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Abstract: At present, many new urban areas adopt the transit-oriented development (TOD)
exploitation concept to achieve sustainable urban development, accurately predict parking demand
under TOD exploitation, determine factors that influence demand, and establish demand models
that are essential to the formation of a reasonable traffic structure in the new urban area. The present
study aims to establish a scientific and reasonable parking demand model for TOD exploitation in
new urban areas. Influencing factors of parking demand in new urban areas under the concept of
TOD are determined, and a framework for a parking demand model is constructed. A travel cost
measurement model for travel structures at different travel distances is established, considering
travel cost as the core element, given that it affects the travel structure at different distances. Finally,
taking the Hangzhou Bay New District as an example, the costs of various travel structures under TOD
exploitation are calculated, and the reasonable parking demand is calculated. From the perspective
of parking management, the concept of TOD is effectively supported.

Keywords: TOD exploitation; travel structure; travel cost; parking demand; travel chain

1. Introduction

As of the end of 2019, the number of cars in China reached 260 million, of which 207 million
cars were private [1], and the parking gaps were more than 200 million. “Difficult parking” has
become a “common problem” in many cities in China. The data released by the National Development
and Reform Commission also show that the average ratio of cars and parking spaces in large
cities and medium/small-sized cities in the country is approximately 1:0.8 and 1:0.5, respectively,
and approximately 1:1.3 in developed countries [2]. At present, the “difficult parking” problem [3] in
urban built-up areas is mainly concentrated in old communities, except for hospitals and primary and
secondary schools, given their particularities. The main reason is that the requirements for construction
prior to 2000 were very low, and many old residential areas in the urban center are seriously inadequate
for parking-related constructions. For city managers, the most direct approach is to build parking lots.
However, the increase in the number of parking spaces is much less than the increase in demand [4];
instead, high parking demand is stimulated. Therefore, finding a development idea for parking
consistent with the concept of sustainable development is necessary.

Transit-oriented development (TOD) provides a new idea, that is, a “public transport-oriented”
development model for a pedestrian-oriented community with public transport as the hub and
comprehensive development [5,6]. Urban public transport guided by TOD has great significance
for sustainability and social benefits for urban land-use patterns. Firstly, through intensive and
multipurpose land development under the guidance of TOD, effective land use can be obtained and a
considerable number of land resources can be economized; secondly, TOD encourages residents to
switch their travel methods to more low-carbon ones, thus cutting down on quite a lot of pollutive
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emissions. Thirdly, the TOD mode can produce a series of positive feedback benefits, such as a
continuously increasing share of urban public transport and a rising investment in public transport year
by year [7]. Furthermore, the TOD concept also shows that, usually, the total number of parking spaces
should be strictly controlled in the urban center area with heavy traffic to reduce parking demand [8].
Currently, TOD is widely adopted in urban development in China [9–12], and it can be predicted that
more and more cities in China will adopt the TOD mode to help with urban development within the
following decade [13]; it provides a brand new idea for guiding parking demand research.

Thus, the influencing factors of parking demand in new urban areas under the concept of TOD
were analyzed, and a model framework for parking demand in new urban areas was constructed for
TOD exploitation. A travel cost measurement model for travel structures at different travel distances
was established, considering travel cost as the core element, given that it affects the travel structure at
different distances.

Binhai New City, Hangzhou Bay New District, Ningbo, which is the latest city for TOD exploitation,
was considered in this study. The rail stations developed by TOD were selected to quantify the parking
demand to guide the construction of the parking lot through the TOD concept. They were not intended
to satisfy the parking needs of private car owners but of public transport. The parking demand of
the new urban area for TOD exploitation was determined to satisfy the requirements of sustainable
development of the transportation system through the calculation and calibration of actual parameters,
considering the combination of various transportation modes of rail transit, public transportation,
bicycles, private cars, and walking.

The remainder of this paper is structured as follows: Section 2 introduces the factors that influence
parking demand; Section 3 illustrates travel costs for different single travel modes and travel chains,
and establishes a travel structure measurement model at different distances based on travel cost;
Section 4 provides a TOD parking demand model that calculates the parking demand of TOD traffic
districts; Section 5 takes Binhai New City as a case study to illustrate the positive effect of the TOD mode
on reducing parking demands; Section 6 draws the conclusions and emphasizes the advancement of
the TOD mode.

2. Influencing Factors of Parking Demand

Many factors influence parking demand, such as land development type and density, block layout
and road network planning, motor vehicle ownership and travel level, parking management policies
and strategies, and public transportation service level [9]. However, TOD, as a new type of land-use
mode, has a more profound impact on parking demand. Different from the influencing factors of
parking demand considered in the general parking demand analysis, the parking demand of TOD
in new urban areas mainly focuses on some TOD function outputs, such as reducing the number of
motor vehicles, reducing the share of car travel, shortening the travel distance per capita and travel
time per capita of residents, and ultimately achieving low-carbon transportation and green travel [14].

2.1. Land Development Type and Density

TOD stimulates the high-density development of the lands around rail transit stations through the
construction of rail transit and forms a number of new urban centers mainly for living with complete
supporting facilities [15]. Thus, the multipurpose intensive development mode of TOD greatly affects
the parking needs of residential, commercial, and official zones.

The land-use density can be explained by the volume ratio, that is, high land-use density indicates
high volume ratio, and accordingly, more people or jobs are available. Thus, the generated parking
demand is increased. The land-use mode of TOD is not only intensive, but also multipurpose, where each
land-use mode or a certain land-use mode (such as residence) affects others. Thus, the proportion of
residents traveling within walking distance increases, and the proportion of traveling motor vehicles
decreases, thereby reducing the parking demand.
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2.2. Block Layout and Road Network Planning

The TOD block layout and road network planning mainly consider that block size affects the street
pedestrian environment; they establish a people-oriented, comfortable pedestrian environment [16].
Generally, when the block area is small, the travel distance and travel time are short, thereby reducing
car travel in the new urban area and optimizing the urban traffic structure and further reducing
parking demand.

2.3. Motor Vehicle Ownership and Travel Level

According to the successful experience of domestic and foreign cities, the ratio of total urban
parking spaces to motor vehicle ownership should be between 1.15:1 and 1.25:1 [17]. In addition,
according to international traffic standards, the reasonable ratio of the number of motor vehicles to
parking spaces is 1:1.2 [18]. Therefore, the number of motor vehicles is very important to identifying
the total parking demand in the new urban area. The travel level needs to reflect the number of trips
per capita on the one hand and the peak hour traffic flow on the other hand; these aspects are positively
related to the peak hour parking demand. TOD can reduce parking demand through overall parking
demand management strategies and by inducing low-carbon travel methods.

2.4. Parking Management Policies and Strategies

The parking management policy represented by parking charging not only affects its parking
demand through the function of TOD, but also regulates the total parking demand through direct policy
guidance, which has a double impact on the regulation of parking demand [14]. Thus, the cooperation
of parking management policies and strategies with TOD helps to effectively reduce parking demand.

2.5. Public Transportation Service Level (Rail, Bus, and Bus Rapid Transit)

TOD mode implies a “public” TOD mode. Therefore, if relatively well-developed public transportation
is unavailable, then no TOD exists and a healthy urban transportation system cannot be established.
Developed public transportation is conducive to the formation of a green, low-carbon transportation travel
atmosphere [9]. A healthy urban travel structure is finally formed by using the walkable block layout and
road design to reduce the travel of cars, thereby reducing the parking demand.

In the development of new urban areas, estimating the parking demand has always been the
key. Travel cost affects the choice of diverse ways to travel [19]. From the perspective of travel costs,
travel chain costs of different ways of transportation are established, the distance from rail stations is
considered, travel distances are classified, and the exhaustive method is used to analyze existing travel
modes or travel chain methods. The costs of different travel chains are converted into different utility
functions related to distance, and the travel structure measurement models at different distances can
be calculated using the logit model. In accordance with the land-use type of TOD in the new urban
area, the travel demand of the new urban area can be obtained through traffic generation and traffic
distribution. When combined with the calculated travel distance measurement model at different
distances, the number of outgoing or incoming cars is determined. At this time, the source and
destination of cars are clarified, thereby laying the foundation for forecasting parking demand. Finally,
a parking demand model for the TOD in the new urban area can be obtained, considering the load
factor of cars, the turnover rate of different mixed-use land, and other factors. The overall framework
of this model is displayed in Figure 1.

Travel cost refers to the sum of the costs that residents need to pay to travel. Travel cost does not
only indicate the fare, but also includes time cost and comfort cost. For the convenience of comparison
and statistics, costs other than expenses are converted into expenses through the model; they are
expressed in monetary units of measure. Before traveling, residents compare the travel costs caused by
different travel modes and choose the travel mode with the lowest travel cost. Therefore, travel cost
affects parking demand by influencing the travel mode of the traveler.
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3. Travel Structure Measurement Model at Different Distances Based on Travel Cost

From the perspective of travel costs, under the background of different travel distances, different travel
modes have different advantages in travel costs. Obtaining the travel structure at different travel distances
is one of the core problems in this study. In the following section, we analyze the relationship between
travel structure and travel distance in views of the travel cost of each travel mode.

3.1. Single-Way Travel Cost Structure

Generally, in the urban transportation system, travel modes mainly include private car, bus,
rail transit, taxi, bicycle (electric bicycle), and walking. Different travel modes have their own
characteristics, as follows: in terms of travel distance, walking mode is suitable for short-distance
travel, bicycle mode is suitable for short- and medium-distance travel, and bus mode, rail transit mode,
and private car mode are suitable for medium- and long-distance travels. Ye Ying established a travel
mode chain cost measurement model by analyzing the cost structure and transfer cost of a single travel
mode [20]. Apart from the direct costs of different travel modes, external costs include air pollution,
noise pollution, congestion, and traffic accidents. This part of the cost is difficult to quantify and is
considered from the perspective of government managers; thus, it can be applied to government policy
management [21]. However, this study mainly focuses on travelers’ decisions; thus, external costs can
be ignored.

Single-way travel costs only include travel costs and travel-aware time costs, excluding negative
transfer utility costs and transfer reliability costs. In a single-way trip, in addition to the necessary
travel fare, the travel cost includes travel time cost, walking time and waiting time cost, time reliability
cost, and vehicle congestion cost. These costs are related to the travel time value. Thus, they are
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collectively referred to as time costs, that is, travel-aware time costs. Therefore, single-way travel cost
is the sum of travel fare and travel-aware time costs, as shown in the following formula:

TCi = TFi + TTi =
∑

j

Di jTFi j +
∑

k

dikTTik (1)

where TFi is the travel fare cost of the ith travel mode; TFi j is the jth type of travel fare of the
ith travel mode. J = 1–8 represents vehicle depreciation costs, insurance costs, maintenance costs,
electricity consumption costs, ticket fees, fuel consumption, parking fees, and taxi fees; Di j is a dummy
variable of the jth type of the travel fare of the ith travel mode. When the ith travel mode includes the
jth type of travel fare, then Di j = 1; otherwise, Di j = 0. TTi is the time cost of the ith travel mode; TTik is
the kth type of time cost of the ith travel mode. K = 1–5; dik is a dummy variable of the kth type of time
cost of the ith travel mode. When the ith travel mode includes the kth type of time cost, then dik = 1;
otherwise, dik = 0. The unit of the travel cost is the yuan.

The travel cost model for each travel mode is listed in Table 1.

Table 1. Travel cost model for each travel mode.

Travel Mode Cost Structure Cost Model

Walking Travel time cost TTtr

Bicycle Depreciation cost + maintenance
cost + travel time cost TFd + TFm + TTtr

Electric bicycle
Depreciation cost + maintenance
cost + travel time cost + power

consumption cost
TFd + TFm + TFe + TTtr

Bus
Ticket fee + travel time cost +
walking cost + waiting cost +

congestion cost + reliability cost

TFt + TTtr + TTwalk + TTwait +
TTcr + TTr

Rail transit
Ticket fee + travel time cost +
walking cost + waiting cost +

congestion cost
TFt +TTtr +TTwalk +TTwait +TTr

Car

Depreciation cost + insurance cost
+ maintenance cost + fuel cost +
parking cost + travel time cost +

reliability cost

TFd + TFin + TFm + TF f + TFp +
TTtr + TTr

Taxi Taxi fare + travel time cost +
waiting cost + reliability cost TFt + TTtr + TTwait + TTr

3.1.1. Travel Cost for Walking

As a type of pure physical transportation, walking acts as the most basic and green travel mode.
According to domestic urban residents’ travel surveys, the travel distance range of pedestrian travel is
within 1 km [22]. Studies have shown that when the walking distance is above 1 km, the acceptance of
residents drops rapidly and becomes 0 at 3 km. The main cost of walking is the travel time cost, and its
calculation formula is as follows:

TCw = TTtr =
k1 × ln1

v
× Pv0 (2)

Pv0 =
GDP
P× T

(3)

where TCw is the travel cost of walking; TTtr is the travel time cost of walking; l is the length of the road
section, km; v is the average speed of the ith travel mode, km/h; k1 and n1 are coefficients, where n1

is generally greater than or equal to l, the value of which is set to 1 to simplify the calculation; Pv0 is
the travel time value, which is the quantitative indicator of all the time values in this study, yuan/h.
In China, Pv0 is 56 yuan/h (about 8 USD/h) according to the data of the year 2019; GDP refers to gross



Sustainability 2020, 12, 8406 6 of 23

national product, yuan; P refers to the annual average employment; T refers to the personal annual
average working hours, hour. The travel time value Pv0 is calculated using the production method [23].

3.1.2. Travel Cost for Bicycle

Bicycle travel is a semi-motorized transportation. Bicycle travel has considerable travel advantages
and time advantages due to the characteristics of China’s mixed transportation. Generally, the dominant
travel range of bicycle travel is within 6 km [24], especially the travel distance of 3–4 km, where physical
and time consumptions are affordable for bicycles. In addition to travel time cost, bicycle travel cost
includes depreciation cost and maintenance cost. The calculation formula is as follows:

TCb = TFd + TFm + TTtr =
k2 × ln2

v
× Pv0 + ε1 (4)

where TCb is the travel cost for bicycle, TTtr is the travel time cost for bicycle, TFd + TFm = ε1,
ε1 indicates that the depreciation cost and maintenance cost of a single bicycle trip tend to 0. n1 ≥ n2,
where n2 is also set to 1.

3.1.3. Travel Cost for Electric Bicycle

Compared with ordinary bicycles, the travel cost of electric bicycles, in addition to depreciation
cost, maintenance cost, and travel time cost, includes electricity consumption cost. The calculation
formula is as follows:

TCe = TFd + TFm + TFe + TTtr =
k× l

v
× Pv0 + ε2 (5)

where TCe is the travel cost for electric bicycle; TFd +TFm +TFe = ε2, ε2 indicates that the depreciation
cost, maintenance cost, and electricity consumption cost of a single bicycle trip tend to 0; k is a coefficient.

3.1.4. Travel Cost for Car

Private car travel is a form of motorized transportation, whose dominant travel distance range is
concentrated above 6 km. Its travel costs include depreciation cost, insurance cost, maintenance cost,
fuel cost, parking cost, travel time cost, and reliability cost. Thus, private car travel is the travel mode
with the highest cost within a certain distance. That is, the large number of private cars that travel
during peak hours is the root cause of urban road traffic congestion. To reduce the travel demand of
cars during peak periods, continuously increasing the travel cost of private cars, it is necessary to switch
them to other travel modes with lower travel costs or green and low-carbon travel modes. Therefore,
the analysis of the travel cost for cars is essential to solve urban traffic congestion. The calculation
methods are as follows:

1. The depreciation cost of a single car trip is obtained as follows:

TFd =
Vn −Vr

n× L
× l (6)

where L is the average annual mileage, km; l is the travel distance of a single trip, km. Vn is
the original value of the vehicle, including the vehicle’s own value and purchase tax; Vn is the
residual value at the time of being scrapped, generally between 2% and 10%; n is the service life
of the vehicle.

2. The insurance cost of a single car trip is obtained as follows:

TFin =
C

52× q
(7)

where C is the insurance fee paid annually; q is the average number of car uses per week.



Sustainability 2020, 12, 8406 7 of 23

3. The average maintenance cost of a single car trip is as follows:

TFm = PC×Vn ×
l

1000
× e× k× exp( f × IRI) ×CKMKp (8)

where PC is the ratio of the maintenance cost after a thousand kilometer drive to the price of
a new car at that time; e and f are the regression coefficients of the model; k is the coefficient
of maintenance cost; Kp is the vehicle age index or vehicle aging coefficient; IRI is the road
smoothness index; CKM is the cumulative mileage of the vehicle.

4. The fuel cost of a single car trip is obtained as follows:

TF f = P f ×
1
v
×

{
5.143− 0.077v + 0.001v2 other time
5.917− 0.127v + 0.002v2 peak hour

(9)

where v is the vehicle speed, km/h; P f is the current price of fuel, yuan/L.

5. The parking cost of a single car trip is obtained as follows:

TFp = Cp × tp (10)

where Cp is the price for parking, yuan/h; tp is the total parking time, h.
6. The travel time cost of a single car trip is affected by the road traffic status. The travel time is

related to the traffic flow of the road network. The calculation formula is as follows:

TTtr =
∑

a
ta(t)Pv0 (11)

where
∑
a

ta(t) is the total travel time of each section of the travel route, h.

7. Time reliability is the probability that travel demand (OD) pairs can arrive at a specified time
under certain traffic demand characteristics. It mainly explores the fluctuation of travel time from
the perspective of travelers [25]. According to research, the reliability cost of a single car trip is
1.77Pv0σ.

Thus, according to Formulas (6)–(11), the total cost of a single car trip can be calculated as follows:

TCc = TFd + TFin + TFm + TF f + TFp + TTtr =
Vn−Vr

n×L × l + C
52×q

+P f ×
1
v

{{
5.143− 0.077v + 0.001v2 other time
5.917− 0.127v + 0.002v2 peak hour

}
+ Cp × tp

+PC×Vn ×
l

1000 × e× k× exp( f × IRI) ×CKMKp +
∑
a

ta(t)Pv0 + 1.77Pv0σ

(12)

3.1.5. Travel Cost for Bus

The bus is also a form of motor vehicle transportation, for which the travel cost structure is
relatively complicated, covering travel time cost, walking cost, waiting cost, and reliability cost as well
as bus fare and on-bus crowding cost. According to data surveys of major cities across the country,
bus fare is normally two yuan, and travel time cost and reliability cost are calculated in the same
ways as those for cars. In addition, according to foreign studies, the walking cost and waiting time
cost of the bus are 1.5 times the time value [26]. Here, we only calculate the crowding cost of the bus.
Crowding cost is mainly related to the full load rate of the bus. The calculation formula is as follows:

TFcr =

 0 0 ≤ LF ≤ 0.8∑
a

ta(t)0.55(LF− 0.8)e−0.074(LF−0.8)2
Pv0 LF > 0.8 (13)

where LF is the full load rate of the bus.
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Thus, on the basis of these calculation results, the total travel cost for the bus can be added as follows:

TCb = TFt + TFtr + TFwalk + TFwait + TFcr + TFr = 2
∑
a

ta(t)Pv0 + 1.5Pv0twalk

+1.5Pv0twait +

 0 0 ≤ LF ≤ 0.8∑
a

ta(t)0.55(LF− 0.8)e−0.074(LF−0.8)2
Pv0 LF > 0.8 + 1.77Pv0σ

(14)

3.1.6. Travel Cost for Rail Transit

Rail transit is a green and low-carbon mode of transportation. Compared with the bus, rail transit
has attracted much attention as resident travel because of its large capacity and high on-time rate [27].
Its travel cost structure is similar to the bus, including rail fare, travel time cost, walking cost,
waiting cost, and crowding cost. In most domestic charging modes of urban rail transit, except the
implementation of the two-yuan full ticket system in Beijing before 2014, a segmented fare related to
travel distance is currently used. The Ningbo subway toll standard is used to perform the relevant
calculation. The calculation method of travel time cost is the same as that for walking and bicycle on
the basis of the ratio of travel distance to driving speed. The congestion cost of a single rail transit can
be ignored. Therefore, the calculation formula for the travel cost for rail transit is as follows:

TCr = TFt + TFtr + TFwalk + TFwait + TFr

=


[l/4] + 1 l ≤ 12km
[l/6] + 2 l ≤ 24km
[l/8] + 3 l > 24km

+
∑
a

ta(t)Pv0 + 1.5Pv0twalk + 1.5Pv0twait
(15)

3.1.7. Travel Cost for Taxi

Taxi is also a form of motor vehicle transportation, and its travel cost is relatively high and mainly
concentrated in the taxi fare. When the traffic is congested, the travel time cost tends to be equal to
the travel time cost of the bus. The travel cost for the taxi mainly includes taxi fare, travel time cost,
waiting cost, and reliability cost.

The travel cost for the taxi is related to the travel distance. Here, we adopt the “Opinions on
Deepening the Reform of the Taxi Industry in Ningbo City,” formally promulgated and implemented
by the Ningbo Municipal Government on 1 March 2016, that is, to adjust the taxi price from the original
starting price of 10 yuan per three kilometers to 11 yuan per three kilometers, and the original unit
price of 2–2.4 yuan per kilometer. The calculation method for travel time cost is the same as that for car,
and the calculation methods for waiting cost and reliability cost are also in accordance with that for car.
Therefore, the travel cost of the taxi is as follows:

TCtaxi = TFt + TFtr + TFwalk + TFr

=


[11 + 2.4Tc/4] + 1 l ≤ 3
[2.5l + 3.5 + 2.4Tc/4] l ≤ 10
[3.75l− 9 + 2.4Tc/4] l > 10

+
∑
a

ta(t)Pv0 + 1.5Pv0twait + 1.77Pv0σ
(16)

3.2. Travel Chain Cost Structure

According to the travel chain cost calculation method proposed by Ye Ying, the travel mode chain
cost is composed of the cost of the single travel mode and its transfer cost [20]. In addition, according to
the definition of the travel mode chain, assuming that one trip has n travel modes, including (n–1) times
of transfer, the cost estimation model of the travel mode chain is shown in the following formula:

TCchain =
n∑

i=1
TCi + (n− 1)WTP× Pv0 +

n−1∑
i=1

Ti
w × Pv,walk +

n−1∑
i=1

Ti
in × Pv,wait

+
n−1∑
i=1

σi × Pv,re

(17)
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where TCi is the travel cost for the ith travel mode in the travel mode chain, yuan; WTP is the value
of willingness to pay for the “negative utility” of transfer, hour; Ti

w, Ti
in, and σi are the walking time,

waiting time, and standard deviation, respectively, of the waiting time of the transfer for the ith travel
mode to the next travel mode in the travel mode chain, hour; Pv0, Pv,walk, Pv,wait, and Pv,re are the
corresponding time values, yuan/h.

A trip may have only one or multiple travel modes. Thus, to simplify the model, the travel chain
cost structure mainly considers two situations. The first is that only one travel mode exists, and the
second is that only one transfer is considered, that is, two travel modes are available.

In addition, because the travel costs of bicycle and electric bicycle are relatively close, they can be
reduced to one category, collectively called bicycle.

Considering that the difference in travel distance leads to changes in travel structure, when traveling
in a single way, as the travel distance changes, some transportation mode becomes invalid. For example,
the dominant travel range of walking is within 1 km. When it exceeds 3 km, few people choose to
walk. The dominant travel range of the bicycle is between 3 and 4 km. Similarly, once it exceeds
6 km, few people choose to travel by bicycle. The distance between stations of rail transit is generally
approximately 2 km. Thus, no rail transit exists within 1 km. Similarly, other invalid travel modes
can be inferred. In a single transfer, if the bicycle travel distance is less than 500 m, then walking is
selected, and bus or rail stations are generally within 1 km. Therefore, the travel distance is between
500 m and 1 km when traveling by bicycle. Similarly, the transfer distance of car travel and taxi travel
should be between 1 and 3 km. Table 2 shows the travel chain divided according to travel distance.

Table 2. Division of the travel chain.

Travel Chain 0–500 m 500 m–1 km 1–3 km 3–6 km Above 6 km

Walking
√ 1 √ √

— 2 —
Bicycle

√ √ √ √
—

Bicycle + rail transit — — —
√ √

Bicycle + bus — — —
√ √

Car —
√ √ √ √

Car + rail transit — — — —
√

Bus —
√ √ √ √

Bus + rail transit — — —
√ √

Rail transit — —
√ √ √

Taxi —
√ √ √ √

Taxi + rail transit — — — —
√

1 √ indicates that the mode of transportation was chosen. 2 — indicates that the mode of transportation was
not chosen.

The table shows that as the travel distance changes, the structure of the travel mode begins to
change. At the beginning, only two transportation modes are available when the travel distance is
within 500 m, and nine transportation modes when the travel distance is above 6 km. After substituting
the travel cost of each transportation mode into Table 2, we obtain Table 3. The travel chain cost
includes transfer cost, which is represented by w. The transfer cost is composed of the transfer negative
utility cost and the transfer reliability cost, that is, the transfer walking time cost, waiting time cost,
and waiting time standard deviation cost. Thus, the calculation formula of the transfer cost under the
condition of a single transfer is as follows:

w = Tw × Pv,walk + Tin × Pv,wait + σ× Pv,re (18)
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Table 3. Structure of the travel chain cost.

Travel Chain 0–500 m 500 m–1 km 1–3 km 3–6 km Above 6 km

Walking TCw TCw TCw — —
Bicycle TCb TCb TCb TCb —

Bicycle + rail transit — — — TCb + TCr +ω TCb + TCr +ω
Bicycle + bus — — — TCb + TCbus +ω TCb + TCt +ω

Car — TCc TCc TCc TCc
Car + rail transit — — — — TCc + TCr +ω

Bus — TCbus TCbus TCbus TCbus
Bus + rail transit — — — TCbus + TCr +ω TCbus + TCr +ω

Rail transit — — TCr TCr TCr
Taxi — TCtaxi TCtaxi TCtaxi TCtaxi

Taxi + rail transit — — — — TCtaxi + TCr +ω

Therefore, the cost model of the travel mode chain under the condition of a single transfer is as follows:

TCchain =
2∑

i=1

TCi + WTP× Pv0 + Tw × Pv,walk + Tin × Pv,wait + σ× Pv,re (19)

In Formula (19), the travel cost for each travel mode and the negative utility cost caused by the
transfer are unavoidable, and the walking time, waiting time, and standard deviation of the waiting
time during the transfer process can be 0.

3.3. Travel Structure

Travelers always choose a travel mode with lower travel cost. At this time, the choice of travel
mode is a question of selecting the most effective one from multiple choices. Under the condition of
logit application, the probability of choosing a certain travel mode is as follows:

P(k) =
exp

[
−θ×

t(k)
t

]
∑m

i=1 exp
[
−θ×

t(i)
t

] (20)

where P(k) is the probability of the traveler choosing the kth travel mode; t(k) is the travel cost for the
kth travel mode; t is the average travel cost of all the travel modes; θ is a dimensionless parameter; m is
the number of travel modes.

According to the structure of the travel chain cost, the travel modes are 2, 5, 6, 8, and 9 at five
different distances. Thus, this formula can be converted into the following:

P(i) =
exp

[
−θ×

TCi(l)
TC

]
∑m

i=1 exp
[
−θ×

TCi(l)
TC

] , m = 2, 5, 6, 8, 9 (21)

The travel distance is divided by four distance points of 500 m, 1, 3, and 6 km into five distance
intervals. The travel structures are different because the travel costs and travel mode chains at different
travel distances are different. We only need to focus on the proportion of car trips because we want to
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obtain the parking demand. Formula (21) shows that the proportion of car trips from cell i to cell j Pe
c(l)

can be obtained. Pe
c(l) is exactly αi j, whose expression formula is as follows:

αi j = Pe
c(l) =



0, l < 500m
P1

c (l), 500m ≤ l < 1km
P2

c (l), 1km ≤ l < 3km
P3

c (l), 3km ≤ l < 6km
P4

c (l), l ≥ 6km

(22)

where αi j represents the proportion of car trips from cell i to cell j, which is related to the travel distance l.
Substituting Formula (21), the proportions of the car trips within each travel distance range,

namely, p1
C(l), p2

C(l), p3
C(l), and p4

C(l), can be obtained. The results are as follows:

P1
c (l) =

exp
[
−θ×

TC1
car(l)

TC1

]
∑5

i=1 exp
[
−θ×

TC1
car(l)

TC1

] (23)

P2
c (l) =

exp
[
−θ×

TC2
car(l)

TC2

]
∑6

i=1 exp
[
−θ×

TC2
car(l)

TC2

] (24)

P3
c (l) =

exp
[
−θ×

TC3
car(l)

TC3

]
∑8

i=1 exp
[
−θ×

TC3
car(l)

TC3

] (25)

P4
c (l) =

exp
[
−θ×

TC4
car(l)

TC4

]
∑9

i=1 exp
[
−θ×

TC4
car(l)

TC4

] (26)

where TC1
car(l), TC2

car(l), TC3
car(l), and TC4

car(l) are the travel costs for cars within the travel range
enclosed by the arcs of 500 m to 1 km, 1–3 km, 3–6 km, and above 6 km from the rail station,

respectively; TC
1
, TC

2
, TC

3
, and TC

4
are the average travel costs of all the travel chain modes within

the corresponding travel range. A general model of the travel mode chain cost at different distances is
established, and thus, the travel cost of the travel mode chain can be calculated. The travel cost can
be converted into the travel structure, and the travel structure at different distances can be combined
with the travel demand generated under the condition of mixed land use to calculate the number of
incoming cars, thereby providing the basis for calculating parking demand. The relationship between
the travel cost of the travel mode chain and the parking demand at different distances is established,
thereby indirectly reflecting the concept of TOD.

4. TOD Parking Demand Model in New Urban Areas

The travel mode structure at different travel distances is analyzed, and the proportion of car trips
is obtained. Subsequently, we focus on calculating the travel demand in the new urban area. Thus,
the travel volume of cars can be calculated by combining the travel structure at different travel distances.

4.1. Travel Demand

In traditional travel demand forecasting, the travel production is divided into travel generation
and travel attraction. The resident’s travel purpose is divided into four types as follows: going to
work, going to school, returning home, and flexible purposes. Then, the factors related to the
travel production that affect the four travel purposes according to the property of land use in the



Sustainability 2020, 12, 8406 12 of 23

community are determined [28]. However, urban land use is the source of urban transportation
demand. Different land-use layouts, land-use properties, and land-use intensities correspond to
different transportation demands. Moreover, travel production includes travel generation and travel
attraction. The former is based on the socioeconomic characteristics of urban residents, and the latter is
based on the form of land use. Then, the travel production is converted into travel distribution through
the gravity model, and the travel demand (OD) can be obtained.

The forecasting methods of travel production mainly include the original unit method, the growth
rate method, and the cluster analysis method [29]. The original unit method is adopted in this study.
The two types of original unit methods include the individual original unit method that uses the
average production per person of the residential or working population to conduct calculation, and the
area unit method that uses the average production of unit office space or land space for different
purposes to conduct prediction. In accordance with the product of the original unit of generation,
the original unit of attraction and the attributes, such as population and area, the value of travel
generation and travel attraction can be obtained. The calculation formula is as follows:

Oi = b× xi D j = c× x j (27)

where i and j are the serial numbers of traffic districts; xi and x j are attribute variables, such as
population, land-use type, and land area; b is the number of unit travels for a certain travel purpose;
c is the number of unit attraction for a certain travel purpose; Oi is the traffic generation of traffic
district i; D j is the attraction of traffic district j.

The gravity model method can describe the traffic travel behavior of urban residents effectively
because it considers the attraction extent and attraction resistance factors among traffic districts.
The travel production Oi and D j obtained can be converted into travel demand OD by the gravity
model method. The calculation formula is as follows:

Ti j = k×
Oα

i Dβ
j

Rγi j

(28)

where Ti j is the traffic volume from travel district i to traffic district j; Ri j is the travel distance from
travel district i to traffic district j; α, β, γ, and k are the coefficients of the model.

4.2. Parking Demand

After obtaining the travel demand Ti j, through combining the travel demand and travel structure
at different distances with the load carrying rate of cars, the number of incoming cars between each
traffic district can be calculated. However, the number of incoming cars does not correspond to the
parking demand, and it does not necessarily have to be fully satisfied. In this section, travel demand is
converted into parking demand.

For a pure residential district, the parking demand should be equal to the incoming cars in the
district. However, for traffic districts with mixed land use, such as TOD, the concept of parking sharing
should be considered to reduce the parking demand. This method is different from the previous two
types of mixed land, which use the minimum number of berths to conduct reduction and conversion.
The parking demand of mixed land types should be divided into two parts, namely, the incoming
cars of the land type, which mainly attract traffic volumes, and the outgoing cars by the land type,
which mainly generate traffic volumes. In general, according to the sharing extent of the mixed land,
only the parking attraction of land types, which mainly attract traffic volumes, is adjusted and reduced,
and the rigid parking demand of land types that mainly generate traffic volumes is unadjusted. Thus,
the formula for calculating the parking demand in ordinary traffic districts is as follows:

Qi =
Ti j × αi j

c
(29)
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Si =
Ti j × αi j × t

c× λ
(30)

Pi = φ×Qi + ϕ× Si (31)

P =
m∑

i=1

Pi (32)

where P is the parking demand within 500 m of the rail station; Pi is the parking demand of traffic
district i; Qi is the parking generation of traffic district i; Si is the parking attraction of traffic district i;
n is the number of traffic districts within 500 m of the rail station; c is the average number of passengers
carried by private cars; t is the average parking time; λ is the parking turnover rate; φ and ϕ are model
coefficients, φ is set to 1, and ϕ ≤ 1. ϕ reflects the extent of parking sharing on the mixed land.

By combining Formulas (29)–(32), we can obtain the parking demand within 500 m of the rail
station, and the result is as follows:

P =
m∑

i=1

φ
n (T

1
i j × P1

c (l) + T2
i j × P2

c (l) + T3
i j × P3

c (l) + T4
i j × P4

c (l))

+
m∑

i=1

ϕ×t
n×a

(
T1

i j × P1
c (l) + T2

i j × P2
c (l) + T3

i j × P3
c (l) + T4

i j × P4
c (l)

) (33)

where T1
i j, T2

i j, T3
i j, and T4

i j are the traffic districts within the area enclosed by arcs within the range of
500 m to 1 km, 1–3 km, 3–6 km, and above 6 km of the rail station, respectively.

5. Case Study of Binhai New City in Hangzhou Bay New Area

5.1. Background

Ningbo Hangzhou Bay New District is located in the northernmost part of Ningbo City on
the south bank of the Hangzhou Bay Bridge. It is located at the geometric center of four major
cities including Shanghai, Suzhou, Hangzhou, and Ningbo; it has a superior geographical position.
Hangzhou Bay New Area is in the initial stage of urban living area development where the start-up
area is in the planning stage. It is an undeveloped “green land.” The travel mode is not yet formed;
thus, it cannot fully satisfy the development conditions for implementing the TOD mode.

The selected Binhai New City starting block used for the pilot TOD exploitation and construction
by Ningbo Hangzhou Bay New District Management Committee covers the Luzhongwan River
in the east, Shitangheng River in the south, Zhi River in the west, and Shiyitangheng River in the
north. The land area is approximately 12.8 square kilometers. The location of Binhai New City and
its start-up area can be found in Figure 2. Ningbo Hangzhou Bay Binhai New City takes “travel
pedestrianization, concept internationalization, production urbanization, and implementation feasible”
as the development concept, actively strives to be China’s model city in the 21st century authenticated by
the Ministry of Housing and Urban–Rural Development, and is a leading example of TOD exploitation
in domestic cities [30]. Different from other cities in China that have already applied the TOD concept
to planning, the Hangzhou Bay New Area arranges rail transit and then conducts land development,
avoiding the embarrassing situation of the “ghost city” in the planning landing stage, such as Kunming
Chenggong New Area [31,32].
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Figure 2. Location map of Binhai New City and start-up area.

In terms of transportation planning, Binhai New City is committed to creating a low-carbon
transportation system that integrates safe and comfortable pedestrian transportation, friendly bicycle
transportation, and convenient public transportation. For pedestrian transportation, a safe and
comfortable pedestrian city through a hierarchical road network system, reasonable traffic calming,
high-quality street space, and safe street crossings was built, as shown in Figure 3. For bicycle
transportation, a special bicycle loop and a complete public bicycle rental network were built to
encourage bicycle travel, as shown in Figure 4. For public transportation, trams were selected as the
backbone public transportation method in the planning area, combined with conventional public
transportation and auxiliary public transportation to form the public transportation system in the
planning area. At the same time, to put forward the following requirements for public transportation
systems, such as rail transit, a multi-mode public transportation method was built, and a convenient
public transportation network was created. Thus, transfer is convenient among rail transit, bus,
and bicycle, and the entire region is protected with rail transit and bus networks. The layouts of the
rail transit in Binhai New City and the long-term rail transit in Hangzhou Bay New Area are shown in
Figure 5.

In terms of land planning, Ningbo Hangzhou Bay New District took the TOD development concept
as the guide, deepened the land layout, implemented the blueprint for the integration of industry
and city, and proposed four types of TOD, namely, city center TOD, tourism TOD, community TOD,
and headquarter park TOD around the tram line, as shown in Figure 6.
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5.2. Parking Demand

5.2.1. Analysis on Travel Structure and Travel Cost

On the basis of the model established in the previous chapter, the travel costs of all the single-way
travel mode were calculated, and then the travel structures at different travel distances in the single-way
travel mode were computed using the logit model, as shown in Figures 7 and 8:
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Figure 8. Travel structures at different travel distances.

When all travelers traveled in the single-way travel mode, as the travel distance changed,
some travel modes actually experienced a sharp increase in travel costs or abnormalities. Therefore,
when calculating the travel structure through the travel cost to find the parking demand, we considered
different travel distances in the travel chain to quantify the travel cost. In accordance with the
composition of the travel chain cost in Section 4, the travel time costs for each travel chain mode were
calculated, as is shown in Table 4.
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Table 4. Travel time costs for each travel chain mode.

Travel Mode Travel Time Cost (yuan) Travel Distance Limit

Walking 2.04 l ≤ 3 km
Bicycle 0.65l l ≤ 6 km

Bus Off peak: 0.56l; Peak: 0.93l l ≥ 500 m
Rail transit 0.25l l ≥ 1 km

Car Off peak: 0.31l; Peak: 0.36l l ≥ 500 m
Taxi Off peak: 0.31l; Peak: 0.36l l ≥ 500 m

Bicycle + rail transit 0.90l l ≥ 3 km
Bicycle + bus 1.58l l ≥ 3 km

Car + rail transit 0.52l l ≥ 6 km
Taxi+ rail transit 0.52l l ≥ 6 km

When the travel time costs for each travel mode were obtained, the total cost of the travel chain
was calculated. Thus, the travel structure at different distances was derived through the logit model,
and the results are shown in Table 5.

Table 5. Travel structures of each travel chain mode at different distances.

Travel Structure Travel Range
Travel Distance

0–500 m
300 m

0.5–1 km
800 m

1–3 km
2 km

3–6 km
5 km

Above 6 km
10 km

Travel chain mode

Walking 26.24% 33.67% 24.30%
Bicycle 73.76% 39.26% 33.21% 24.61%

Bus 11.99% 10.43% 8.87% 8.71%
Car 7.56% 6.31% 5.33% 5.25%
Taxi 7.51% 8.94% 11.45% 14.44%

Rail transit 16.82% 15.59% 15.99%
Bicycle + rail

transit 15.81% 16.13%

Bus + rail transit 8.66% 11.22%
Bicycle + bus 9.67% 9.17%

Car + rail transit 8.72%
Taxi+ rail transit 10.36%

Total 1 1 1 1 1

5.2.2. Analysis of Parking Demand at Rail Stations

A CAD software was used to conduct the macro-traffic simulation modeling. Ningbo Hangzhou
Bay New District was divided into 110 traffic communities, including seven peripheral traffic
communities, as shown in Figure 9. In addition, the Binhai New City was divided into 15 traffic
districts, as shown in Figure 10. The division of the traffic districts was mainly based on the boundaries
of neighborhoods and the urban rivers.

Here, we chose a station of the tram T2 line for case analysis, and its type is community TOD.
A neighborhood center is set up near the station to satisfy the daily needs of the community for business
and public affairs. At the same time, the functions around the station are mixed. The development
intensity of the land close to the station is relatively high, and the development intensity of the land far
away from the station is relatively low. In addition, the station has high traffic accessibility. In addition
to the connection of trams, the station can be easily reached by walking, bicycle, and bus. Moreover,
public parking lots are set up around the station. The overall public transport layout around the rail
station is shown in Figure 11.

Here, we selected the range of 500 m around the rail station to calculate the parking demand.
The affected area of this site included the original traffic districts 5182 and 5184. These traffic districts
were refined into six and 18 traffic districts, of which 12 new traffic districts were within 500 m from the
rail station, namely, 5301, 5302, 5303, 5304, 5307, 5308, 5309, 5310, 5316, 5319, 5320, and 5321, as shown
in Figures 12 and 13. The land-use types and floor area ratios of each traffic district are shown in
Table 6.
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Table 6. Land-use types and floor area ratios of each traffic district within 500 m of the rail station.

ID Land Use Type Residence Floor Area Ratio Commerce
Floor
Area
Ratio

Office
Floor
Area
Ratio

Total
Construction

Area

5316 Residence 20,144 1.1 — 1 — — — 20,144
5319 Residence 29,013 1.1 — — — — 29,013

5310 Residence + Commerce
+ office 27,817 1.5 10,000 2 4605 2 42,423

5309 Residence + Commerce 20,001 1.5 12,088 2 32,089
5307 Commerce + office — — 20,000 2.8 16,797 2.8 36,797
5308 Commerce + office 20,000 2 15,337 2.8 12,127 2.8 47,464
5304 Residence 75,686 0.8 — — — — 75,686
5303 Residence 35,185 1.2 — — — — 35,185
5302 Residence + Commerce 40,246 1.4 6133 2 — — 46,379
5301 Residence + Commerce 24,970 1.4 10,000 2 — — 34,970
5320 Residence 124,337 0.9 — — — — 124,337
5321 Residence 26,396 1.2 — — — — 26,396

Total 443,797 73,558 33,530 550,884
1—represents no such land-use type or floor area ratio.

On the basis of the macroscopic traffic simulation model of Binhai New City established previously
by the CAD software, after traffic generation using the original unit method and traffic distribution
using the gravity model method, the travel demands of each traffic district within 500 m of the rail
station were calculated, as shown in Table 7.

Table 7. Travel demands of each traffic district within 500 m of the rail station.

Within 500 Meters of the Rail Station

Traffic District 5301 5302 5303 5304 5307 5308 5309 5310 5316 5319 5320 5321
Travel demand
(person–time) 7236 6500 7863 9950 11,119 12,200 6684 9111 3973 5368 14,115 5093

Total 99,212

The travel demands of cars at different travel distances was calculated by combining with the
travel structure at different travel distances in Binhai New City in the previous section. The average
number of passengers carried by a private car was 1.5, and the turnover rate was determined by
analogy. Then, ϕ was determined in accordance with the extent of sharing among different land-use
types. The average value of ϕ was 0.89. The parking demands of each traffic district were obtained
using Formula (33), as shown in Table 8.

Table 8. Number of parking spaces within 500 m of a rail station.

Within 500 Meters of the Rail Station

Traffic District 5301 5302 5303 5304 5307 5308 5309 5310 5316 5319 5320 5321
Parking spaces 406 406 438 556 621 685 379 513 221 299 789 284

Total 5597

5.2.3. Parking Demand Accounting Under Standardized Conditions

The three land-use types were residence, office, and commerce, which corresponded to the
residential commercial housing, the core area of office business, and the core area of commercial
comprehensive business in the city standard, respectively. Their motor vehicle parking indicators
were 1.0, 0.7, and 0.7 (the measurement unit is every 100 square meters of building area), and then the
combination of office and residence was reduced. The parking spaces were calculated for 12 traffic
districts involved within 500 m of the rail station, and the results are shown in Table 9.

The parking demand model for TOD in new urban areas calculated the total parking demand
within 500 m of the rail station to 5597 berths, and the result of the standard method calculation was
6802 berths. The former was 17.71% less than the latter, and the results of the TOD method in each
traffic district were lower than those of the standard method, as shown in Figure 14.
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Table 9. Number of parking spaces within 500 m of a rail station (Standard method).

Within 500 Meters of the Rail Station

Traffic District 5301 5302 5303 5304 5307 5308 5309 5310 5316 5319 5320 5321
Parking spaces 490 649 422 605 721 867 469 602 222 319 1119 317

Total 6802
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6. Conclusions

This study focuses on investigating and establishing the parking demand model for TOD in
new urban areas. On the basis of the travel distance around the rail station, the travel costs for each
travel mode were analyzed, and the travel chain cost structures at different distances were established.
Through the logit model, the relationship between the travel chain cost and the travel structure was
connected. Then, a travel structure measurement model at different distances was established. Finally,
the relationship between travel demand and parking demand was analyzed, the parking turnover rate
was considered, and a parking demand model for TOD-oriented new urban areas was established.

In addition, the established model was applied to the case of the Binhai New City in Hangzhou
Bay New District, Ningbo, to quantify the parking demand in the TOD-oriented new urban areas.
The results were compared with those of traditional standard methods and appeared gratifying.
The conclusions are summarized as follows:

1. Among the seven single-way travel modes, the travel proportions of car and bus are the most
insensitive to travel distance, while the proportion of walking sharply decreases as the travel
distance rises.

2. When travel distance goes beyond 2 km, travel chains involving two travel modes become
more adopted by residents, among which the combination of bicycle and rail transit are the
most popular.

3. In the TOD-oriented new urban area, travel demand by cars is discouraged and residents are
more willing to travel in greener ways.

4. Parking demand in the TOD-oriented new urban area is reduced by 17.71% compared with that
of the standard method, which helps to alleviate parking pressure in the area.

5. In terms of urban sustainability, the mixed land use resulting from TOD can apparently reduce the
parking demand in the neighborhood, making the land-use pattern more effective. Meanwhile,
the travel structure of the residents influenced by the TOD mode turns out to be more green and
low carbon, which is in line with the sustainable development strategy.
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In this study, we expounded the role of TOD in reducing parking demand and revealed the
advantages of the TOD mode in reducing parking demand. Following the work presented in this
paper, we recognize some areas that may be explored in future research.

1. External cost can be taken into consideration when it involves government policy management in
further researches.

2. Travel chains made up of three or more travel modes can be considered in order to improve the
model to reflect the situations in real life better.

3. More case studies involving the other three types of TOD can be conducted to reinforce the
universality and authority that the TOD mode is effective in reducing parking demand.
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