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Abstract: The battery-electric taxis have the features of larger mass, low operating noise, and
great speed, and the drivers of battery-electric taxis have various driving behaviors and low safety
awareness, which leads to higher safety risks. In the paper, the driving and speed characteristics
of battery-electric taxis, conventional taxis, and private cars are compared and analyzed through
conducting a GPS trajectory survey and a cross-section traffic flow parameter survey. An evaluation
index system that is based on the spatio-temporal speed parameters is proposed, and a MEW-VIKOR
method is developed for the operatiing safety evaluation of the battery-electric taxi. The results show
that the operating speed of battery-electric taxis is significantly higher than that of conventional
taxis on weekdays and weekends, and there is a relatively common speeding phenomenon on urban
local roads. The proposed safety evaluation index system that is based on the spatio-temporal speed
parameters and the MEW-VIKOR evaluation method can effectively evaluate the operatiing safety of
battery-electric taxis. In addition, the ranking results show that, according to the spatio-temporal
speed parameters, the operating safety of battery-electric taxis is lower than that of conventional
taxis and private cars. The research provides theoretical insights for strategies and policies making to
reduce the unsafe driving behaviors of battery-electric taxis.
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1. Introduction

In 2012, “The Development Plan for Energy Conservation and New Energy Automo-
bile Industry (2012-2020)” was issued by the Chinese government, which clearly defines
the new energy battery-electric vehicles as one of the ten strategic emerging industries and
a strategic direction for the transformation of the automotive industry. As a new type of
green vehicle, electric vehicles (EVs) are often seen as a promising technology for reducing
the external costs of road transport [1-3], and thus the battery-electric vehicles are used
more often and more widely. A huge number of battery-electric vehicles and their unique
traffic characteristics pose a great challenge to traffic managers, and the electric vehicles’
operational safety (EVOS) is becoming an important issue [4,5]. For example, the lack of
engine noise to warn people of oncoming electric or hybrid vehicles leads to safety issues
for pedestrians and cyclists [6,7]. Lee developed a method to evaluate the sound quality
of the warning sound masked by background noise, considering the masking effect. [8]
Statistics on road traffic accidents in recent years show that the number of traffic accidents
and fatalities related to battery-electric vehicles have increased to a certain degree [9,10].
The frequent occurrences of traffic accidents involving battery-electric vehicles, especially
battery-electric taxis, are caused by multiple factors. In addition to their increasing en-
try onto the market, battery-electric taxis have different speed parameter distribution
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characteristics compared with other conventional taxis and private cars, as well as the
objective factors, such as unreasonable traffic design and the unscientific development of
the road traffic environment. In particular, the overall great mass of battery-electric taxis
significantly reduces their safety features.

Previous research mainly focuses on the impacts of battery power fire and high-
voltage electric shock on the usage safety of battery-electric vehicles. The research on the
operating safety of battery-electric vehicles from the perspective of speed parameters is
lacking [11-13]. Cao [14] studied the safety of the electric vehicle power system and the
vehicle as a whole, and established an evaluation method for the safety of the electric
vehicle power system. The research provided a basis for improving the safety of electric
vehicles. Abdurahim Mukiyt et al. [15] established an electric vehicle safety evaluation
index system with braking safety, driving and steering safety, battery safety, electrical
safety, and auxiliary system safety as the secondary indicators, and evaluated the safety of
electric vehicles by using a fuzzy-analytic hierarchy process and an expert-scoring weight
calculation method. Zhang [16] developed a comprehensive evaluation model for battery-
electric vehicles using a hierarchical analysis with power and economy as the evaluation
objectives. The cell-to-cell variations in battery power may lead to battery failure and cause
safety problems. Lu [17] proposed a method to assess inter-cell variation in lithiumion
batteries based on charging cloud data. In addition, Concha [18] studied the effect of the
magnetic field of electric vehicle batteries on passengers. Zhu [19] investigated real-time
battery thermal management strategies for vehicles, presenting a detailed assessment of
the most common reaction mechanisms, identifying differences between each in terms of
decomposition and formation reactions.

Letty [20] proposed that driving speed is an important factor affecting road safety.
Hence, in order to promote the development of urban traffic and to ensure the safety
and smooth travel of the public [21], it is necessary to perform an evaluation of the
operating safety of battery-electric taxis based on the speed parameters. The battery-
electric taxis, as an important part of public transportation, are critical for enhancing traffic
safety. The research results can provide technical support for making urban traffic safety
countermeasures and driving behavior management policies.

To evaluate the operating safety of electrical taxis from the perspective of speed fac-
tors, six tasks have been conducted and performed. Section 1 introduces the background,
significance, and relevant literature review. In Sections 2 and 3, the speed characteristics
of battery-electric taxis based on GPS data and radar gun data are analyzed. In Section 4,
15 indicators and a MEW-VIKOR evaluation method are developed to assess the operating
safety of battery-electric taxis. Considering the ranking results of battery-electric taxis,
conventional taxis, and private cars, Section 5 proposes a further investigation that exam-
ines the collision between the electrical taxis and pedestrians with an assumed speed that
has been shown to comprehensivly address the safety issue of the electrical taxi. The last
section of the paper is the conclusion, which mainly describes the main conclusions and
research findings.

2. Speed Characteristics of Battery-Electric Taxis Based on GPS Data

In order to obtain the driving features and speed characteristics of battery-electric taxis,
140 battery-electric taxi drivers were selected and on-board GPS devices were installed
in the battery-electric taxis. In January 2019, the speed and location information of the
battery-electric taxis were collected. At the same time, the GPS trajectory data from
conventional taxis were also collected; the conventional taxi in the research refers to the
internal combustion taxi. The data formats are shown in Table 1.
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Table 1. GPS data structure of battery-electric taxis.
INDEX DATE TIME LATITUDE N/S LONGITUDE E/W HEIGHT SPEED HEADING

6110 190122 6 22.600058N 113.843754E 14 52.5 155

57378 190122 144655 22.520761N 113.913791E -4 0 297

88795 190122 235951 22.546731N 114.091021E 12 49.5 179

252237 190125 0 22.598066N 114.302528E 10 4.3 228

252773 190125 1034 22.582491IN 114.249229E 33 68.8 310
Note: The data were obtained from the trajectories of taxis.

According to the collected data, the starting performance, braking performance, and
operating characteristics of the battery-electric taxi on the weekdays and weekends were
analyzed from the perspectives of acceleration, deceleration, and travel speed.

The mean acceleration and deceleration characteristics of battery-electric taxis on
weekdays and weekends are shown in Figure 1. According to Figure 1, the average
acceleration and deceleration values of battery-electric taxis are significantly higher than
those of conventional taxis during both weekdays and weekends, regardless of off-peak
hours and peak hours, indicating that the operating stability of battery-electric taxis is poor.

M Battery electric taxi on weekdays
M Battery electric taxi on weekdays W Battery electric taxi on weekends
16 £ M Battery electric taxi on weekends Internal combustion taxi on weekdays
:,\n; 14 F Internal combustiontaxi on weekdays bs) - Internal combustion taxi on weekends
5 12 - Internal combustion taxi on weekends E .
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g 04 g 3
§ 02 ="
= 00 >
Off-peak Morning peak Evening peak - ) ] >
Statistical period Off-peak Morning peak  Evening peak

Statistical period

(a) (b)

Figure 1. Comparison of acceleration and deceleration characteristics between battery-electric taxis and conventional taxis.
(a) Acceleration characteristics; (b) Deceleration characteristics.

The operating speed characteristics of battery-electric taxis and conventional taxis
on weekdays and weekends were compared and analyzed, and the results are shown in
Table 2. Table 2 shows that on both weekdays and weekends, regardless of off-peak hours
and peak hours, the average speed and variance of battery-electric taxis were significantly
higher than that of conventional taxis, indicating the aggressive driving behavior induced
by the acceleration and deceleration characteristics of battery-electric taxis.

Table 2. Operating speed characteristics of battery-electric taxis and conventional taxis (km/h).

Battery-Electric Taxi Conventional Taxi
Operating Speed Weekdays Weekends Weekdays Weekends
Mean Variance Mean Variance Mean Variance Mean Variance
Off-peak 60.57 611.12 60.57 611.12 20.38 54.47 19.44 33.96
Morning peak 54.55 429.46 54.55 429.46 19.86 62.97 17.92 45.58
Evening peak 45.86 701.60 45.86 701.60 20.08 30.19 19.34 28.09

Note: The data are obtained from the trajectories of taxis.
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3. Speed Characteristics of Battery-Electric Taxis Based on Radar Gun Data

To further analyze the space-speed characteristics of battery-electric taxis, a total of eight
roads, including three major arterial roads, three minor arterial roads, and two local roads
were selected, and eight speed observation points were set up to collect the instantaneous
speed of battery-electric taxis and private cars by using the handheld radar gun [22]. The
locations of the investigated road sections and observation points are shown in Figure 2.
According to the collected instantaneous speed of the vehicles, the speed characteristics
of battery-electric taxis and private cars were analyzed according to the indicators of road
grade and speed limit. The results are shown in Table 3.

Shennan Boulevard
60km/h . .
Huagiang South Road
FuhuaRoad1 @ 60km/h
40km/h . 30km/h

Futian Center Road 4
Fuhua Road 3 .

50km/h
. Binhe Boulevard
110km/h
Fumin Road @ Major arterial road
S0km/h Minor arterial road
Huanggang Park Street Local road
30km/h

@ Speed observation point

Figure 2. The location of the speed observation points.

Table 3. Speed characteristics of battery-electric taxis and private cars based on radar gun data.

Battery-Electric Taxi Private Car
Limit Speed
Road Grade (km/h) Speed Mean Speeding Speeding Speed Mean Speeding Speeding
Sample Speed Sample Ratio (%) Sample Speed Sample Ratio (%)
road 60 136 52.64 19 13.97 176 56.64 22 12.50
Minor arterial 50 175 38.13 13 743 119 38.55 12 10.08
road 40 37 32.76 0 0 83 35 20 24.10
Local road 30 94 28.20 31 3298 96 30.79 43 44.79
Total / 617 / 63 10.21 699 / 97 13.88

Note: The data are obtained from the radar gun survey.

A total of 617 speed samples of battery-electric vehicles were obtained, of which the
speeding samples accounted for 10.21%. In addition, there were 699 private car speed
samples, of which the speeding samples accounted for 13.88%. A comparison of the
measured average speed of battery-electric taxis and private cars under different speed
limits is shown in Figure 3a, and a comparative analysis of the speeding extent is shown
in Figure 3b. It can be seen in Figure 3 that the measured average speed of battery-electric
taxis is greater than that of the private cars at the condition of a speed limit higher than
100 km/h. As shown in Table 3, in order to maximize the profitability, the percentage of
speeding battery-electric taxis on urban roads varies from 7.43% to 32.98%, whereas the
speeding ratio of the private cars on local roads is 44.79%. The speeding phenomenon on
local roads is more serious than that on major arteries and minor arterial roads. Due to the
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lack of traffic signage, monitoring equipment, and supervision, the proportion of speeding
vehicles on local roads is more than 30%. By comparing the speeds that are over the speed
limit, it can be found that the speeding extent of battery-electric vehicles is greater.
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Figure 3. Comparison analyses of measured speeds. (a) Comparison analysis of measured mean speeds; (b) Comparison
analysis of speeding extent.

4. A Method for the Operating Safety Assessment of Battery-Electric Taxis

Based on the speed parameters, combined with the time and space characteristics, the
operating safety evaluation index system of battery-electric taxis is proposed, as shown
in Figure 4. The proposed index system includes six temporal-speed indicators and nine
spatial-speed indicators. The temporal-related indicators include the average operating
speed, acceleration, and deceleration on weekdays and weekends. The spatial-speed
indicators include instantaneous speed, speeding ratio, and speeding ratio on major arterial
roads, minor arterial roads, and local roads.

Wehicle
operational safety
Time Space
. ] . Major Mmor Local
ey Wiesends arterial road arterial road road
Operation . . Instantaneous Speeding
apecd Acceleration Deceleration pocil et

Figure 4. Operating safety evaluation index system of battery-electric taxis based on speed parameters.

To obtain an effective assessment result, the multi-attribute decision making (MADM)
methods [23] are adopted as a framework to account for the impacts of the proposed
15 speed parameters. Among the MADM methods, the most commonly used methods are
based on the assumption that an aggregating function indicates the closeness to the ideal,
such as TOPSIS methods and VIKOR methods [24,25].

The basic idea of the TOPSIS (Technique for Order Preference by Similarity to an
Ideal Object) methods is comparing the similarity of each evaluation object to the ideal
and anti-ideal objects. On the other hand, the VIKOR (VIsekriterijumsko KOmpromisno
Rangiranjie) methods have been proposed to provide solutions to discrete multiple impact
factors that include conflicting, contradicting, and non-commensurable impact factors.
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In the research, since the speed parameters of vehicles are not commensurable, the
VIKOR methods [26,27] are adopted to rank the safety performances of battery-electric taxis,
conventional taxis, and private cars with 15 speed parameters. To account for the impacts
and influence of temporal-speed parameters and spatial-speed parameters, simultaneously,
based on the VIKOR methods, a multi-layer entropy-weighted VIKOR (MEW-VIKOR)
method is employed to evaluate the safety performances of the electric taxis [28].

Supposing the set of speed parameters is C = {c1, ¢, ..., ¢}, then the normalized
decision matrix can be represented as:

Cij
Xij = ——— )
n 2
¥ (cij)
i=1
X11 X120 Xim
X1 X22 - Xom
D= ()
Xnl Xp2 - Xpn

where c;; is the value of jth speed parameter for the ith type of vehicles, i=1,2,... ,n;j=1,
2,...,mand x;; is the normalized value of Cij-

The entropy-weighted (EW) method is used to calculate the weight of each speed
parameter to overcome the weakness of the VIKOR method, which uses the subjective
weight values [29]. The information entropy weight of the jth speed parameter of the
developed entropy-weighted VIKOR (MEW-VIKOR) can be calculated as:

1 n
T+ malei
1

wj =

®)

Ite

n

]

where 7 is the number of vehicles, ¢;; is the information entropy of jth speed parameter for
the ith type of vehicles. The ¢;; can be calculated as:

Xjj Xjj
eij = 51— In(—-1-) 4)
LoXij L X
i=1 i=1
The utility index and regret measurements for all vehicles can be calculated as:
m
Ui =) wj(xf —xij)/(x] —x;) 5)
j=1
R; = max[;(x] — ) (x] — x7)] ©

]

where U is the utility indicator; R; is the regret indicator; x]-* is the ideal object, xj* = max;
xjj; xj- is the negative object, x;- = min; x;;.

Let U* = min; U;, U- = max; U;, R* = min; R;, R- = max; R;, the EW-VIKOR indicator
of safety of the ith type of vehicles can be calculated as follows:

P,=1—a(U; —U")/(U" —U")+ (1—a)(R; — R*)/(R™ — R*) @)

where « is a weight for the group solution of maximum utility, whereas 1 — « is the weight
of each regret, here o« = 0.5.

The greater value of P; indicates the more dangerous condition In other words, the
evaluated vehicles can be ordered and arranged by the value of P;. When P; =1, the vehicle
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is the most unsafe and dangerous, and more countermeasures and policies should be
proposed and implemented for safety improvements. Otherwise, if P; = 0, the vehicle is the
safest and some strategies and policy methods should be given attention to ensure that the
vehicles operating condition stays at a certain level.

To comprehensively address the safety issues of the electrical taxi, especially the
collision with pedestrians, an assumption of a collision with an assumed speed is conducted
after the safety evaluation and ranking.

5. Empirical Research

Combined with the GPS trajectory data and measured data from the handheld radar
guns, 15 speed indicators were collected in both time and space dimensions to rank the
operating safety of battery-electric taxis. Based on the proposed operating safety evaluation
method, the operating safety of battery-electric taxis, conventional taxis, and private
cars are ranked. The ranking results show that the score of battery-electric taxis is 0.62,
conventional taxis is 0.50, and private cars is 0.14. Based on the speed parameters, the
risk of battery-electric taxis is the highest, followed by the conventional taxis, and the last
being the private cars. Taxi drivers are often characterised by unsafe driving behaviors in
terms of speed control, due to their familiarity with road conditions and the presence of
overlong driving hours. Although the score of the conventional taxi is lower than that of
the battery-electric taxi, showing a certain degree of safety, the difference in the ranking
results is not significant.

Using the speed—distance formula, incorporated with the calculated average decelera-
tion parameters, the braking distance(m) is calculated under different speed conditions,
as shown in Figure 5. It can be seen from Figure 5, at a driving speed of 40 km/h, the
battery-electric taxi needs 46.83 m to 55.51 m to stop, at a driving speed of 60 km/h, the
braking distance of the battery-electric taxi is 105.38 m to 124.90 m, and when the driving
speed is 80 km/h, the braking distance of the battery-electric taxi is 187.34 m to 222.04 m.
With the increase in speed, the braking distance will increase at a higher rate.

1400 &
1200 }
g
N
o 1000 |
Q
5
$ 800
o
s 600 |
.8
4
s 400 |
M
200 |
0 1 1 1 I :I
0 0.5 1 1.5 2 25

Absolute value of deceleration (m/s?)

Figure 5. The relationship between the braking distance and the braking deceleration of the battery-
electric taxis.

Collision kinetic theorem is a classical topic in road safety research [30,31]. In order
to further analyze the braking performance and safety of battery-electric taxis, combined
with the formula of kinetic energy theorem, the collision kinetic energy of adult men with
a certain mass when they are hit by battery-electric taxis under different speed conditions
is analyzed. The calculation formula is: E = m-Av?.

Assume that the mass of the adult male is m = 75 kg, Av = V0 — Uyepicie, and take
the direction of the person flying out as the positive direction. Considering that before the
vehicle hits the person, the person stands in front of the vehicle. When the vehicle hits the
person, the impacted person will fly out in the positive direction at the speed of vy, thus
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the speed variation Av of the entire impact process is equal to the fly out speed vy, minus
the speed of the person relative to the vehicle. That is, from the driving speed of the vehicle
Uyenicle, SUbstituted into the formula of kinetic energy change, the collision kinetic energy
under different speeds can be obtained. Assuming that the person is hit and flies out at a
speed of 20 km/h, the calculation results are shown in Table 4.

Table 4. Comparison of collision kinetic energy and external forces of battery-electric taxi at a
given speed.

Given Speed
Results
40 km/h 60 km/h 80 km/h
Collision kinetic energy (k]) 20.83 37.04 57.87
Collision force (kN) 6.25 8.33 10.42

The severity of injury was measured by the external force of the human body. Accord-
ing to exploratory experiments conducted on various subjects, a person on a rollercoaster
experiences about 6 g of pressure, but for a short duration. A fighter pilot in a compression
suit can withstand 8 or 9 g of pressure. In contrast, the force of eight gravitation accelera-
tions is enough to kill an unprotected pedestrian. Based on the above considerations, using
the formula of Newton'’s second law under different speed conditions: F = m-a. Assume
that the contact time between the person and the battery-electric taxi is 0.2 s and that the
person will fly out at 20 km /h after being hit; Table 4 shows the comparative analysis of
the external impact (KN) of an adult man with m =75 kg. It can be seen from Table 4 that
when a battery-electric taxi hits a pedestrian at a speed of 40 km/h, the acceleration value
has exceeded what the human body can withstand, thus making it easy to cause a fatal
accident. This is also an important reason as to why accidents involving battery-electric
taxis have a higher fatality rate.

6. Conclusions

The battery-electric taxis have a large mass, low operating noise, and a higher speed.
Meanwhile, the drivers have an extensive educational background and low safety aware-
ness, which leads to more safety risks. In this paper, the driving and speed characteristics
of battery-electric taxis, conventional taxis, and private cars were compared and analyzed
through conducting a GPS trajectory survey and a cross-section traffic flow parameter sur-
vey. An evaluation index system based on spatio-temporal speed parameters is proposed,
and the MEW-VIKOR safety evaluation method for the operating safety of battery-electric
taxis is developed. The research results show that the operating speed of battery-electric
taxis is significantly higher than that of conventional taxis on weekdays and weekends, and
there is a relatively common speeding phenomenon on urban local roads. The proposed
safety evaluation index system that is based on the spatio-temporal parameters and the
MEW-VIKOR evaluation method can effectively evaluate the operating safety of battery-
electric taxis. In addition, the ranking results show that, based on the spatio-temporal speed
parameters, the operating safety of battery-electric taxis is lower than that of conventional
taxis and private cars.

Based on the analyses of the operating speed of battery-electric taxis, it is clear that
the speeding phenomenon is common, expecially on the local roads. In order to ensure
traffic safety, create a good traffic environment, and build a better traffic order, according
to the ideas and principles of speed limits for medium and large trucks in the United States
and TianJin, it is recommended that a separate speed limit should be imposed for the
battery-electric taxis at night (10:00 p.m.-7:00 a.m. of the next day) in the accident-prone
areas. This will improve the vigilance and awareness of taxi drivers, reduce the likelihood
and severity of accidents, and mitigate the safety risks.

Limited by the data and methodologies, only the operating safety of the electrical
taxis was analyzed in the research. In the future, with more data, such as the driving
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characteristics, and more sophisticated modeling approaches, the safety evaluation of
battery-electrical vehicles should be comprehensively performed and investigated.
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