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Abstract: Purchase intention is the key to popularizing battery electric vehicles (BEVs) and to
developing the industry. This study combines classical theoretical and qualitative research, and
applies fault tree analysis (FTA) methods to study factors that hinder BEV purchase, and identify
the logical relationship between top fault events and basic events, by calculating minimal cut sets
and minimal path sets. Activity based classification analysis was used to investigate the key basic
event and key event combination (i.e., minimal cut sets) that hinders purchase intention, with the
effectiveness and feasibility of the proposed method verified by Monte Carlo simulation. The results
indicate (1) there were 26 minimal cut sets and 18 minimal path sets in the fault tree model, and the
fault tree was defined by four key event combinations and five key basic events; and (2) by reducing
key events’ failure probability, the probability of fault tree cumulative occurrence was reduced from
0.86021 to 0.57406 over 100,000 Monte Carlo simulations, i.e., the willingness to purchase BEVs was
significantly increased. Thus, the proposed FTA method was feasible and effective for addressing
low purchase intentions. Consequently, some policy implications are suggested.

Keywords: battery electric vehicles; purchase intention; fault tree analysis; Monte Carlo simulation;
ABC analysis

1. Introduction

The Paris Agreement came into effect on 4 November 2016 with the intention to limit global
temperature rise to less than 2 ◦C above pre-industrial levels [1]. The transportation sector is a major
oil consumer, and is one of the major sources of greenhouse gas and air pollutant emissions [2].
Carbon emission from vehicles has grown by 25% [3], and carbon emission from private cars now
exceeds that from freight [4]. China has become the largest car producer and seller in the world, and
is expected to maintain rapid growth such that by 2020, car ownership will exceed 200 million. Thus,
energy supply and demand contradictions and environmental pollution problems will only become
more prominent. China’s 13th Five Year period is important for low carbon energy transformation, and
the car industry will face more severe energy problems, environmental protection, and other issues.
To alleviate these problems, the development of clean, energy efficient cars must be a strong development
direction. Battery electric vehicles (BEVs) energy efficiency significantly exceeds traditional fuel vehicles,
particularly within cities, since BEVs are more suitable for low speed driving [5].

From an international perspective, the US Congress proposed the Electric Vehicle Development
Act in 2010 to invest $800 million for five pilot cities to provide consumer BEV subsidies and
infrastructure. The Japanese government has also promised to invest 21 billion yen by 2020 to
develop new large capacity BEV batteries. The EU issued the EU Future Energy: Green Paper on
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Renewable Energy, to promote BEV development in major European countries. In China, the 2015
National Development and Reform Commission issued the Electric Vehicle Charging Infrastructure
Development Guide, which proposed 12,000 charging stations and 4.8 million pieces of scattered
charging piles to meet the expected 5 million electric vehicles charging demand by 2020, along with
the Electric Vehicle Power Battery Recycling Technology Policy, which covered electric vehicle battery
design, production, recycling, and utilization with specific provisions.

Although many countries have developed policies to encourage BEV development, even with
policy support, energy savings, and environmental protection advantages, BEVs have not been favored
by consumers. Even in Norway, the BEV market leader, BEVs account for only approximately 2% of
the total national fleet [6]. Therefore, it is essential to investigate consumer willingness to purchase
BEVs. Factors that hinder purchase intention will be of great significance to the formulation of relevant
guidance policies.

Fault tree analysis (FTA) is a graphical deduction method that follows the principle of logical
deductive analysis to derive an event’s cause from the event results. The unwanted event is placed as
the fault tree top event, and logical OR and AND gates are used to analyze all possible direct causes
and logical relationships that lead to its occurrence. The tree is gradually deepened until the basic cause
of unwanted events can be defined, i.e., the basic event of the fault tree. FTA comprises qualitative
and quantitative levels to determine the root causes of system failure, where the quantitative level
is characterized by intuitive, clear, strong logic, and has been widely applied for aerospace, energy,
electricity, transportation, and other areas of fault diagnosis. It is recognized as a simple and effective
means of evaluating system reliability and safety. In this particular case, many factors could prevent
residents from buying BEVs. FTA can effectively identify the most critical factors, providing a sound
basis for formulating relevant policies and measures.

Many scholars have been exploring the impacts of BEV purchase intention factors using a variety of
methods, but FTA has rarely been applied. Therefore, the current study incorporates three innovations.

(1) Apply FTA from a micro-scale perspective, i.e., low willingness to purchase BEVs. Basic events
are deduced from the top event, and the minimal cut sets and minimal path sets are calculated, to
identify the logical relationship among these basic events.

(2) Apply Monte Carlo simulation and activity based classification (ABC) analysis to identify the
key combination (factor), sub-key combination (factor), and the general combination (factor)
for the minimal cut sets and basic events from the fault tree, providing quantitative priority
decisions for corresponding measures. The effectiveness and feasibility of the proposed method
was verified by Monte Carlo simulation by reducing the failure probability of key basic events
failure probabilities.

(3) Combining classical theoretical and qualitative research, maximization reduces the influence of
subjective factors on FTA and ensures reliability and universality of the final model.

Section 2 reviews BEV policy implementation, supporting facilities, and related attributes to
identify factors that hinder consumer BEV purchase. Section 3 constructs the fault tree, calculates
the minimal cut sets and minimal path sets, and provides the analytic expressions for the structural
and probability importance. Section 4 details the Monte Carlo simulation and analyzes the outcomes,
which are further discussed in Section 5. Section 6 provides our conclusions and suggests some
policy implications.

2. Literature Review

2.1. Policy Factors That Hinder BEV Purchase

There has been much research studying factors that hinder BEV purchase, with many significant
achievements. BEVs are a new type of automobile product, and their promotion is largely dependent
on government policy support. Zhang et al. [7] and Green et al. [8] showed that in the current market
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environment, unwillingness to purchase BEVs is mainly because residents do not understand electric
car policies. From an economic point of view, studies such as Lane and Potter [9], Aasness and
Odeck [10], Sierzchula et al. [11], and Hackbarth and Madlener [12] have shown that government
economic incentives can save significant money for BEVs users, and various tax incentives, loan policies,
and other economic stimulus policies have significantly affected purchase behavior. Lai et al. [13]
showed that, although China has introduced many incentives for BEV development, the policy is not
comprehensive and systematic, and the weak competitiveness of the policy environment is an important
factor that hinders BEV purchase. Franke and Krems [14] argued that low subsidy and tax incentives
had a negative impact on purchase intentions. Some non-fiscal policies’ effects are not obvious, such
as free parking and the use of special lanes [6,12,15]. Currently, the Chinese government provides
resident subsidies, purchase tax relief, and other one-time preferential policies only in the purchase
links, but preferential policies around purchase links usage are relatively backward [16]. In terms of
industrial development, charging facilities with unified charging interfaces are a prerequisite for BEV
promotion. Interface standardization is critical to ensure operational safety and interchangeability for
BEV charging [17]. The current randomness and intermittence of BEV charging results in disordered
charging and increases the load on the electricity network. Standardizing the charging interface and
information is essential for achieving efficient two-way interaction between the BEVs and the power
grid, promoting BEV development, and meeting the growing demand for BEVs [18]. China’s charging
facilities have not yet formed clear planning objectives, unified supervision policies, technical standards,
or standard operation procedures, resulting in lagging and uneven distribution of charging infrastructure,
which has become a significant obstacle to the promotion and popularization of BEVs.

2.2. Full Life Cycle Service Factors That Hinder BEV Purchase

BEV sales are currently not high, and imperfect supporting facilities are an important factor
restricting purchases [19]. Rezvani et al. [20] argued that BEVs have many technological differences
compared to traditional fuel vehicles, but the market lacks professional pre-sales consulting staff.
David [21] showed that potential consumers with a lower level of BEV knowledge had lower purchase
intention. In addition to the lack of professional pre-sale consulting services, the lack of a true BEV trial
drive also impacted purchase willingness, and practical experience of BEVs can enhance the degree of
understanding, changing previous negative views [22,23]. Most studies suggest that residents should
be provided with opportunities to experience BEVs, such as a trial drive, car sharing, etc., to improve
purchase willingness.

There is generally only a single purchase channel for BEVs, and there are less car insurance
options. Hence, residents perceive BEVs as having greater risk.

Barth et al. [24] showed that the low penetration rate of charging points seriously hinders purchase
willingness, mainly because installation of a private charging point is severely restricted and approval
procedures are extremely complex [25,26]. Compounding this, public charging points have long
installation periods, coupled with higher urban construction land acquisition costs, resulting in higher
installation costs and larger installation resistance [6]. A study by the National Renewable Energy
Laboratory showed that the penetration rate of charging points was low and 79% of US respondents
did not know of any charging stations, although 53% of respondents indicated that they could park
their vehicles near electrical outlets at home [27]. Hackbarth and Madlener [12] showed that BEV
battery endurance was lowered due to the lack of charging points and the development of battery
technology. This made it difficult to meet long distance travel requirements, and the owner generally
experienced mileage anxiety, further reducing their purchase intention [28].

BEVs are an emerging industry with significantly less repair and maintenance points than
conventional vehicles. Diverse BEV models have different maintenance techniques, which increases
maintenance difficulty and hence cost [29]. Residents perceive that once a problem occurs, it will be
difficult to get BEVs quickly repaired.
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Xiao and Li [30] believe that the annual inspection of BEV battery systems is very complex.
The factory has already performed puncture, wading, and other tests, but these tests are not suitable
for the annual inspection, and the battery aging problem has become increasingly prominent, further
increasing the difficulty of the annual inspection and affecting purchase intention.

2.3. Attribute Factors That Hinder BEV Purchase Intention

Certain BEV attributes greatly hinder purchase intention [31].

(1) Cost. Rezvani et al. [20], Lieven et al. [32], and Adepetu and Keshav [33] showed that compared
to the same level of fuel vehicles, BEV’s higher acquisition cost was a major factor hindering
purchase. Furthermore, repair (once a problem occurred) and maintenance costs were higher.
Jensen et al. [22] showed that BEVs were generally considered to have three shortcomings: high
acquisition cost, long charging time, and limited mileage. More than 51% of residents consider
the higher BEV price as the main obstacle for purchase. Caulfield et al. [34], and Caperello and
Kurani [35] showed that BEV purchase and operating costs were the most important factors
for residents. Li [36] proposed that the key factors restricting China‘s BEVs industry was still
the high cost of BEV purchase, coupled with low market acceptance and government subsidies.
Ye and Zhou [37] reached the same conclusion, and showed that in addition to the high purchase
cost, residents were also concerned about security risks due to immature BEV technology and the
high cost of battery replacement. Singer (2015) surveyed 1015 households in the US and showed
that although 45% of respondents believed that BEVs were as good as or better than gasoline
vehicles, respondents who did not consider buying BEVs considered the expensive price (55%)
and unreliable technology (31%) as the two major factors hindering their purchase decision [27].

(2) Dynamic performance. BEV purchase intention is still relatively conservative, with residents
mainly concerned about performance and cognitive factors. Hackbarth and Madlener [12]
showed that battery endurance was one of the main technical factors affecting BEV use. Egbue
and Long [38] showed that battery endurance was more of a concern for residents than cost.
Battery technology constraints means that battery endurance is low, approximately 100–300 km,
which does not meet residents’ long distance travel requirements, and battery life is quite short.
Meanwhile, BEVs would need to travel 300 miles for a majority of US consumers (56%) to
consider purchasing them [27]. These factors significantly reduce BEV market acceptance [39].
Michael et al. [40], and Glerum et al. [41] showed that immature battery technology meant
less charge points and longer charge times. Thus, residents were concerned that BEVs could
not be quickly charged, affecting daily work and life, or could not meet long distance travel
requirements [28]. Lieven et al. [32] showed that residents were mainly concerned with BEVs
purchase price, driving distance, engine performance, vehicle durability, convenience, and
environmental impact. Ewing and Sarigöllü [42] showed that some residents were concerned
that BEVs speed and performance could not meet their needs.

(3) Hardware facilities. With increasing resident incomes, more cars are being purchased by the
public. Residents consider more than just the initial price, including quality, brand, after sales
service, appearance, style, comfort, and other issues. Graham et al. [29] surveyed 40 UK BEV
owners and found that some owners were embarrassed because of the vehicle appearance or poor
performance. Brownstone et al. [43] showed that the size of the car’s luggage compartment was
an important consideration for household cars. Deloitte Consulting showed that for the United
States, BEV reliability is one of the most important factors that residents consider. Residents are
most concerned about BEV battery issues, mainly including charging, lifetime, driving range, and
maintenance, which are also the biggest obstacles in the BEV market. Skippon and Garwood [26]
and Lieven et al. [32] showed that residents were more concerned with BEV reliability and safety,
such as structural design, materials used in collision sites, safety equipment, etc.
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Residents’ BEV purchase behavior is a type of consumption behavior. Therefore, consumer
behavior theory is the main theoretical basis for studying residents’ motives for green consumption.
The current study considers six typical theories and models on the formation process and influencing
factors of individual consumption behavior: reasoned action [44], planned behavior [45], attitude
context behavior [46], responsible environmental behavior [47], environmental value attitude system
model [48], and interpersonal behavior [49].

Reviewing consumer behavior choice theory, we found that there was currently no relevant
behavior theory. BEV purchase, with planned behavior, attitude context behavior, and other related
behavior theories only cover general individual behaviors. Definitions of factors influencing individual
behaviors are not consistent between the different behavioral theories. Thus, existing behavior theories
cannot fully explain individual green consumer behavior, and a specific green consumption behavior
comprehensive theoretical model should be constructed based on general behavior theory to study the
driving mechanisms for green consumption behavior.

Therefore, the current study differs from previous behavioral economics studies as follows.
(1) Existing literature regarding the definition of factors affecting specific green consumption behavior
is not consistent. Most scholars have studied only the direct impact of each factor on green consumption
behavior, and rarely considered interactions between the factors. In particular, few studies have
focused on key factors or combinations of obstacles to BEV purchase. (2) The current paper combined
qualitative and quantitative research to construct a fault tree for low BEV purchase willingness, and
analyzed the key factors that hindered BEV purchase. Logical relationships between basic events
and the occurrence mode and root cause of the fault tree are discussed. Monte Carlo simulation and
ABC analysis identified the fault tree key factors and combinations, and verified the effectiveness and
feasibility of this method in reducing the failure probability of key basic events. This study provides a
new basis for management assistance.

3. Research Methodology

3.1. Fault Tree Construction

3.1.1. Research Method

Grounded theory is an exploratory method, and one of the most influential research paradigms
in social science. It stands at the forefront of the qualitative research revolution, providing not only
validation for previous theories, but also extracts new concepts from the bottom up in the analysis of
materials, and perfect classical theory to complement each other [50,51].

Our previous field survey showed that many people are not consistent in their understanding of
BEV, or misunderstand the survey. Thus, difference structured questionnaires may not be effective
for large sample quantification studies. Therefore, this paper used an unstructured questionnaire, i.e.,
an open questionnaire, based on the exploratory qualitative research method of grounded theory to
conduct one-on-one in-depth interviews with representative urban residents. Grounded theory steps
include open, axial, and selective coding [52].

3.1.2. Sample Selection

This study used the method of theoretical sampling, and the first process of qualitative research is
data collection, which was in-depth interviews with representative urban residents. Since the interview
dialogue was the main data source, interviewee choice was somewhat cautious, requiring participants
to have a certain understanding of BEVs. Thus, interviewees were limited to residents who wished
to purchase, or already owned, a private car. They were all active middle aged or young people.
The number of interviewees was based on theoretical saturation, using the concept of continuous
comparison in the data analysis process, constantly refining and correcting the theory until saturation
was achieved, i.e., if a new sample provided no new important information, sample acquisition
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extraction can be stopped. Thus, we selected 32 interviewees from Beijing, Shanghai, and Jiangsu,
as summarized in Table 1. During the in-depth interviews, two respondents chose to leave halfway
(after 27 and 19 min, respectively). The remaining 30 interviewees were interviewed for approximately
1 h, to provide sufficient time for the interviewee to consider the questions and provide thoughtful
answers. Interviewers established a participatory dialogue, to guide the interview from their own
point of view that focused on the interview content.

Table 1. Basic interviewee information.

Number Percentage

City
Beijing 9 30.0%

Shanghai 10 33.3%
Jiangsu 11 36.7%

Interview
method

face-to-face interview 15 50.0%
online interview 15 50.0%

Gender
Male 16 53.3%

Female 14 46.7%

Age
20–30 11 36.7%
31–45 14 46.7%

Over 45 5 16.6%

Household
income level

monthly (Yuan)

<5000 7 23.3%
5000–10,000 13 43.3%

10,000–30,000 8 26.7%
>30,000 2 6.7%

Occupation
Education, scientific research, or professional technicians 14 46.7%

Government institutions or state owned enterprises 6 20.0%
Business, service, sales, and individual operators 10 33.3%

Private car
ownership

0 7 23.3%
1 15 50.0%

2 or more 8 26.7%

To ensure the data was comprehensive and effective, all the interviews were completed
independently by the author, using face-to-face and online interviews (see Table 1). The open interview
outline design is summarized in Table 2. The specific interview content was adjusted according to the
actual situation, but influencing factors for the interviewee’s willingness to purchase a BEV was the
constant focus. Detailed inquiries from different angles were made during the interview according to
real time conditions.

Table 2. Open interview outline.

Interview Topics Main Content Outline

BEV knowledge Do you know BEVs?
What benefits do you think BEVs could bring to your life?

Attitude toward
BEV purchase

Have your family, friends, or colleagues purchased BEVs? What was the purchase motive?
Would you like to buy a BEV? What is the main reason?
Do you support China to implement more measures to encourage individuals to buy BEVs?

Factors affecting
BEV purchase

What factors do you think would encourage you to buy a BEV?
What do you think is the main obstacle to you purchasing a BEV?
What measures do you think could be taken to enhance BEV purchase willingness?

All interviews were recorded, with the consent of the interviewee. Once all interviews
were complete, we sorted the recordings and established approximately 50,000 interview words.
We randomly selected 2/3 of the interview records (20 copies) for grounded coding analysis, with the
remaining 1/3 (10 copies) used for saturation testing. To ensure reliability and validity, the procedure
was strictly based on Strauss and Corbin’s grounded coding technology. To avoid coders’ personal
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bias influencing the coding results, and to improve coding objectivity, a combination of personal and
Delphi method coding was employed [53].

Glaser and Strauss (1967) proposed the theoretical saturation standard to determine whether
sampling for a particular category was saturated [52]. Saturation means that no more information
can be found relevant to the category characteristics. Saturation tests were performed on the reserved
interview records (10 copies), and showed that the model categories were well developed. No new
category or relationship within the main category hindered consumers from purchasing BEVs, and
no new constituent factors were formed within the main category. Therefore, the grounded theory
analysis was theoretically saturated.

In Section 2 we reviewed a large number of representative relevant literature studies to
explore factors that hinder BEV purchase, and defined three main categories and 18 sub-categories.
Yue et al. [54] and Elnakat and Gomez [55] used similar research methods for sample selection.
The interview results were consistent with the literature research, which validates that the results of
the grounded theory are reliable.

After processing the interview records and showing theoretical saturation, 30 samples were
analyzed based on grounded theory to establish the preliminary model. The interviews showed that
obstacles to BEV purchase were mainly concentrated in the following three areas.

(1) Construction of charging facilities is very slow.
(2) BEV attributes need to be optimized.
(3) Policy supervision is poor, and particularly the charging interface standard for public charging

points is not unified. The various enterprises use their own charging interface standards, resulting
in non-universal BEV brand charging interfaces, and it is difficult to unify public charging facilities
across a large area, causing distress to the residents. They hope the government can implement
unified charging interface specifications and standards. Therefore, this paper proposes that
“different BEV brand charging interfaces are inconsistent” for the fault tree model.

Figure 1 shows the proposed fault tree model, integrating previous research (Section 2) with the
current findings.
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Figure 1. Proposed fault tree model.

3.2. Qualitative Analysis

3.2.1. Minimal Cut Sets

Let the fault tree structure function be T(x); and X = {X1, X2, X3 . . . Xn} be an n-dimensional state
vector, where Xi is the state vector of the i-th basic event, and n is the total number of basic events.
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Let
{

Xj1, Xj2, . . . Xjn
}
∈ X, j = 1, 2, 3, . . . be the cut sets of a fault tree, where Xj1 = Xj2 = . . . =

Xjn = 1, T(x) = 1, i.e., when all the basic events occur in any cut sets, the top event will occur. If the
basic event contained in a cut set is arbitrarily removed, the set is no longer a cut set, and is called the
minimal cut set (MCS). The total number of MCS is denoted by K.

The Boolean expression for the fault tree in Figure 1 is

T(x) = (X2 + X3)× (X4 + X5) + X1 × (X6 + X7)× (X8 + X9 + X10) + (X11 + X12)

×(X13 + X14)× (X15 + X16 + X17 + X18)
(1)

and there are 26 minimal cut sets, as shown in Table 3, each representing a basic event combination
that hinders residents from purchasing BEVs.

Table 3. Minimal cut sets of the fault tree.

Minimal Cut Sets

Policy factor K7 = {X2, X4}, K8 = {X2, X5}, K9 = {X3, X4}, K10 = {X3, X5}
Full life cycle
service factor

K1 = {X1, X6, X8}, K2 = {X1, X6, X9}, K3 = {X1, X6, X10},
K4 = {X1, X7, X8}, K5 = {X1, X7, X9}, K6 = {X1, X7, X10}

Attribute factor

K11 = {X11, X13, X15}, K12 = {X11, X13, X16}, K13 = {X11, X13, X17},
K14 = {X11, X13, X18}, K15 = {X11, X14, X15}, K16 = {X11, X14, X16},
K17 = {X11, X14, X17}, K18 = {X11, X14, X18}, K19 = {X12, X13, X15},
K20 = {X12, X13, X16}, K21 = {X12, X13, X17}, K22 = {X12, X13, X18},
K23 = {X12, X14, X15}, K24 = {X12, X14, X16}, K25 = {X12, X14, X17},

K26 = {X12, X14, X18}

3.2.2. Minimal Path Sets

We define the minimal path set (MPS) of fault trees, where the total number of MPS is denoted by
P. The Boolean expression of the successful tree is

T(x)
′ =

(
X2 × X3

)
+

(
X4 × X5

)
× X1 +

(
X6 × X7

)
+

(
X8 × X9 × X10

)
×(X11 × X12) +

(
X13 × X14

)
+

(
X15 × X16 × X17 × X18

) (2)

and the MPS of the successful tree is

P1 = {X1, X2, X3, X11, X12}, P2 = {X1, X2, X3, X13, X14}

P3 = {X1, X2, X3, X15, X16, X17, X18}, P4 = {X1, X4, X5, X11, X12}

P5 = {X1, X4, X5, X13, X14}, P6 = {X1, X4, X5, X15, X16, X17, X18}

P7 = {X2, X3, X6, X7, X11, X12}, P8 = {X2, X3, X6, X7, X13, X14}

P9 = {X4, X5, X6, X7, X13, X14}, P10 = {X4, X5, X6, X7, X11, X12}

P11 = {X2, X3, X8, X9, X10, X11, X12}, P12 = {X4, X5, X8, X9, X10, X13, X14}

P13 = {X4, X5, X8, X9, X10, X11, X12}, P14 = {X2, X3, X8, X9, X10, X13, X14}

P15 = {X4, X5, X6, X7, X15, X16, X17, X18}, P16 = {X2, X3, X6, X7, X15, X16, X17, X18}

P17 = {X2, X3, X8, X9, X10, X15, X16, X17, X18}

P18 = {X4, X5, X8, X9, X10, X15, X16, X17, X18}

The fault tree has 18 MPSs, indicating that there are 18 types of programs that can be used if
the top event occurs. P1, P2, P4, and P5 are composed of five basic events, representing the shortest
path to enhance resident willingness to buy BEVs. P17 and P18 are composed of nine basic events,



Sustainability 2017, 9, 809 9 of 20

which is difficult to control. However, one of the five basic events relates to BEVs attributes (technical
bottlenecks). If this were overcome, the control difficulty would be significantly reduced.

3.3. Quantitative Analysis

To calculate the fault tree, we assume that (1) the basic events are independent of each other, and
(2) only two states–occurred or not, are considered in both basic events and the top event.

Importance is an important index of fault tree analysis, and is divided into structural importance
degree and probability importance degree. The structural importance degree represents the magnitude
of the impact of the basic event in the position of the fault tree. The probability importance degree
represents the impact of the probability of occurrence of a basic event on the top event.

The structural importance degree is

I∅(i) =
1

2n−1 ∑[∅(1i, X)−∅(0i, X)] (3)

where I∅(i) is the structural importance degree of the i-th basic event, and n is the number of basic
events contained in the system.

The probability importance degree is

Ig(i) =
∂p(T)

∂qi
(4)

where p(T) is the top event occurrence probability, and qi is the probability of occurrence of the i-th
basic event.

4. Monte Carlo Simulation of the Fault Tree

Monte Carlo simulation is a numerical method based on probabilistic mathematical statistics
theory, using statistical experiments and stochastic simulation of random variables to solve
approximate solutions of mathematical, physical, and engineering problems. The Monte Carlo method
is used for computer simulations, which can not only deal with a large amount of data quickly, but
also avoids subjective data, which improves the objectivity of the results.

4.1. System Description and Simulation Process

The MCSs of policy, full life cycle service, and attribute factors in the fault tree were calculated
following Equation (1). Let S be the system, Zij(i = 1, 2, 3, 4; j = 1, 2) be the j-th event of the i-th MCS
that causes the policy factor to fail, and Pij(i = 1, 2, . . . , 6; j = 1, 2, 3) be the j-th event of the i-th minimal
cut set that causes the full life cycle service factor to fail, then Sij(i = 1, 2, . . . , 16; j = 1, 2, 3) represents
the j-th event of the i-th MCS that causes the attribute factor to fail, and X(K) is the state vector of the
basic event in the k-th run of the system,

• X(K) = 0, the basic event does not occur during the k-th run,

• X(K) = 1, the basic event occurs during the k-th run.

F(K) represents the state vector of the top event in the k-th run of the system,

• F(K) = 0, the top event does not occur during the k-th run;

• F(K) = 1, the top event occurs during the k-th run.

where F(K) is determined by X(K).
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Let N be the number of simulations of the system, then TZij(i = 1, 2, 3, 4; j = 1, 2) represents the
number of occurrences of the j-th event of the i-th minimal cut set that causes the policy factor to fail,
TPij(i = 1, 2, . . . , 6; j = 1, 2, 3) represents the number of occurrences of the j-th event of the i-th minimal
cut set that causes the full life cycle service factor to fail, and TSij(i = 1, 2, . . . , 16; j = 1, 2, 3) represents
the number of occurrences of the j-th event of the i-th minimal cut set that causes the attribute factor
to fail.

The failure simulation process is described in Figure 2.
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Assuming that each basic event is uniformly distributed, the simulation results obtained by the
Monte Carlo simulation (100,000 cycles) are shown in Figure 3.
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To quantitatively identify the key factors that hinder BEV purchase intention, i.e., the key basic
events, and the key factor combinations, i.e., the key MCSs, the basic events and MCSs were classified
by ABC analysis. ABC analysis is based on the technical or economic aspects of the main features
to distinguish between key and general factors to distinguish the management of different methods.
The objects to be analyzed are generally classified into class A (key factors), B (sub-key factors), or C
(general factors).

The structural importance of the 18 basic events of the fault tree were calculated following
Equation (3), and sorted by Monte Carlo simulation (100,000 cycles). The structural importance of
the basic events is I(X1) > I(X2) = I(X3) > I(X4) = I(X5) > I(X11) = I(X12) > I(X13) = I(X14) >

I(X7) = I(X6) > I(X18) = I(X17) = I(X16) = I(X15) > I(X10) = I(X9) = I(X8), with the simulation
results shown in Figure 3a. Based on the degree of aggregation of the structural importance of basic
events, ABC analysis was used to analyze the structural importance of basic events and divide them
into three categories, as shown in Table 4.
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Table 4. Basic event classification table based on ABC analysis.

Class Basic Event Structural Importance Degree

A: Key factor

X1 (Poor professional pre-sales consulting and experience services)
X2 (Low subsidy and tax incentives)

X3 (Imperfect bank loan policies)
X4 (Different BEVs brand charging interfaces are inconsistent)

X5 (Imperfect supervision policy and technical standards)

IX1 = 0.06751
IX2 = 0.06032
IX3 = 0.06032
IX4 = 0.05918
IX5 = 0.05918

B: Sub-key factor

X11 (High purchase cost)
X12 (High maintenance cost)

X13 (Battery endurance is low)
X14 (Engine performance problem)

IX11 = 0.05157
IX12 = 0.05157
IX13 = 0.05107
IX14 = 0.05107

C: General factor

X6 (Single purchase channel)
X7 (Less types of BEVs insurance)

X15 (Appearance and luggage space)
X16 (Long single charging time)

X17 (Short battery lifespan)
X18 (Security issues)

X8 (Difficult to repair)
X9 (Difficultly of annual inspection)

X10 (Low penetration rate of charging piles)

IX6 = 0.02289
IX7 = 0.02289
IX15 = 0.01081
IX16 = 0.01081
IX17 = 0.01081
IX18 = 0.01081
IX8 = 0.00983
IX9 = 0.00983
IX10 = 0.00983

Similarly, from Equation (4), we assumed that the probability of occurrence of the key basic events
X1, X2, X3, X4, and X5 is P{0.1, 0.1, 0.1, 0.1, 0.1} and other events remained uniformly distributed.
Monte Carlo simulations were used to calculate the probability importance of the 26 MCSs before and
after improvement. The simulation results shown in Figure 3b,d show the probability of occurrence
before and after improvement. From the difference between the probability of occurrence before and
after improvement, the ABC method divided the MCSs into three categories, as shown in Table 5.

Table 5. Minimal cut sets classification table based on ABC analysis.

Class Minimal Cut Sets Absolute Value of the Difference between the Probability
Importance Degree before and after Improvement

A: Key factor

K7 = {X2, X4}
K8 = {X2, X5}
K9 = {X3, X4}
K10 = {X3, X5}

|PX7 |= 0.23908
|PX8 |= 0.24084
|PX9 |= 0.24087
|PX10 |= 0.24212

B: Sub-key factor

K1 = {X1, X6, X8}
K2 = {X1, X6, X9}
K3 = {X1, X6, X10}
K4 = {X1, X7, X8}
K5 = {X1, X7, X9}
K6 = {X1, X7, X10}

|PX1 |= 0.10061
|PX2 |= 0.09879
|PX3 |= 0.10058
|PX4 |= 0.10069
|PX5 |= 0.10008
|PX6 |= 0.09971

C: General factor

K11 = {X11, X13, X15}
K12 = {X11, X13, X16}
K13 = {X11, X13, X17}
K14 = {X11, X13, X18}
K15 = {X11, X14, X15}
K16 = {X11, X14, X16}
K17 = {X11, X14, X17}
K18 = {X11, X14, X18}
K19 = {X12, X13, X15}
K20 = {X12, X13, X16}
K21 = {X12, X13, X17}
K22 = {X12, X13, X18}
K23 = {X12, X14, X15}
K24 = {X12, X14, X16}
K25 = {X12, X14, X17}
K26 = {X12, X14, X18}

|PX11 |= 0.00084
|PX12 |= 0.00089
|PX13 |= 0.00156
|PX14 |= 0.00004
|PX15 |= 0.00118
|PX16 |= 0.00117
|PX17 |= 0.00217
|PX18 |= 0.00362
|PX19 |= 0.00149
|PX20 |= 0.00089
|PX21 |= 0.00178
|PX22 |= 0.0004
|PX23 |= 0.00202
|PX24 |= 0.00062
|PX25 |= 0.00191
|PX26 |= 0.00169

Thus, the key to improving the fault tree is the class A basic events and class A MCSs. Reducing
the probability of failure of the key basic events and Monte Carlo simulations, the occurrence
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probability of the key minimal cut sets K7, K8, K9, and K10 in Figure 3b were reduced from
P1{0.24874, 0.2509, 0.25026, 0.25153} to P2{0.00966, 0.01006, 0.00939, 0.00941}, and the probability
of the cumulative occurrence of the fault tree was reduced from 0.86021 to 0.57406. Therefore,
the improvement of key basic events can reduce the probability of occurrence, thereby reducing
MCSs’ probability of occurrence, and reducing the failure probability for BEV purchase intention and
ensuring the effectiveness of the relevant measures.

The Monte Carlo method requires that the number of simulations be sufficient to meet the desired
simulation precision. Previous studies have often used the trial method, i.e., gradually increasing the
number of simulation operations to observe the changes in the output of the results, and the simulation
is terminated when the general trend is stable convergence [56,57]. However, since the probability
of occurrence of the 18 basic events of the fault tree cannot be accurately assigned in practice, it can
only be assumed that each basic event is uniformly distributed. Therefore, the simulation results were
analyzed for 100,000 and 200,000 simulations, where the basic events of the fault tree were simulated
with a random number. Randomness was checked to ensure that uniformity and independence
are in accordance with the requirements. The simulation results for 100,000 cycles were consistent
with those from 200,000 cycles, indicating that the simulation had converged after 100,000 cycles.
The simulation results were in agreement with the actual results, and the literature also supports the
results of this study.

To further verify the simulation accuracy, this paper used the Boolean algorithm to sort the
structural importance of fault tree basic events [58]. Four principles were followed in sorting the
structural importance of basic events using the Boolean algorithm. (1) When the minimal cut/path
set contains only one basic event, that basic event has the largest structural importance. (2) All basic
event structures that appear only in the same minimal cut/path set are equal. (3) When the number of
basic events included in the minimal cut or path sets are equal, the more often a basic event occurs,
the larger its structural importance. (4) When two basic events occur simultaneously in different
minimal cut/path sets, the structural importance of the basic event in the minimal cut/path set with
less basic events is larger.

The MCSs and MCPs of the fault tree were calculated in Sections 3.2.1 and 3.2.2, and the structural
importance of the basic events of the fault tree is I(X1) > I(X2) = I(X3) > I(X4) = I(X5) > I(X11) =

I(X12) > I(X13) = I(X14) > I(X7) = I(X6) > I(X10) = I(X9) = I(X8) > I(X18) = I(X17) =

I(X16) = I(X15).
From the Monte Carlo simulation, we can also sort the structural importance of the basic events as

I(X1) > I(X2) = I(X3) > I(X4) = I(X5) > I(X11) = I(X12) > I(X13) = I(X14) > I(X7) = I(X6) >

I(X18) = I(X17) = I(X16) = I(X15) > I(X10) = I(X9) = I(X8).
The two sorted lists only differ slightly for basic events with relatively low structural importance,

while basic events with relatively high structural importance are identical, i.e., there was no effect on
the final determination of key basic events for classes A, B, and C. Therefore, the simulation results
are reliable.

5. Discussion

The BEV industry has entered a new stage in time and market share. During the transition from
a policy-driven industry to being driven by both policies and markets, it is crucial for manufacturers
and dealers to win over customers as soon as possible. Previous studies have considered higher
purchase costs [20,32,35], lack of charging points [40,41], and shorter driving mileage [12,28,38] as
key factors hindering BEV purchase. However, the current study found that professional pre-sales
consulting and service experience (such as the trial ride/drive experience) and policy factors have
become key factors affecting residents BEV purchase willingness, i.e., the key basic event X1.

Regarding the class A key basic event X1, Schulte et al. [59] argued that experience was
a prerequisite for the formation of intention, which determines whether people can accept a product.
For this study, this is the BEV knowledge and driving or riding experience. Thus, a real BEV
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driving experience can effectively change resident’s BEV perceptions, highlighting BEV advantages
and improving their purchase intention. This is consistent with previous findings. Franke and
Krems [14] showed that actual BEV experience was helpful for residents to correctly estimate their
usual travel distances, reducing their mileage anxiety, and increasing their purchase willingness.
Barth et al. [24] have also shown that actual experience has a positive impact on the formation of BEV
purchase intentions.

The trial ride or drive experience will not only involve businesses and residents, but also the
government. Future research must consider how to design and organize activities to attract more
residents to participate. The 2016 China’s new car market trend survey report shows people who have
BEV driving experiences are 10% more likely to purchase a BEV than those without the driving
experience. Of those respondents with BEV driving experience, 71% said they would consider
buying BEVs [60]. Therefore, professional pre-sale consulting services and test drive activities could
significantly increase residents’ BEVs purchase intention, but manufacturers often ignore this point.
Wu [60] tracked approximately 2000 car buyers through their car buying process, and found that
nearly 1/3 of the buyers were concerned about the car blog, forum information, or listened to family
and friends’ advice. Therefore, the promotion process must create opportunities for trend leaders to
experience BEVs and actively promote them by word of mouth.

This study shows that poor professional pre-sales consulting and experience services seriously
hindered consumer’s willingness to purchase. For more comprehensive discussion of this conclusion,
we introduce the product service system (PSS). The PSS is a function-oriented business model, defined
as a marketable set of products and services capable of jointly fulfilling user needs. The company
produces and distributes not only simple physical products, but a more holistic solution that satisfies
consumer demand. It is the integration of products and services that are independent of each other [61].
PSSs were largely motivated by the need of traditional firms to cope with changing market forces and
the recognition that services in combination with products could provide higher profits than products
alone [62]. PSSs are an innovative design strategy, no longer confined to the design of new products,
but also to the development of new processes, services, interaction, communication, and cooperation.
This provides the capacity to propose solutions for complex problems.

Compared with traditional models, PSSs have better design, sustainability, and consider
relationships between companies. (1) Different role orientation. In traditional markets, stakeholders
only optimize themselves, paying no attention to the interests of others in the supply chain. PSSs include
strategic thinking, where stakeholder interests are merged to facilitate system resource optimization.
(2) Different points of interest. Traditional product design need not consider the economic profit of
a single stakeholder or whole system resource optimization. PSS business models establish a new
form of cooperation between stakeholders and new economic benefits, and the accompanying system
resource optimization. (3) Specific user needs. Traditional product design simply assigns end users as
the design object, investigating their requirements to find opportunities and design products. This is
a general market demand, and does not specify user requirements. PSSs can be segmented, meeting
the needs of many specific customers. Users can purchase or rent the required functionality without
having to own the product itself, and do not have to undertake additional product maintenance and
processing. Users can save significant money, but the PSS does not hinder satisfaction of their needs.
Therefore, applying PSSs to BEVs will be very worthy of further study, with the expectation that
a mature PSS will significantly increase consumer willingness to purchase BEVs.

This study shows that class A key basic events X2 and X3 are key factors in preventing residents
from buying BEVs, which is consistent with previous research. Economic subsidies and policy support
have long been advocated as an effective measure to stimulate low carbon travel [63,64], while the
exemption from purchase tax has been promoted as one of the most effective ways of dealing with
external costs associated with energy consumption [16,64]. BEVs are a new product, with higher
purchase and maintenance costs (such as BEV battery replacement). From an economic point of view,
governmental fiscal and taxation support policy can save a lot of money for BEVs users or reduce the
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pressure for residents to buy a car. In particular, a one-time subsidy policy is more likely to stimulate
purchase willingness than staging policies [65]. Current support policies were designed to achieve large
scale BEV use, and thus target residents in the mainstream market. However, the policy cost is usually
high and inefficient, so targeting the policy to niche markets may be more effective [8]. Residents are
the recipients of BEVs policies, and their understanding of existing policies will determine whether
they use BEVs. Therefore, future research should not only focus on the impact of BEV policies on
residents, but also residents’ views and evaluations.

Class A key basic event X4 comprises the basic elements to achieve BEVs conduction charging.
Unification and specification of the interface for BEV charging is the technical basis for ensuring
interconnection between the BEVs and the charging infrastructure. Those residents that already
have BEVs or strong purchase intention are more concerned about BEV charging interface problems.
There are currently five major international charging interface standards: China GB/T 20234, Japan
CHAdeMO, European Combo, CCS, and Tesla. Hackbarth and Madlener [12] showed non universal
BEV charging interfaces make it difficult to popularize public charging over large areas. Therefore,
companies and governments need to strengthen cooperation, encouraging the development of BEVs.

In addition to the charging interface problem, the current study shows that the lack of charging
facilities hindered resident purchase intention. Regarding the selection of installation locations for
charging facilities, the first choice should be residential areas, the second office locations, and the third
highways or ordinary roads. Hidrue et al. [40] and Hackbarth et al. [66] found that if the residential
areas had charging facilities for BEVs, this would improve the resident willingness to buy BEVs.
For actual BEV users, it was also important for supermarkets, shopping malls, cinemas, restaurants,
and other public places in the city to have charging facilities. The use of shopping, watching movies,
or eating time to charge BEVs can greatly reduce the worry due to lack of electricity, but such charging
facilities are still relatively sparse.

We must also realize that once the BEV charging interface is consistent, coupled with governmental
promotion, the BEV industry will enter a period of rapid development. The impact of BEV large scale
access to power grids should not be overlooked. Since BEV charging loads have some controllability,
optimizing the charging process to reduce adverse effects on the grid will be required. With standardization
and better information regarding the charging facilities and vehicle interface, the distribution network can
be based on their own situation to control BEV charging times, reducing charging facilities equipment
investment. Bayram and Papapanagiotou [67] showed that the grid was becoming congested due to the
introduction of BEV charging points, particularly the use of household charging points. Management
and control of charging requirements should be consistent with the available resources. If the long term
solution involves upgrading grid components, considering the potential cost of such investments, the
practical solution for the near term would be to develop intelligent control and scheduling techniques to
aid power grid operations. Bayram et al. [68] proposed a model that employed pricing mechanisms
to control BEV demand. Analyzing the charging requirements, charging technology, and charging
characteristics for different BEV users, they proposed a framework to adapt large and small two level
grids. They recommended price leverage for large power grids to coordinate the scale of BEV charging
and charging service quality. For small power grids, they recommended using minimum demand for
charging resources as the goal. Clement-Nyns et al. [69] argued that disordered BEV charging may
exacerbate grid load fluctuations and worsen energy loss and economic benefits. Whereas, if BEV
charging behavior was coordinated and optimized, peak load demand of the system could be reduced.
The method could effectively reduce operating losses of the distribution system. With increasing
numbers of BEVs entering the home, large scale distributed household BEV charging will be an
important impact to consider on the grid. Future policy making regarding the integration of BEV
charging should consider the power grid capacity and limitations.

Class A key basic event X5 shows that standardizing BEV development and production in China
would be conducive to promoting the BEV market, and strengthening BEV management would
promote the healthy development of the BEV industry. China's current BEV supervision policies
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and technical standards are not perfect, such as issuance and management of BEV licenses, less BEV
insurance types, difficult annual inspections, products that do not meet standards, and suspected
fraudulent subsidies.

In contrast to other green buying behavior, BEVs are expensive, and purchase depends on family
individual details, such as the number of elderly people and children. However, car manufacturers
may be more concerned about BEV safety and comfort [32]. BEVs still pose significant technical risks,
and mitigating these risks and reducing traffic accidents are the main security demands. Among these,
reversing assistance is the most widely used intelligent assistance system, and is particularly welcomed
by female drivers, with 46% of female respondents in the current study stating that reversing assistance
was very important. Auxiliary braking and night vision assistance was also relatively widely desired.

6. Conclusions and Policy Implications

6.1. Conclusions

Combining previous research outcomes and new qualitative analysis, this paper established
a fault tree model for low BEV purchase willingness, and established the following conclusions.

(1) There were 26 MCSs and 18 MPSs in the fault tree model, and the structural importance of
the basic event was I(X1) > I(X2) = I(X3) > I(X4) = I(X5) > I(X11) = I(X12) > I(X13) =

I(X14) > I(X7) = I(X6) > I(X18) = I(X17) = I(X16) = I(X15) > I(X10) = I(X9) = I(X8).
(2) Using ABC analysis on the calculated probability and structure importance of basic events, and

the MCS occurrence probability, the key MCSs of class A were identified as K7 = {X2, X4},
K8 = {X2, X5}, K9 = {X3, X4}, and K10 = {X3, X5}; and the key basic events of class A were
X1 (poor professional pre-sales consulting and experience services), X2 (low subsidy and tax
incentives), X3 (Imperfect bank loan policies), X4 (different BEVs brand charging interfaces are
inconsistent), and X5 (imperfect supervision policy and technical standards).

(3) Reducing the probability of failure of key basic events and performing Monte Carlo simulations
(100,000 cycles) reduced the probability of cumulative occurrence of the fault tree from 0.86021
to 0.57406. Improving the key basic events also reduced MCS probabilities, achieving reduced
occurrence probability of the fault tree and significantly increasing resident BEVs purchase
willingness. This verified the feasibility and effectiveness of the proposed FTA method to
solve the problem of low purchase intention. This paper effectively expands the directions for
promoting research and policy making for BEVs.

6.2. Policy Implications

(1) Government policies should be more focused, reflecting basic service functions. This study
showed that poor professional pre-sales consulting and experience services is a key factor
hindering BEVs purchase. Therefore, the government and manufacturers should actively
cultivate trend leaders through trial ride and drive experiences, low cost leases, etc., to create
experience opportunities for residents, and encourage word of mouth BEV support. An active
platform should be promoted to enhance services, including connecting sellers and users,
communication between users, and cooperation between enterprises. Based on user needs,
thoughtful products and services are required to influence the business model, and enhance
user experience satisfaction. The design of sustainable programs, such as companies providing
charging points and related services to ensure users’ convenient access to services, and a quality
experience to attract more users to use BEVs will achieve a win-win situation for the companies
and users.

For sale and after sales services, rapid feedback of residents’ problems to BEV manufacturers
will help improve resident satisfaction, confidence, and loyalty; and increase their willingness
to purchase BEVs. Car enterprises should actively improve BEV’s after sales service networks,
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integrating with existing car service channels and facilities as much as possible. Governments
could also purchase more BEVs rather than conventional gasoline vehicles to set the example for
ordinary citizens, as well as offering a way for more residents to experience BEVs directly. Finally,
governments should promote green related activities. When the concept of green consumption is
generally accepted, residents will be more willing to buy BEVs.

(2) BEV promotion should consider residents’ real needs.

a. Governments should increase the intensity of infrastructure construction, standardize
BEVs technical standards (such as annual inspection standards, universal charging point
interfaces, battery recycling standards, etc.), increase subsidies to purchase BEVs, encourage
BEV companies to increase their research and development investment, and provide
funding to reduce research costs for related companies. Although there is currently no
country or region that has achieved BEV standardization, the process of developing BEV
standards must consider the existing international standards, in line with the interests of
most market participants.

b. Governments should speed up construction of private, e.g., residential parking, and public,
e.g., office parking lots, expressway service areas, subway stations, etc., charging facilities.
Specification and implementation of universal and shared charging points are essential to
break local protectionism.

c. The rational deployment of BEV charging facilities is the basic requirement for realizing BEV
large scale access to the power grid. This requires implementation of an orderly charging
model, and time-of-use pricing to control BEV charging behavior. For fast charging, relevant
aspects from the UK Rapid Charging Infrastructure Project to help establish a fast charging
network should be adopted, providing residents with fast electric charging points along
residential streets, and the commercial fleet with special fast charging points, through
a series of regional plans promoting new charging infrastructures, policies, and projects.

(3) Promote technological development and enhance enterprises’ core competitiveness. The government
should support the study of economic incentive policies and measures, such as fiscal tax
incentives, and science and technology innovation policy. From a technical point of view, fast
charging technology and inductive charging can simplify the charging process, greatly enhancing
user BEV acceptance. Therefore, manufacturers should encourage innovation and development
of the technology. Since a full charge takes significant time, and it is difficult to solve the problem
in the short term, resident purchase intentions could be enhanced by replacing fully charged
BEV batteries. The BEV industry should focus on battery, drive motor, and other technical
breakthroughs, to develop a complete industrial chain, and enhance BEV quality, particularly
with regard to safety and convenience.
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