vehicle fuel cells is approximately 40—50%. This value is nearly
as efficiency of the diesel ICE [92].

The main properties of the gasoline, natural gas and hydrogen are presented in
Table 13.

The gasoline is produced at normal atmosphere conditions trough distillation of
crude oil at temperature from 30 to 200 °C. The main stages of the process are shown
on Fig. 33.

Table 13 Physical-mechanical properties of the regarded vehicle’s fuels

Gasoline Natural gas Hydrogen

Chemical formula CgHig CHy H,

Specific burning 43.45-46.54 45.86-50.84 119.95-141.88

heat,

(LHV—HHV?,

Ml/kg

Energy density, 33.16-34.90 (35.22-39.05) x 0.1 MPa—(10.05-11.88) x

(LHV—HHV), MJ/1 1073 1073
35 MPa—(2.837-3.355)
70 MPa—(4.761-5.631)
Liquid—(8.685-10.273)

Density at 20 °C, 0.72-0.76 0.7166 x 1073 0.1 MPa—0.0838 x 1073

kg/l 35 MPa—23.65 x 1073
70 MPa—39.69 x 1073
Liquid—72.41 x 1073

4LHV, HHV—respectively low and high limit of the value



212 1. Evtimov et al.

The maximal and minimal values of the specific burning heat of coal are accepted
respectively as 25.86 and 27.16 MJ/kg.

There are three basic methods for hydrogen production [59, 66]: reforming of
natural gas, gasification of coal and electrolysis of water (Fig. 32). In the last decade
production of H, from biomass increases. It is generated by the industry and farms.
Electrolysis through solid oxides electrodes (SOEC) is one possibility to produce
hydrogen using renewable energy sources. The properties of the basic technologies
are summarized in Table 14.

Research methodology

The used LCA takes into account all processes, connected with the product (in our
case fuel)—from extraction of raw material, production process, use in vehicles and
it recycling (eventually) [55]. Schematic, the LCA for hydrogen and gasoline is
presented on Figs. 32 and 33.

In the conducted energy analysis, the maximal value of specific burning heat
(HHV) is used (Table 13). It corresponds better with real energy content of the fuel,
based on the principal of energy saving.

The needed primary energy is analyzed only concerning production of H, and its
compression up to 700 bar or its condensation. All processes connected to refining,
transportation and preservation of the raw materials and fuel are not included in
estimation. The same also concerns the environmental estimation.

A comparison between structure of FCV (Fig. 34) and conventional GV shows
that they have one similar part of construction—chassis which includes steering
system, brake system, suspension and body. Nevertheless, propulsion system and its
components are very different and for its production, the spent energy and generated
emissions will be different values. Usually the FCV has about 20% bigger mass.

In this study it is accepted that energy spent for producing of chassis of FCV and
GV is equal and consists of 11,900 kWh [68].

For production of the FC and its management systems the spent energy is approxi-
mately 15% more than for chassis of vehicles [93]. For this reason, it can be accepted
that production of the FCV use 80% more energy and generates 80% more emissions
than production of a GV. Whereas 100% of GV parts can be recycled, for FC this
percentage is only 75% [93, 94].

When the needed primary electric energy for vehicle production is determined,
the structure of country energy mix is considered (Table 10). The efficiency of the
used technologies for electricity production is also taken in consideration. [65].

The fuel consumption is determined on the basis of HHV of H, and gasoline,
efficiency of the ICE and FC. That way, the equal energy is used for motion of the
two type of vehicles with equal mass. Determination of the energy spent during
exploitation of the GV, the losses concerning life cycle of the fuel are calculated and
this way the effectiveness of gasoline production is evaluated as 79.6% [65, 95, 96].
Consider expected trends in development of FC production technologies a value of
FC efficiency of 50% [70] is used in calculations.

The generated CO, emissions during the exploitation period of the two types of
vehicles are determined on the basis of average fuel consumption. Evaluation of
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Table 14 Needed resources and generated emissions for production of 1 kg H, using different
sources and technologies [59, 66]

Method Thermo-chemical Electrolysis
Raw Reforming Gasification | Gasification | Reforming PEM | SOEC
materials of natural of coal of biomass of biomass
gas with
steam
Natural gas, 45.833 - 1.73 - - 14.1
kWh
Coal, kg - 7.8 - - - -
Biomass, kg | — - 13.5 6.54 - -
Electricity, 1.11 1.72 0.98 0.49 54.6 | 36.14
kWh
Water, kg 21.869 291 305.5 30.96 184 | 9.1
Average 12.13 24.2 2.67 9.193-14.02 | 29.54 | 23.32
CO,
emissions,
kg
99.60;9_9.75% _ Pt
— - E!ﬂiﬂl = 9950 90.75% &
- Qi -97% - i ‘ Filli o
Exploration Refinery Storage 99 25 -99.50% 9'9 ing Recycling
Extgrgsctﬁlon B84 -94% 99.30- 99.78% Distribution
99.25 - 99.50%
Transportation

Fig. 33 LCA diagram for production and use of gasoline in GV [141]

Fig. 34 Structure of a Fuel cells electric vehicle [141]: 1—electric motor; 2, 3—cooling system for
transmission and FC; 4—supercapacitor; 5S—reservoirs with fuel (hydrogen); 6—moisture device
for FC; 7—blocs of FC; 8—power electronics
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the generated CO, emissions during vehicles life cycle is done taking into account
emissions for consumption of 1 kWh electric energy (Table 15) from companies’
producer of the vehicles, at the respective voltage (HV or LV) [1].

The following assumptions are accepted: equal mass of the FCV and GV; fuel con-
sumption of the GV—7.6 1/100 km; hydrogen consumption of the FCV, determined
on the basis of average data for modern FCV—1.07 kg/100 km.

Analysis of the existing technologies for production, storage and transportation
of hydrogen and gasoline

The global annual production of H; is over 50 million tones. The main part of whole
production is from natural gas—48%, from processing of the crude oil products—
30%, from coal—18% and other 4% from biomass and through electrolysis [59].

Effectiveness of hydrogen production from natural gas is between 65 and 80%
[56, 63, 67, 95, 97]. The CO, emissions per 1 kg H, are 9.066—10.728 kg. On the
basis of HHV values of natural gas and hydrogen (Table 13), and taking into account
technological losses is evaluated that for production of 1 kg H; the needed natural
gas is 3.17 kg. For the life cycle of FCV, production of the hydrogen will use 9840 kg
natural gas and 3450 kWh electric energy. Production of 1 kg H;, generates 12.13 kg
CO; emissions (Table 14), or for life cycle of the FCV the mass of the emissions will
consist approximately of 37,640 kg.

Effectiveness of hydrogen production from coal varies between 50 and 80% [97,
98], depending on technology and quality of used coal. The losses in production of
coal are 5-20%, depending on exploitation conditions and place of the mine [82, 99],
losses for transportation can reach up to 15% [100]. Hence, for life cycle of FCV,
production of hydrogen from coal, a value of effectiveness of 50% can be used [95].
The mass of the CO, emissions consists of 24.2 kg per 1 kg H, [59].

Production of H;, from biomass will have important place in the future, because
it is renewable source. Effectiveness of hydrogen production through gasification of

Table 15 Main technical data of some modern FCEV

Technical Model
indicators

2017 Honda Clarity | 2017 Hyundai Tucson | 2017 Toyota Mirai

Consumption of H3, kg/100 km

— Urban 0.914 1.295 0.942

— Inter-city 0.942 1.243 0.942

— Combined | 0.928 1.268 0.942
Electric PMSM, 130 kW ASM, 100 kW ASM, 56 kW
motor

Battery Li-ion, 346 V Li-ion, 180 V NiMH, 245 V
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dry biomass (like wood, straw etc.) is into the limits of 65.7-79.1%. Generated CO,
emissions are up to 13.5 g per 1 kg H,. The wet waste from biomass (like sediments,
organic waste etc.) can be put to gasification (effectiveness of 35.8-40.3%) or bio-
chemical treatment (effectiveness of 29.1-36.3%) [101]. Generally, the effectiveness
of hydrogen production from biomass is accepted as 65.7% [101].

Production of hydrogen through electrolysis has effectiveness of 47-82% [58, 62,
97, 102]. High values concern modern electrolysers. Without losses for transfer of
the electricity (*~5%), the efficiency is 68.4%.

Alkali electrolysis is known and used since the 18th century. It is in the basis
of technology and more of commercial electrolysers. The produced hydrogen is
very pure, but the price is higher because of low price of petrol (used in SMR) in
comparison with electricity. Low temperature polymer electrolysis membrane (PEM)
and high temperature electrolysers of solid oxides (SOE) are two more effective future
technologies. PEM is appropriate for production of small volumes of hydrogen. SOE
electrolysers can reduce consumption of electricity using thermal cracking process
[99, 103].

The use of RES for supply electrolysis [104] is very small—about 3%. The main
cause is low efficiency.

With electricity from photovoltaic power plant in technology with efficiency 95%
will give a total efficiency of electrolysis from 7.8 to 18% [105]. At the same tech-
nology using electricity from solar PS and Sterling motor and generator, the total
efficiency can be increased to 28% [105].

Solar PS using cycle of Rankine and technology of solar tower can achieve annual
efficiency of 15% and total efficiency of electrolysis—14% [105].

The solar PS with parabolic reflectors has annual efficiency of 12% and
total efficiency of transformation process of solar energy into hydrogen using
electrolysis—11% [105].

Transportation of the hydrogen is realized by pipes or in special tanks (as gas or
as liquid) using vehicles and railway or marine transport. The cheapest method for
large volumes Hj is transportation as gas in pipes. The losses during transportation
of hydrogen are significantly higher than analog losses for natural gas.

Charging of the hydrogen on FCV is made in special hydrogen stations at pressure
700 bar (70 MPa). Usually one charge is enough for a range of 400-500 km.

Compression of the hydrogen needs about 3.5 times more energy [106, 107] in
comparison with natural gas at same pressure (Fig. 35).

Figure 36 shows a possibility for reducing the transport losses—if the hydrogen
is liquid [106]. The transformation process of H; in liquid phase generates losses up
to 40% [69, 106]. In analysis done below are used values for losses equal to 15.5%
(from HHV) for compression up to 700 bar and 33.33% for transformation process
of H; in liquid phase.

Transportation of H; in pipe generates less energy losses. Transportation of natural
gas at a distance of 5000 km generates losses of 10% (Fig. 37). For H; transport
losses are 35%, because of energy spent for supply of the compressors, placed at
each 150 km (generated losses about 1.4%) [106].
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Fig. 35 Relation between energy losses for compression (in % of HHV) and pressure p [141]

%
30
25
20
15
10

5

0

~
//
//
]
/ |
0 100 200 300 400 500 L,km
gaseous Hydrogen (at 200 bar) liquid Hydrogen gasoline

Fig. 36 Relation between energy losses for fuel transportation by vehicle (in % of HHV) and
transport distance L [141]

Storage of liquid H, generates the highest losses—35.5 kg per day for a reservoir
of 725 kg capacity, which is 0.76% per day [108]. There is a tendency in future to
decrease storage losses to 5% per 10 days.

LCA for FCV and GYV. Results and analysis
Using the given information above, an assessment of constant energy losses and
generated emissions for FCV and GV was done. Following diagrams from Figs. 32
and 33 the two models were described—for FCV and GV. The primary energy Eprcy
spent for the life cycle of the FCV was evaluated by the following model
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Fig. 37 Relation between energy losses for fuel transportation in pipe (in % of HHV) and transport
distance Lp [141]

1 n o
Eprcy = . Z H_(EMV + Epn, + Ecwn,), kWh, (19)
T = i

where

a;—is the part of electricity produced in different types of power-plants (as part of
whole produced energy);

nr—efficiency of electricity transfer;

n;—efficiency of different power-plants, including production technology and fuel
transportation;

Ey—energy spent for production and recycling of the vehicle, kWh;

E puy,—energy spent for production of H, for life cycle of FCV, kWh;

Ec(1yn,—energy spent for compression or transformation in liquid phase of Hy,
kWh.

The generated emissions for FCV were evaluated by the expression
COsrcv = C(EMV + Epy, + EC(L)HZ) 1073, kg, (20)

where ¢ is emission factor for production of electricity, g/kWh (see last column in
Table 10).
For GV used equations are:

1 - (671
Epgy = H—Zf(EMV + Epg), kWh, @1)

i=1 "

where Ep¢ is energy spent for production of gasoline for life cycle of GV, kWh;
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COxv = [c(Emv + Epg) +e L1107, ke, (22)

where

e—is average specific value of CO, emissions caused by driving, g/km (used value
180 g/km);
L—range of GV for life cycle, km (used value 290,000 km).

A LCA of FCV and GV concerning needed primary energy and emissions was
done by models (19) and (20). The calculations were repeated 4 times—for conditions
in Bulgaria, Poland, Norway and corresponding to energy mix of EU-28. The results
are presented on Figs. 38 and 39 also in Tables 15 and 16.

The technology for production of hydrogen from natural gas is most effective by
criterion of spent primary energy. Using it, at some conditions FCV can be compe-
tition of GV. The technology of production of H; from coal and by electrolysis, at
the current stage of development, is less effective concerning primary energy for life
cycle of GV vehicle. Significant use of the RES in energy mix of the country can
give advantage of the FCV—for example Norway (Fig. 38).

By criterion emissions, the technology using natural gas for production of hydro-
gen has advantage once again. At the moment, other technologies are less ecological
and their use less ecological in comparison with GV. Only in Norway, thanks to
the large use of the RES in energy mix, the FCV is more ecological. Energy mix,
including basically thermal PS on coal, is a factor for bigger losses of energy during
life cycle of the FCV and more CO, emissions—for example Poland and Bulgaria
(Figs. 38 and 39).

E,
x10% KWh
800
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600

500
400
300
200
100

0 BG PL NO EU BG PL NOEU BG PL NOEU GV

Electrolysis Natural gas Coal
Wl — production and recycling of the vehicles; I — production of H, and gasoline;
B — compression of Hy, — transformation to liquid H,

Fig. 38 Primary energy, spent for life cycle of the FCV and GV [141]
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Fig. 39 CO; emissions generated for life cycle of the FCV and GV [141]

Table 16 Needed primary energy in kWh/km at different technologies for production of Hy

Ne Country Technology

Electrolysis From natural gas From coal
1 Bulgaria 2.567/2.833% 1.062/1.327 1.893/2.159
2 Poland 2.664/2.940 1.082/1.357 1.914/2.190
3 Norway 1.313/1.449 0.800/0.902 1.621/1.756
4 EC-28 2.165/2.389 1.012/1.237 1.806/2.030

#Values above concern compressed Hy, values below—liquid Ha

One better assessment of the three used technologies for production of hydrogen
can be done on the basis of needed primary energy (Table 16) and generated emissions
in CO, equivalent per 1 km (Table 16).

For the life cycle of the GV are spent 309,750 kWh or 1.068 kWh/km at accepted
range of 290,000 km. By this criterion, FCV is competition to GV only in case
of using compressed hydrogen. In Norway, FCV is more effective as it consumes
less primary energy—respectively 15.5 and 25% for liquid and compressed H,. The
electrolysis is the worst of the three technologies. The energy spent for life cycle of
the FCV, depending on energy mix of the country, can be over 2.5 times higher than
respective for GV. For the life cycle of GV are generated 59,750 kg CO, emissions
or 0.206 kg/km.

Results (Table 17) show that the most ecological technology is electrolysis for
countries using a large part of RES in its energy mix. For example, in Norway FCV
will have 16 times less emissions (Fig. 39).
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Table 17 Generated CO, equivalent emissions in kg/km, at different technologies for production
of H2

Ne Country Technology

Electrolysis From natural gas From coal
1 Bulgaria 0.506/0.556* 0.243/0.294 0.373/0.423
2 Poland 0.741/0.814 0.296/0.370 0.425/0.449
3 Norway 0.013/0.014 0.133/0.134 0.262/0.263
4 EC-28 0.338/0.371 0.206/0.239 0.334/0.368

#Values above concern compressed Hy, values below—Iliquid Ha

The structure of energy mix has the most significant influence on production
of hydrogen through electrolysis in countries with high level of emissions per 1
kWh electricity. Most ecological for these countries is technology for production of
H, from natural gas. Produced and used in these countries FCV will have ecological
disadvantages in comparison with GV, independent of used technology for production
of hydrogen (Fig. 39).

A study of the FCV effectiveness, at different producing technologies of hydrogen
(Hy) was carried out. Using Life cycle assessment, a comparison, concerning energy
consumption and air pollutions for fuel cell electric vehicle and conventional gasoline
vehicle was done. The influence of the energy mix and technology of production of
hydrogen on spent energy and air pollution was analyzed on the basis of statistical
data.

The obtained results show that the technology of hydrogen production from natural
gas is most effective in countries with CO, emissions over 447 g per 1 kWh electricity.

The energy spent for life cycle of the FCV, depending on energy mix of the country,
can be over 2.5 times higher than the respective for GV.

The most ecological technology for production of hydrogen is electrolysis for
countries using a large part of renewable energy sources in its energy mix. For
example, in Norway FCV will have 16 times less emissions than GV.

Positive ecological and financial effects from replacing the vehicle fleet with FCV,
at the moment and in near future are not strongly proven.

The results of the present study have to be understood as one indicative simulation,
which highlights positive and negative features of FCV.

2.4 Life Cycle Assessment of Vehicles, Using LPG or NG

The advantages of natural gas as a fuel for vehicles are its abundance and widespread
distribution infrastructure. Its combustion produces less harmful emissions—up to
a 30% reduction in GHG emissions for light commercial vehicles and up to 23%
reduction for medium to heavy-duty vehicles compared to conventional vehicles
[109, 110].
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In [111] are evaluated the harmful emissions of flue gas and gas of light commer-
cial vehicles. It is indicated that natural gas emits approximately 6-11% lower levels
of emissions compared to gasoline throughout the life cycle of fuels.

A big part of the harmful emissions during the life cycle of natural gas is mainly a
result of its leakage during the production cycle [112, 113]. In total, life cycle losses
from natural gas leakage range from 0.2 to 17.3%, but the Environmental Protection
Agency (EPA) regulates 1.5% losses [114, 115].

Whether natural gas used as fuel in vehicles or power plants has lower greenhouse
gas emissions from the life cycle of coal and oil depends on the leakage level during
its extraction and transportation, the real potential of global warming of natural gas,
energy conversion effectiveness and other factors. It has been found that natural gas
losses must be maintained below 3.2% in order natural gas-fired power plants to have
lower life-cycle emissions than coal-fired power plants for a short period of at least
20 years. The use of natural gas in vehicles will lead to some benefits if natural gas
losses are less than 1-1.6% compared to diesel and gasoline. There exist modern
technologies for reducing the bigger part leaking methane, but their implementation
is limited mainly by political and economic reasons [116].

Everything that has been outlined in studies so far with this regard states unclear
and incomplete conclusions regarding the assessment of the impact of different types
of fuels on carbon emissions through their life cycle. This is due to the different
research methods with a rather wide range of variation of values of certain parameters
at different stages of the life cycle.

In recent years, life cycle assessment has become a major tool in research in order
to examine the entire life cycle of a product in terms of its sustainable development
[55]. The evaluation covers all processes related to the functioning of a product—
from the extraction of raw materials to its production, use and recycling. The results
of this study should be considered as an indicative simulation to shed light on the
positives and negatives aspects of different types of fuels on exhaust emissions and
their impact on global warming.

For this evaluation is appropriate to use higher values of the combustion heat,
since it reflects the true energy content of fuels based on the principle of energy
conservation (Table 18).

The life cycle assessment of vehicles operating with different fuels usually
includes impacts related to the production of raw materials, transportation, refin-
ing, distribution and fuel consumption for vehicles. Some of the process steps are
excluded from the analysis due to the significantly large deviations of certain param-
eters. For example, transportation of fuel and constructed facilities for production,
transportation and storage. Figures 40 and 41 show the general life cycle stages of
different fuels, including the production and recycling of vehicles [117-122].

Vehicle carbon emissions for each type of fuel are calculated on the base of the
whole life cycle, which includes emissions from the vehicle production, production
of fuels and the relevant raw materials and fuel combustion through the life cycle of
the vehicles.
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Table 18 Physic-mechanical properties of automobile fuels
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Parameters Gasoline Liquefied petroleum gas | Natural gas
Chemical formula CgHig CsHg + C4Hjo CHy

Combustion heat, 43.45-46.54 | 47-50 45.86-59.84
(LHV—HHV), MJ/kg 49-552

Energy density, 31.16-34.90 | 23-26 (35.22-39.05) x 103
(LHV—HHV), MJ/

Relative density at 0.72-0.76 0.50-0.58 0.7166 x 1073 0.4218*
20 °C, kg/l

Temperature at 228471 365470 632

self-flaming, °C

Octane number (RON) 91-98 94-112 135

Molecular mass, g/mol 102-107 44-58 16.04
Stoichiometric ratio 14.96 154 17.2

Boiling point, °C 80-225 —42to —0.5 —161.58

4Liquid phase

Propane-butane is considered as a combined product of fuels derived from petrol
or natural gas, which is a ground for distribution of the separate emissions during
the production of natural gas and refining of crude oil.

The impact of the natural gas on the global warming is accepted a value of 25,
according to the evaluation of [IPCC—Intergovernmental Panel on Climate Change
with global warming potential (GWP) [123].

Natural gas (NG)

Derived from terrestrial fields, natural gas is a mixture of several gases and water. As
a fuel in vehicles, it consists mainly of methane. Although the derived from the fields
natural gas contains mainly methane, it may also contain ethane, propane, butane,
water vapor, hydrogen sulphide, carbon dioxide, nitrogen, helium and sand. Many
of these components need to be removed during processing in order to increase their
efficiency in transportation, especially through gas pipelines.

Natural gas containing 98% methane, on liquefaction, occupies 0.17% of the
volume of the same amount in the gaseous state.

The liquefaction process involves the purification by separation of certain com-
ponents such as dust, carbon dioxide, hydrogen sulphide, helium, water and heavy
hydrocarbons, which would cause difficulties in the conversion of the gas to liquid.
The cooling temperature is approximately—162 °C. The energy density of liquefied
natural gas is 2.4 times higher than that of compressed gas.

It is lighter than air and flies into the air when released into the atmosphere.
Compared to other types of internal combustion engine fuels, natural gas has the
highest combustion resistance. Its octane number is between 105 and 110 units,
which allows to increase the degree of compression of the ICE and to improve their
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fuel economy. It burns more completely when mixed with air due to their uniform
aggregate states.

In gasoline engines, the natural gas can replace 100% the gasoline.

Together with the extracted gas, the renewable natural gas (RNG) finds appli-
cation. It is made from organic raw materials (from agriculture, food industry and
waste), also known as bio-methane. It is chemically identical to extracted gas, but
produces far less greenhouse gas emissions when burned. Mixing relatively small
amounts of RNG with extracted gas provides a reduction in life cycle greenhouse
gas emissions.

The main disadvantage of natural gas as an ICE fuel is its low volumetric energy
concentration. For this reason, it is necessary to provide sufficient fuel, which can
be realized in the following ways:

— by compression to high pressure up to 20-22 MPa;
— by liquefying the natural gas at—162 °C;
— by obtaining methanol from natural gas.

The broadest application is found in the first way-compression up to 20-22 MPa
in special containers made of alloy steel or light alloys with reinforced construction
of metal threads.

Liquefied petroleum gas (LPG)
LPG vehicles use the following combustion systems:

— evaporator and mixer conversion system;
— gas injection system.

The first system has dominated for decades and is still widely used. These are
so called ordinary gas appliances. The second system has been the most popular in
recent years due to better control of the combustion process in the engine cylinders.

Liquefied Petroleum Gas is a combined product of natural gas production and
refining of crude oil. Propane-butane is released from crude oil and natural gas during
extraction. Natural gas contains mainly methane but also other substances, such
as heavier hydrocarbons, including C3Hg and C4Hj. Its preparation for transport
requires the removal of the LPG fraction—degassing. Additional LPG quantities are
also obtained to stabilize crude oil as it is extracted as part of the preparation of oil for
transportation. Globally, about 60% of propane-butane is estimated to be produced
in this way. The remaining 40% of propane-butane is produced during the refining
of oil. Depending on the type of crude oil, it may contain from 1 to 4% fraction of
propane-butane [124].

LPG is gaseous at normal temperatures and atmosphere pressure, and it is deliv-
ered liquefied under pressure in steel bottles. The ratio of volumes of evaporated
gas to liquefied gas varies depending on composition, pressure and temperature, but
is usually around 250:1. The pressure at which the LPG liquefies (saturated vapor
pressure) also varies with composition and temperature, being about 0.22 MPa for
pure butane at 20 °C, and about 2.2 MPa for pure propane at 55 °C.
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Propane-butane will not create an environmental hazard if released as liquid or
vapor in water or soil. If spilled in large quantities, the only environmental damage
that can occur is the freezing of any organism or plant life in the immediate vicinity.
The long-term effects of propane-butane gas spills have not yet been reported, even
in large quantities. Only major damage can occur if, after the spill, the LPG is ignited.

The main difference between conventional fuels and LPG is storage—it is gaseous
at room temperature and atmospheric pressure. Thus, storage tanks are required in
both gas stations and vehicles. Due to their pressure-resistant design, LPG tanks are
a little more expensive, heavier, and require more space than gasoline or diesel tanks.

Mathematical model for the Life-cycle assessment of vehicles using gasoline,
natural gas and LPG in relation to the primary energy

Primary energy for the life cycle of vehicles using different fuels can be represented
by the following mathematical model

1 " o
Ep = . Z n_(EMV + Epr 4+ Ecayr + ELp). kKWh, (23)
T i

where

a;—is percentage of electricity, produced in different power stations referred to the
total produced energy;

nr—efficiency upon electricity transferring;

n;,—efficiency of power stations, taking into account the cycle of production and
transportation of their fuels;

E\v—energy necessary for production and recycling of vehicles, kWh;

E p p—energy necessary for production of the fuels, kWh;

Ec ) F—energy necessary for compressing or liquefaction of fuels, kWh;
E(gy—energy lost due to leakage or evaporation of fuel, kWh.

Mathematical model for the life-cycle assessment of vehicles using gasoline,
natural gas and LPG concerning carbon dioxide

Generated CO, emissions for the life cycle of fuels and vehicles can be represented
by the following mathematical model

CO, = cEyy +1072¢(1 = np)kr QL + 10" cpkr QL + cgwp Q1 = cEny
+107%kp QL[c(1 — ng) + cpl + cowp QL. kg, (24)

where

c—is the Emission factor in electricity production, kg CO, /kWh;
nr—efficiency of fuel production;

kp—calorific value of the fuel, kWh/kg or kWh/I;

Q—fuel consumption, 1/100 km or kg/100 km;
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L—uvehicle range for life cycle, km;

cr—Emission factor during fuel burning, kg CO, /kWh;
cgw p—potential of global warming;

Q—leaked fuel, kg.

In the study, it was agreed that the chassis of the vehicle will consume 11,900
kWh [117]. Overall, the life cycle of a gasoline vehicle manufactured and powered
in Bulgaria requires approximately 309,750 kWh of primary energy. About 86.5% of
the life cycle energy is spent on movement. This percentage depends on the energy of
the vehicle production in the respective country and the latter depends on the energy
mix. Operational energy varies slightly across countries and is largely dependent on
losses in the fuel production process. Other stages of the GV life cycle, such as vehicle
production and parts repair, production transport, etc., consume less energy—13.5%
of the life cycle or approximately 42,000 kWh.

The consumption of natural gas with an equivalent amount of energy correspond-
ing to 7.6 1/100 km gasoline is 4.43 kg/100 km. Totally 12,847 kg will be con-
sumed throughout the life cycle. With an emission factor of 183.96 g/kWh, a total
of 39,280 kg of CO, emissions will be emitted during the operation of the vehicle.

The LPG consumption of the equivalent amount of 7.6 1/100 km gasoline is
10.2 /100 km. 29,580 L of LPG have been consumed through the entire life cycle.
Assuming a fuel emission factor of 214.48 g/kWh, a total CO; emission over the life
cycle of 45,820 kg is generated.

Natural gas produces a variable and uncertain part of greenhouse gas emissions due
to the leakage of methane into the atmosphere over its life cycle. In [115] stated (based
on 26 publications for the period 2012-2015) that the losses of methane from leakage
into the atmosphere varied too wide (from 0.2 to 17.3%). Higher values probably
are result from wider confidence intervals in the study. However, the Environmental
Protection Agency (EPA) concludes that the rate of loss of gas leakage for the United
States is 1.5%. Therefore, the impact of these losses on global warming for the
lifecycle of a vehicle with CO, potential for warming the atmosphere 25, according
to an Intergovernmental Panel on Climate Change (IPCC) assessment report, would
increase CO, emissions by 4820 kg CO, emissions.

A gasoline vehicle 4 produced and used in Bulgaria needs 309,750 primary energy
for its life cycle (Fig. 42a). Approximately 86.5% from the life cycle energy is spent
in movement. This percentage depends on the energy on the energy for production
of the vehicle in the according county which itself depends on the energy mix.

Movement energy varies slightly in different countries and depends mainly on
losses in the fuel production process. Other stages of the life cycle of a gasoline
vehicle, such as vehicle production and parts repair, production transport, etc., con-
sume less energy—13.5% of the life cycle or about 42,000 kWh. For vehicles 3
produced and operated in Bulgaria using natural gas fuel, the primary energy is in
the range of 285,690 to 295,310 kWh, depending on the natural state of the natural
gas—compressed or liquefied. For the vehicle 2 produced and operated with energy
mix EU-28, primary energy would range from 274,920 to 283,030 kWh, less by
3.9-4.4%. For LPG fueled vehicle 1, produced and operated in Bulgaria, the primary
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Fig. 42 Life-cycle of primary energy (a) and CO, emissions (b) of vehicles using different fuels
[142]: 1—vehicle produced and operated in Bulgaria, using LPG; 2—vehicle produced and operated
with energy mix EU-28, using NG fuel; 3—vehicle produced and operated in Bulgaria, using NG;
4—vehicle produced and operated in Bulgaria, using gasoline

energy for its life cycle is 274,390 kWh. The difference in the primary energy of
vehicles using different fuels is due to the different energy costs for fuel production
and the average mix in electricity production.

The greenhouse gas emissions (CO, equivalent) generated throughout the life
cycle of conventional gasoline-fueled vehicles produced and operated in Bulgaria is
59,750 kg (Fig. 42b). Under the accepted terms of life cycle assessment for different
European countries, these emissions would fluctuate around this value depending on
the fuel production efficiency and energy mix of the country.

The total CO, emissions for the vehicles produced and operated in Bulgaria using
CNG are 57,060 kg, and using LNG—63,490 kg. For the same vehicle with average
emission factor of 447 g/kWh are the following: when using CNG—>52,770 kg and
with LNG—57,070 kg. The emission of natural gas into the atmosphere and its
emissions upon liquefaction have a significant influence on these emissions.

As a percentage, the emissions during operation are as follows: 12% of CO,
emissions from natural gas leakage into the atmosphere and 19-21% in case of
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Table 19 Energy and CO2 - yiopiceg E, kWh/km CO», g/km
emissions per 1 km

1 0.946 186

2 0.948-0.976 182-197

3 0.985-1.018 197-219

4 1.068 206

liquefaction. The latter depends mainly on the Emission factor in the production of
electricity. The possibility of reducing these emissions is the use of renewable energy.

The life-cycle CO, emissions when using LPG are 53,780 kg which is 10% less
than conventional vehicle. Table 19 shows figure results for energy costs and CO,
emissions for the above-indicated vehicles referred to a road unit—1 km.

Based on the research the following conclusions could be made. With regard
to the primary energy required for the production of vehicles and related fuels,
gasoline-fueled vehicles are the most energy-intensive, approximately 11-12% larger
than propane-butane fuel vehicles. This difference appear due to the technology of
production of different fuels and the energy mix of the countries where these vehicles
are produced and operated.

Vehicles using propane-butane fuel are the most efficient in terms of carbon
emissions—186 g/km.

The production and operation of natural gas are in relation to its leakage into
the atmosphere, which accounts to 12% of life cycle emissions under the accepted
test conditions. It generates additionally few emissions from its compression and
liquefaction, which in fact diminishes greatly its advantages as an environmental
fuel.

The harmful emissions of natural gas fueled vehicles can be reduced to a large
degree by improving the technologies of production, transportation and storage of
natural gas with a significant increase in the share of renewable energy in the country’s
energy mix.

2.5 Comparative Analysis of Air Pollutions of Other Types
of Eco-Vehicles

The vehicles, using flexible fuel mix of gasoline and ethanol, can work only with
gasoline or any mix of gasoline and ethanol up to 85%. The title of different mixes
come from proportion of two fuels—for example E85 is mix of 15% gasoline and
85% ethanol. The structure of the vehicle is the same as classic gasoline with ignition.

The ethanol is an alcohol fuel, which use cause a decreasing of emissions. Accord-
ing [125] decreasing of GHG from 4 to 8% is possible at mix E10. Use of the E85
decreases GHG up to 80%. Usually, in the studies, the spent energy for agricul-
ture works and also used production technologies of the ethanol are not taking into
account.
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The main advantages of the ethanol as fuel for ICE are:

— better ecological properties;

— higher Octane number than gasoline;

— burning process do not generate PM;

— significant modification of the ICE is not need.

The analysis of data, given in Table 20, show that use the mix E85 in different
models increase the fuel consumption with approximately 26%, but decreases CO,
emissions with 8.6%.

Vehicles using mix of diesel fuels can work only with diesel oil or with mix of diesel
oil and bio-diesel oil. A system called “B-factor” is used to indicate the proportion
of two fuels. The pure bio-diesel fuel is B 100, mix from 20% bio-diesel and 80%
diesel oil is indicated as B 20. Most used mixes are B 5 and B 20.

The structure of the vehicle is the same as a classic diesel vehicle.

Use the B 20 decreases CH with 13% and CO with more than 7% [126].

Bio-fuels production has a negative energy profit [126, 127]. For example, pro-
duction of the ethanol from corn consume up to 46% more energy than ethanol can
realize in burning process. Production of bio-diesel from rape and soya—respec-
tively 58% and 63%. Independent of this, to produce big volume of bio-fuels needs
of changing the purpose of large areas of land. There is a negative influence of the
energy agricultures on the soil. There is a big consumption of water for pouring. Use
the nitrogen fertilizer increases global GHG effect.

Due to production of bio-fuels the tropical forests are destroyed and the soils
are conversed to agricultural. There are many positive and negative effects from
production of bio-fuels [126, 128—130]. It is needed to take into account so-called
“indirect emissions” in assessment of efficiency of bio-fuel use. The production of
fuels from foods put on table the global problem of feeding of some people.

Dedicated vehicles Dedicated vehicles are specifically designed to use natural gas
(CNG—compressed natural gas) as fuel. Natural gas vehicles (NGVs) are increas-
ingly improving their safety performance. When traveling long distances, it is prefer-
able to use liquefied natural gas (LNG). In the world, more than 22 million vehicles
run on natural gas, as 10% of them in Europe. The structure of a dedicated natural
gas vehicle is shown in Figs. 43 and 44.

Bi-fuel vehicles with the ability to switch engine performance from one type fuel
to the other These vehicles use two types of fuels. One is gasoline or diesel and
the other is natural gas, liquefied petroleum gas (LPG) also called propane-butane
or hydrogen. Both fuels are stored in separate tanks and can be switched from one
to the other, either manually or automatically (Fig. 45).

Dual fuel vehicles as one of the fuels is used for improvement of combustion process.
The use of two types for improving the combustion process is of particular use in
trucks [131, 132]. They have natural gas fuel systems but use diesel to improve
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Fig. 43 Structure of a dedicated vehicle specially designed to work with CNG: 1—ICE; 2—fuel
injection system; 3—electronic control module; 4—exhausting system; 5—fuel container; 6—
manual switch on and off of fuel; 7—high pressure regulator; 8—filter; 9—fuel feeding; 10—fuel
pipeline; 11—transmission; 12—battery

Fig. 44 Structure of a dedicated truck specially designed to work with LNG: 1—fuel injection
system; 2—ICE; 3—electronic control module; 4—battery; 5—exhausting system; 6—fuel filter;
7—fuel container; 8—transmission; 9—fuel pipeline
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Fig. 45 Structure of Bi-fuel vehicles with the ability to switch engine performance from one type
fuel to the other: 1—ICE; 2—injection system (natural gas); 3—electronic control module (gaso-
line); 4—Electronic control module (natural gas); 5—exhausting system; 6—natural gas container;
7—manual switch on and off of fuel; 8—high pressure regulator; 9—fuel feeding (gasoline); 10—
fuel feeding (natural gas); 11—fuel filter (natural gas); 12—fuel pipeline (natural gas); 13—fuel
tank (gasoline); 14—fuel pump (gasoline); 15—fuel pipeline (gasoline); 16—fuel selection switch;
17—transmission; 18—sensor (natural gas); 19—injection system (gasoline); 20—battery

their combustion process. When running both fuels simultaneously, natural gas is
introduced at low pressure and mixed with the intake air. Diesel is injected directly
into the combustion chamber at the end of the compression stroke and used to ignite
a weak mixture of natural gas and air.

This improves engine performance and increases the efficiency of using natural
gas compared to traditional natural gas-powered engines. Because air and natural
gas are pre-mixed in the cylinder, these engines have many similarities with spark
ignition. Typically, both fuels are used at a 60/40% ratio in favour of natural gas.
Higher ratios are only possible through structural improvements to the engine. If
necessary, these engines can only run on diesel.

In many cases, LNG is used as a fuel (due to its higher energy density than CNG),
especially suitable for 7 and 8 class trucks (Heavy trucks) with own mass exceeding
11,794 kg for long-distance freight.

2.6 Life Cycle Assessment of Compressed Air Vehicles

The bigger part of vehicles consumes fossil fuels, which creates serious ecological
air pollution with CO, emissions and fine dust particles. With this regard, a lot of
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automotive companies develop alternative and more ecological methods for vehi-
cle propulsion. One of these alternatives is the use of compressed air for vehicle
propulsion [133-139].

Theoretically, the use of compressed air as an energy source for the vehicles has
some big advantages—the air is everywhere around us. However, practically it is
much more complicated mainly due to the energy necessity for compressing and
storing of the compressed air.

This is the main reason that limits their use as vehicles. The use of compressed
air energy has long been used in various applications, but gained popularity after
French companies such as Motor Development International (MDI) developed a
compressed air vehicle. This popularity is due to certain advantages in the production
and operation of these vehicles, namely:

— their overall efficiency is almost twice as high as the vehicles with internal
combustion engines (engines) and may reach over 70%;

— the engine does not need special maintenance;

— the energy conversion process itself can be used to cool the passenger compartment,
which is a great advantage when operating in warm countries;

— the cost of producing vehicles is less than conventional vehicles;

— there are possibilities for regeneration of energy in the case of delayed movement
or stopping of the vehicle;

— hybrid systems using compressed air energy are cheaper, have less mass than
hybrid electric systems, and significantly increase the efficiency of compressed air
energy use compared to that used in CAVs.

This work will evaluate the life cycle of a CAV without using additional systems
(air heating or energy recovery) to increase the mileage with a single tank charge.

The life cycle study was done based on the indicated stages (Fig. 46)—generation
of electricity with appropriate sub-stages, transmission of electricity to compressed
air charging stations, compressed air thinning and vehicle recycling. These lifecycle
stages are similar to the lifecycle stages of electric vehicles. The difference is that
electricity is used to compress air and, in electric vehicles, to charge the battery.

Compressed air has the lowest energy density of all other energy sources in vehi-
cles (Fig. 47) [138]. Compared to gasoline, its energy density is about 200 times
lower, and compared to natural gas—about 67 times (at a pressure of compressed air
and natural gas 300 bar). When compared to the energy density of the rechargeable
batteries, the following is obtained: about 8 times less energy density than that of the
lithium-ion batteries.

With respect to the operation of a compressed air engine, an average efficiency of
39.7% can be assumed, which is 8.5% less than the maximum possible [138].

An essential point in the life cycle of these vehicles is the overall efficiency of the
compressed air unit, according to [138], 53% can be assumed.

The mass of the compressed air vehicle is the smallest compared to other vehicles.
This has a significant impact on energy consumption during operation. This energy
can be compared to modern electric vehicles using lithium-ion batteries (see Fig. 47).
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[143]

The energy density of the compressed air system can be significantly increased if

the air is heated (on board) before expansion.

Let analyze a tank for compressed air storing V, =

300 1 with maximum pressure

p2 = 300 bar. According to Eq. (25) in an isothermal process, under the assumed
conditions, it is necessary to compress the volume of air approximately V; = 90,0001
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or 90 m®. The work required to realize this pressure at this volume is approximately
14 kWh (51 MJ).

Er = 0.0278 py Vi In 22 kwh, (25)
P1

where

p1—is standard atmospheric pressure (1 bar);
Vi—volume of compressed air, m?;
p>—maximum air pressure in the tank, bar.

Practically the real processes differ from the isometric ones (a process at which
the temperature remains constant) and most often they run in an adiabatic process (a
process where there is no exchange of heat), with a coefficient n = 1.4. The energy
consumed in this process is 55 kWh (198 MJ).

V. V. n—1
Eeom = 0.0278 ! i[(-‘) —1],kWh. (26)

n — V2

The efficiency of this process based on dependencies (25) and (26) is approxi-
mately 26%.

Atn = 1.2 the energy spent is 27 kWh or approximately 94 MJ. The effectiveness
of the process grows at 53%.

Even at high pressure, compressed air carries much less energy than other sources
of energy for transport, including liquid and gaseous fuels as well as rechargeable
batteries. Compressed air retains only 0.5% (Fig. 47) from gasoline energy and 1.5%
from the energy of compressed natural gas (CNG) 6% of the energy density of
hydrogen (H,). By analogy, the energy density of compressed air is lower than the
energy density of various types of rechargeable batteries: 67% less energy density
than lead batteries (Pb-acid); 20% less energy density compared to Nickel Metal
Hydride (Ni-MH) batteries and only 12% less energy density of lithium batteries
(Li-Ion). This comparison is based on the energy density of compressed air, CNG
and H; at a pressure of 300 bar.

Mathematical models defining the primary energy spent for the whole life cycle
of vehicles are:

— for conventional vehicle;

1 " o;
Epgy = W_Zﬂ_(EMV + Epr + Err)), kWh (27)
T i

— for the vehicle, using compressed air;

1 - o;
Ercav = - > o (Ewy + Ec). kWh. (28)
T M
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where

a;—is the percentage of the electricity, produced by different power plants referred
to the total produced energys;

nr—efficiency of electricity transfer;

n;—efficiency of power stations, taking into account the cycle of production and
transportation of their fuels;

Eyv—energy necessary for production and recycling of vehicles, kWh;

E p p—energy necessary for production of the fuels, kWh;

E1(gy—energy lost due to leakage or evaporation of fuel, kWh;

Ec—energy necessary for air compression, kWh.

Mathematical models defining the harmful emissions referred to carbon dioxide
are:

— for conventional vehicles;

COxgy = cEyy +1072c(1 — np)kp QL + 102 crkp QL = cEyy
+107%kp QL[c(1 — nF) + cFl, kg (29)

— for vehicle, using compressed air;
COscav = c(Eyv + E¢), kg, (30)

where

¢ —is the emission factor upon electricity production, kg CO,/kWh;
np—efficiency fuel production process;

k p—caloric value of the fuel, kWh/I;

Q—fuel consumption, 1/100 km;

L—vehicle range for life cycle, km;

crp—emission factor during fuel burning, kg CO, /kWh.

Results received based on (28)—(30) are shown in Fig. 48. The primary energy
spent throughout the whole life cycle of compressed air vehicle for the differ-
ent countries is as the following: Bulgaria—664,060 kWh; average for EU-28
countries—3559,850 kWh; Norway—396,540 kWh; Poland—700,400 kWh.

The harmful emissions referred to carbon dioxide for the different countries are
as the following: Bulgaria—125,560 kg; average for EU-28 countries—83,860 kg;
Norway—3190 kg; Poland—183,950 kg.

The results referred to 1 km run road, are shown in Table 21.

The evaluation of the used primary energy and the carbon emissions throughout
the life cycle of the vehicles gives an outlined look for the possibilities of using
the energy of compressed air as an alternative method for vehicles driving. The
effectiveness of this driving this driving depends only on the Emission factor from
the electricity production. For Bulgaria, Poland and EU-28 countries, in terms of
assumed emission factors, both CAV give way to GV. For Norway CAV give way
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Fig. 48 Life cycle assessment of primary energy (a) and CO; emissions (b) for vehicle, using
compressed air and conventional gasoline vehicle [143]: 1—Poland; 2—Norway; 3—average for
EU-28 countries; 4—Bulgaria; 5—conventional vehicle produced in Bulgaria

Table 21 Primary energy

and CO; emissions per 1 km Vehicle E, kWhikm €O, g/km
1 2.42 635
2 1.37 11
3 1.93 289
4 2.29 433
5 1.07 206

only in terms of the used primary energy, which is 28% higher, compared to GV but
in terms of carbon emissions CAV emit nearly 19 times less through their life cycle.

Economic and ecological parameters of different vehicles impose systematic
search of optimal decisions for protecting the environment. The results of evalu-
ation of the life cycle of CAV as ecological vehicles show following. Compressed air
has comparatively low energy density app. 50 Wh/I at pressure of 300 bar (~30 MPa)
and specific weight 372 g/1. This energy density can be increased substantially if the
air is heated before expanding. The main advantage of CAV is the relatively small
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weight and their ecological production (no batteries) compared to the electric vehi-
cles. At this stage of the development of the technologies, the application of CAV as
ecological vehicles independent from the fossil fuels is limited to their use only in
urban and suburban areas mainly due to their limited run. Most effective is the use
of the energy of the compressed air together with other source of energy—hybrid
technologies having better parameters than the ones using energy stored in batteries.

General Conclusion

In this Chapter, energy characteristics of BEV and HEV were presented. Some orig-
inal experimental results were given. Following this consideration, the Life cycle
assessment of main types ecological vehicles was done.

All results are summarized in Table 22 and are shown on Fig. 49. As a base of
comparison, the primary energy and CO, emissions for conventional gasoline vehicle
are used.

The green area (Fig. 49) concerns vehicles, which are more effective in economic
and ecological aspects, at average emission factor of EU-28 (see Table 10). For a
separate country, this area will be different, depend on the value of its Emission factor
of electricity production.

The effect, that electric vehicles do not generate emissions at the place, where it
runs, can be used for resolving of local problems with air pollutions, but we have
not forgot that its pollutions are generated in power plants, during the electricity
production.

The results give areal vision about possibilities to use energy from different types
of fuels or electricity, as an alternative, for vehicle propulsion.

At some values of speed and weather conditions, the energy consumption for the
supply of auxiliary systems can decrease twice the range of the vehicle. The minimal
energy consumption of auxiliary systems is realized at external air temperature of
20°C, at which the biggest range is realized. The light system and signalization
consume about 1% of total energy consumption of electric vehicle.

Using RES to produce the electricity is possible to reduce life cycle CO, emissions
of the BEV up to 40 times than the respective of a gasoline GV.

The use of electricity from HPP can reduce CO, emissions from electric vehicles
during their life cycle approximately 140 times, compared to the use of electricity
produced from fossil fuels (lignite), 65 times compared to the use of electricity from
WPP and about 20 times when using electricity from PV plants.

The use of electricity mainly from fossil fuels leads to an increase of global warm-
ing problems, due to the generation of more CO; emissions from BEV than GV. Atan
Emission factor of less than 669 g/kWh, according to the accepted conditions in this
study, the electric vehicles pollute the environment less than conventional vehicles.
The most effective way to decrease the energy consumption and CO, emissions for
life cycle of the BEV is to change the energy mix by using more energy produced
by RES and NPP.

The technology of hydrogen production from natural gas is most effective in
countries with CO, emissions over 447 g per 1 kWh electricity. The energy spent for
life cycle of the FCV, depending on energy mix of the country, can be over 2.5 times
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Fig. 49 Primary energy and CO; equivalent emissions of vehicles, using different fuels or elec-
tricity, during life cycle: BG—Bulgaria; EU-28—average for the EU countries; PL—Poland; N—
Norway; GV—conventional gasoline vehicle; EV—Battery electric vehicle; HEFCV—a fuel cell
electric vehicle, powered by compressed hydrogen of up to 700 bar, produced by electrolysis;
HEFCV—a fuel cell electric vehicle, powered by the liquefied hydrogen, produced by electrolysis;
HgGFCV—fuel cell electric vehicle, powered by compressed hydrogen up to 700 bar, produced
from NG; HEGFCV—fuel cell electric vehicle, powered by liquefied hydrogen, produced from NG;
HEFCV—fuel cell electric vehicle, powered by compressed hydrogen up to 700 bar, produced from
coal; HEFCV—fuel cell electric vehicle, powered by liquid hydrogen, produced from coal; LPG—
vehicle, using propane-butane fuel; NGc—vehicle, using compressed methane; NG —vehicle,
using liquefied methane; CAV—compressed-air vehicle

higher than the respective for GV. The most ecological technology for production of
hydrogen is electrolysis for countries using a large part of renewable energy sources
in its energy mix. For example, in Norway FCV will have 16 times less emissions
than GV. Positive ecological and financial effects from replacing the vehicle fleet
with FCV, now and in near future are not strongly proven.

The production and use of natural gas are in relation to its leakage into the
atmosphere, which generates approximately 12% of life-cycle emissions under the
accepted test conditions. It emits additionally few emissions from its compression
and liquefaction, which in fact diminishes greatly its advantages as an environmental
fuel. Vehicles using propane-butane fuel has a less emissions than NG.
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Use of the biofuels is an alternative decision, which have not positive ecological
effect.

At this stage of the development of the technologies, the application of CAV as
ecological vehicles, independent from the fossil fuels, is limited to their use only in
urban and suburban areas, mainly due to their limited range.

Most effective is the use of the energy of the compressed air together with other
source of energy—hybrid technologies having better parameters than the ones using
energy stored in batteries.
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