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Abstract

:

Assessing transport CO2 emissions is important in the development of low-carbon strategies, but studies based on mixed land use are rare. This study assessed CO2 emissions from passenger transport in traffic analysis zones (TAZs) at the community level, based on a combination of the mixed-use development model and the vehicle emission calculation model. Based on mixed land use and transport accessibility, the mixed-use development model was adopted to estimate travel demand, including travel modes and distances. As a leading low-carbon city project of international cooperation in China, Shenzhen International Low-Carbon City Core Area was chosen as a case study. The results clearly illustrate travel demand and CO2 emissions of different travel modes between communities and show that car trips account for the vast majority of emissions in all types of travel modes in each community. Spatial emission differences are prominently associated with inadequately mixed land use layouts and unbalanced transport accessibility. The findings demonstrate the significance of the mixed land use and associated job-housing balance in reducing passenger CO2 emissions from passenger transport, especially in per capita emissions. Policy implications are given based on the results to facilitate sophisticated transport emission control at a finer spatial scale. This new framework can be used for assessing the impacts of urban planning on transport emissions to promote sustainable urbanization in developing countries.






Keywords:


CO2 emissions; mixed land use; Shenzhen; passenger transport; mixed-use development model; sustainable urbanization; low-carbon strategies












1. Introduction


Reducing greenhouse gas (GHG) emissions as a response to climate change has been listed as part of the Sustainable Development Goals (SDGs) of the “2030 Agenda for Sustainable Development” set by the United Nations. The transport sector is a major contributor to GHG emissions, and the road transport sector alone accounted for 18.52% of the global GHG emission in 2016 [1,2]. In developed countries, this proportion could even be over 40% [3,4,5]. China is the country with the highest level of GHG emissions, and the transport sector accounted for 16.22% of the national total amount in 2016 [6]. Its carbon emission growth rate was 12.45% in 2007–2016, ranking first across all sectors [6]. CO2 is the primary GHG in China [7], so controlling transport CO2 emissions in China is important for the reduction of global GHG emissions. Urban passenger transport is increasingly contributing to CO2 emissions [8], and to control these urban carbon emissions, the Chinese government has established multiple groups of pilot low-carbon cities since 2010, including some megacities such as Tianjin, Chongqing, Hangzhou, and Shenzhen. Reducing CO2 emissions from urban passenger transport plays an important role in the development of low-carbon cities.



Estimating CO2 emissions from passenger transport is the foundation for setting and achieving CO2 reduction goals of low-carbon development. It is of utmost importance for cities to assess emissions at a finer scale in cities to provide a more scientific basis for addressing the issue. Land use has a decisive impact on the emissions of transport activities [9]. With the rapid urbanization process in developing countries, urban sprawl and unreasonable land use layouts have increased the overall travel distance of urban residents, stimulating travel demand and subsequent emissions [10]. To reduce the emissions by land use planning and to achieve sustainable urbanization, land use should be taken into consideration in the estimation of travel demand and the associated CO2 emissions.



In this study, mixed land use and transport accessibility are taken into consideration to estimate travel demand with the mixed-use development model. CO2 emissions from passenger transport in traffic analysis zones (TAZs) at the community level were assessed based on travel demand. As a leading low-carbon city area of international cooperation in China, Shenzhen International Low-Carbon City Core Area was chosen to be the study area to provide insight for global sustainable development. The purpose of this paper is to provide a new framework to estimate CO2 emissions from passenger transport based on mixed land use and transport accessibility for providing a scientific tool of assessing and optimizing land use planning, which can be an important pathway for reducing CO2 emissions from passenger transport and promoting sustainable urbanization.



The novelty of this study lies in assessing transport emissions at a finer spatial scale within a city, based on a combination of two models: the mixed-use development model and the vehicle emission calculation model. This study also estimated travel demand based on mixed land use and transport accessibility with the mixed-use development model. The research outcomes can provide reference for urban areas with limited traffic data to estimate passenger transport emissions more suitably, facilitating low-carbon transport strategies by optimizing land use and transport planning in a more sophisticated manner.



The remainder of the paper is organized as follows. In Section 2, previous studies are reviewed. In Section 3, the study area, ology, and data are described. In Section 4, the estimated results of the travel demand and CO2 emissions from passenger transport in TAZs at the community level are assessed. Finally, a discussion, the conclusions, and policy implications are presented based on the results to facilitate low-carbon transport strategies.




2. Literature Review


For estimating carbon emissions from passenger transport, some studies have explored different methods, and these methods can be divided into three dominant categories: The first is based on energy consumption, and the methodology of the Intergovernmental Panel on Climate Change (IPCC) lies in this type [11]; the second is based on vehicles, and in this method vehicle emissions are calculated with the statistical data of the total vehicle ownership, population of each type of vehicles, average kilometers travelled by vehicles, fuel efficiency, and emission factors [12]; the third is based on traffic flows observed by monitoring devices or on-site surveys [13,14,15]. However, existing methods have their shortcomings despite their widespread use. First, these methods are mainly used for large-scale regions, and the related data are usually unavailable for a finer scale within a city. The methods based on fuel consumption or vehicles utilize the data mostly available only for large-scale regions or the entire city. Meanwhile, methods based on traffic flows can describe urban emission distribution, but the data are usually unavailable in many urban areas or are limited to individuals [16,17,18]. Second, these methods mainly focus on the role of fuels in transport emissions, but fuel improvement alone is not adequate to control emissions because of the sharp increase in the number of passenger vehicles [6].



In contrast, studies of the estimation of travel behaviors and related emissions from passenger transport based on land use are relatively rare despite the significant impacts that land use may have on travel demand emissions. A variety of human activities are distributed in different locations and land use types, which are the foundation of travel demand and transport activities that connect people [19]. Many studies have revealed that higher development densities [9], compact urban forms [20] and diverse land use layouts [21] may reduce travel demand and associated emissions. To estimate travel demand, some researchers have explored a few land use-based transport (LUT) models, and the LUT models for estimating travel demand can be classified into four types [22]. The first is the spatial interaction model, examples of which include the four-step trip-based model [23] and Lowry model [24]. The gravity model and the entropy model are adopted to estimate traffic flows between regions in these models. It is the most conventional and simple type [25]. The second is the spatial economic model, examples of which include the Tranus model [26] and the economic land use-transport (DELTA) model [27]. In these models, urban space is regarded as economic units with production and consumption activities, and traffic flows are estimated by the activity flows between locations. Some scholars have used the Tranus model to estimate the travel demand of large cities [28,29]. The third is the random utility and discrete choice model, examples of which include the micro-econometric land use and transport (METROSIM) model [30] and the UrbanSim model [31]. In these models, land location choice is taken into consideration to estimate related traffic flows [32]. The fourth is the micro-behavior model, an example being the integrated land use-transportation-environment (ILUTE) microsimulation model [33]. Individual travel-related micro-travel behaviors are mainly considered in these models.



Although there are some LUT models that estimate the travel demand, limitations still exist. First, the transport models mentioned above rarely consider the impact of mixed development on transport emission reduction. Mixed-use development is an urban land use pattern, and by allocating different land uses close to each other, this pattern creates chances of various activities like working and housing completed in the same place, so that trips can be shorter or inside one zone to reduce car dependency [34,35,36]. Second, the spatial scale is mostly focused on a large district of a city or a provincial region, only reflecting macro-spatial forms. However, travel behavior is often affected more by micro-land use, and detailed travel behavior data with geographic information are usually unavailable at the fine spatial scale [20]. Estimation of the spatial distribution of modal split ratios and emissions of different transport modes is still not very clear. Third, some models place a greater emphasis on socioeconomic variables and discount the effects of land use and transport accessibility.



Thus, it is necessary to adopt the mixed-use development model to overcome these shortcomings. This model is an LUT model for estimating travel demand that includes distances and modes with travel purposes. The mixed-use development model takes the reduction effects of mixed-use development on car trips into consideration [37,38]. Past studies have shown that the mixed-use development model has the advantage of reliable feasibility for estimating travel demand. The mixed-use development model has been adopted by public agencies in U.S. for transportation planning [39,40], and it was originally developed for the U.S. Environmental Protection Agency based on travel survey data in metropolitan regions. Since then, scholars have applied and improved this model [41,42], and related studies have indicated that the mixed-use development model is generally accurate and convincing in estimating travel demand of inhabitants [38,43].



However, only a limited number of studies have applied the mixed-use development model in practice. In particular, assessment of the spatial differences of travel demand at the community level has not been clear in previous studies. Therefore, it was necessary to apply the mixed-use development model in this assessment.




3. Material and Methodology


3.1. Study Area


As a growing megacity in the developed coastal region of China, Shenzhen is included in the national innovation-driven demonstration zones as part of China’s implementation of the SDGs. Shenzhen International Low-Carbon City (ILCC) is located at the northeast fringe of Shenzhen. Started in 2012, it is a flagship project for cooperation on sustainable urbanization between China and the European Union. This project aims to serve as an example to the rest of the world of the best practices of sustainable development. Its demonstration of low-carbon development has drawn international attention and has gained worldwide recognition. As a leading low-carbon development area of Shenzhen, it is necessary to reduce travel demand and transport emissions of the growing population of the area and to find innovative solutions for promoting low-carbon transport policies in ILCC.



The general planning extent of ILCC is the entire Pingdi subdistrict of the Longgang district, covering an area of 53.4 km2. It consists of three parts, including the start zone, the expansion zone, and the remaining part. The start zone and the expansion zone are planned to be firstly developed in the entire area, involving 5 communities with more available data and most of the population and transport activities in the entire subdistrict. Therefore, these five communities were chosen to be the study area, which is considered as ILCC Core Area (Figure 1).



The study area covers 11.79 km2 with a variety of urban land types, including employment and residential land. In terms of the urban passenger transport, the modes in the study area include buses, cars, and active modes. There were 23 bus routes with 188 bus vehicles serving the study area, and the bus route density was obviously uneven distributed (Figure 2). This distribution pattern indicated severe spatial inequalities of the level of integration of the passenger transport, requiring further optimization planning. To make planning and redevelopment more reasonable, it is necessary to estimate transport emissions for providing scientific reference.




3.2. Methodology


The methodology of this study was separated into three subsections. Section 3.2.1. describes the general framework for estimating CO2 emissions from passenger transport; Section 3.2.2. explains how to estimate travel demand based on the mixed-use development model; Section 3.2.3. explains how to estimate carbon emissions from passenger transport with the output of Section 3.2.2.



3.2.1. General Framework


The general framework of the research methodology of this study is presented in Figure 3. It shows the input data, calculation models, output results, and process flows. The framework includes two models, namely, the mixed-use development model and the vehicle emission calculation model. The mixed-use development model was adopted to estimate travel demand, and generated output data were employed to estimate CO2 emissions from passenger transport with the vehicle emission calculation model. As a bottom-up method, the framework reflects the impact of travel behavior on transport emissions.




3.2.2. Travel Estimation Based on the Mixed-Use Development Model


The mixed-use development model was used to estimate the travel demand of each TAZ in the study area. Taking time of the day into consideration, this model is suitable for estimating the travel demand at the daily level as well as the morning or evening peak hour level based on the same framework with different coefficients. As shown in Figure 4, the input elements include three categories of parameters, namely, land use, socioeconomic factors, and transport accessibility. Based on travel purposes, the output elements for travel demand include two main categories, namely, travel modes and vehicle travel distances.



Travel modes were estimated as follows. First, the total number of trips from the TAZ was estimated with the improved Institute of Transportation Engineers (ITE) model, of which the original version was built by the ITE [44]. As indicated in previous studies, given that the original ITE model is not for smart-growth areas like areas that are purposefully designed to include mixed land uses and higher densities, the mixed-use development model has made adjustments to ITE trip rates to make them suitable for smart-growth areas. Scholars have used the mixed-use development model to quantify multimodal trip generation, including active trips and public transit trips. In this model, all modes are counted in generated trips, where active trips and transit trips are considered as the substitution for car trips in the mode choice impacted by land use and accessibility [35,37,38,41,45].



In the parameters mixed-use development model, parameters of the input elements were selected to estimate the probabilities of different travel modes, and these modes included internal trips, external active trips (i.e., walking and bicycles), and bus trips. The origin and destination of an internal trip should both be within the TAZ, and internal trips from the TAZ are in the active mode because of the small land area as restricted in the mixed-use development model. In this study, each TAZ is restricted to a land area smaller than 1 km2, and the estimated maximum time a traveler might experience for an internal trip by waking and cycling may not exceed 20 min and 10 min, respectively, making active trips more convenient for travelers [46]. Therefore, bus trips and car trips were all defined as external trips. The travel purposes in the mixed-use development model were divided into three types, namely, home-based work trips, home-based other trips, and non-home-based trips. The time periods were also divided into three types, namely, daily period, morning peak period, and evening peak period. For each travel purpose and each type of time period, the number of trips for each travel mode excluding cars was calculated respectively with the total number and probability of trips. Finally, the number of car trips for each travel purpose was calculated with the number of total trips and other modes of trips. Cars included private cars and taxis. According to related research [37,38,41,47,48], the basic equations are:


   T  t o t a l j w t   =   ∑  i   f  i w t    (   X  i j    )   



(1)






   p  k j w t   = exp  (  l  o  k j w t    )  /  (  1 + exp  (  l  o  k j w t    )   )   



(2)






  l  o  k j w t   =  f  k j w t    (  v a r i a b l  e  k 1 w t   , v a r i a b l  e  k 2 w t   , … , v a r i a b l  e  k n w t    )   



(3)






   T  k j w t   =  T  t o t a l j w t   ×  p  k j w t    



(4)






   T  c a r j w t   =  T  t o t a l j w t   −   ∑  k   T  k j w t    



(5)




where Ttotaljwt is the total number of trips from TAZ j for travel purpose w in time period t and Xij is the amount of land type i in TAZ j (such as land area and number of units); the function fiwt(Xij) calculates the total trips of land type i from TAZ j for travel purpose w in time period t, and the specific calculation formulas can be found in the improved ITE model [44,45,47]; pkjwt represents the probability of non-car trips by mode k from TAZ j for travel purpose w in time period t; lokjwt is the natural logarithm of the odds of non-car trips by mode k from TAZ j for travel purpose w in time period t; Tkjwt is the number of non-car trips by mode k from TAZ j for travel purpose w in time period t; Tcarjwt is the total number of car trips from TAZ j for travel purpose w in time period t.



Based on the results of travel modes, the daily aggregate travel distances of cars and buses were estimated. The formulas are [48]:


   L  c a r j   =   ∑  w   T  c a r j w 1   × A  L  c a r j w    



(6)






   L  b u s j   = R  T  m j   × Q  T  m j    



(7)




where Lcarj is the daily aggregate travel distance of cars from TAZ j; ALcarjw is the daily average car travel distance per trip from TAZ j, calculated using the selected parameters in the input elements for travel purpose w; Lbusj is the daily aggregate travel distance of buses in TAZ j; RTmj is the length of bus route m in TAZ j, and QTmj is the corresponding bus quantity; Tcarjw1 is the total number of daily car trips from TAZ j for travel purpose w.



Specifically, lokjw of Equation (3) and ALcarjw of Equation (6) were calculated with input variables as shown in Table 1, and the specific formulas are [47,48]:


  l  o  1 j w t   =  β  1 w t   +   ∑  i n   α  i w t   I n  (  V a r i a b l  e i   )  , V a r i a b l  e i  = V  A j  , I  N j  , E  P j  , H  S j  , R  E j  , A  E j   



(8)






  l  o  2 j w t   =  β  2 w t   +   ∑  i n   α  i w t   I n  (  V a r i a b l  e i   )  , V a r i a b l  e i  = V  A j  , I  N j  , H  S j  , D  A j  , A  E j  , E  P j  , C  P j  , M  E j   



(9)






  l  o  3 j w t   =  β  3 w t   +   ∑  i n   α  i w t   I n  (  V a r i a b l  e i   )  , V a r i a b l  e i  = V  A j  , I  N j  , H  S j  , R  E j  , B T  R j   



(10)






  A  L  c a r j w   =  β  4 w   +   ∑  i n   α  i w   I n  (  V a r i b l  e i   )  , V a r i b l  e i  = I  N j  , A  E j  , V  A j  , E  P j  , A T  R j  , A T  W j   



(11)




where lo1jwt, lo2jwt, and lo3jwt represent the natural logarithm of the odds of internal trips, external active trips, and bus trips from TAZ j for the travel purpose w in the time period t, respectively, and n represents the number of variables. The indications of variables in Variablei are shown in Table 1; β1wt, β2wt, β3wt, β4w, αiwt, and αiw are correlation coefficients based on related studies [38,42,43,45,47,49].



As shown in Table 1, land use indicators of the density and mixed use are included in the input elements because of their importance in the mixed-use development model. For example, the aggregate number of population and employment per unit area is the indicator of the development density. This indicator directly shows the general density of human activities. Besides, the level of mixed land use is of great significance in this model, and it was measured by two integrated indices of population and employment in Table 1. The spatial mix level of residential and employment land can be quantified by the indices. The formulas are [47,48]:


  E  P j  = m a x  (  1 −    |  0.2 × P O  P j  − R  E j   |    0.2 × P O  P j  + R  E j    , 0.01  )   



(12)






  C  P j  = m a x  (  1 −    |  0.05 × P O  P j  − C  E j   |    0.05 × P O  P j  + C  E j    , 0.01  )   



(13)




where EPj is the integrated index of population and total employment in TAZ j; POPj is the population in TAZ j; REj is the number of jobs in TAZ j; CPj is the integrated index of population and commercial employment in TAZ j; CEj is the number of commercial jobs in TAZ j. For total employment, different jobs are distributed in different types of land use. For commercial jobs, the model has a more detailed classification, including retail, supermarket, bank, restaurant, hotel, theater, and other commercial activities. The number of jobs is calculated based on the employment density and land amount [47,48].




3.2.3. Vehicle Emission Calculation Model


After estimating travel demand in the mixed-use development model, its output results for the travel distance of each vehicle type were used to calculate CO2 emissions based on the vehicle emission calculation model [50]. The passenger vehicles in the study area can be divided into two categories, namely, cars and buses. The parameters of vehicular energy in this model are shown in Table 2.





3.3. Data Sources


The field investigation of the study area was carried out to collect the basic data demanded by this study. The authors also visited authorities and research institutes associated with the study issues in Shenzhen for data preparation. Statistical reports, literature, and other online resources were also investigated to acquire related data.



The values of the input variables in the models were obtained by processing the data collected from the investigation. These variables were divided into four categories, namely, vehicular energy, land use, socioeconomic factors, and transport accessibility. The vehicular energy data were from related studies [51,52] and Longgang Transport Administration. The land use data were from Pingdi Subdistrict Administration, Longgang Land Administration, Urban Planning & Design Institute of Shenzhen, and Shenzhen Bureau of Statistics. The numbers of employment and population were calculated based on land use [47,48]. The socioeconomic data were from Shenzhen Bureau of Statistics and Pingdi Subdistrict Administration. As for the transport accessibility data, the data of the transport facilities were from Longgang Transport Administration, and the numbers of jobs accessible for different modes were calculated using the ArcGIS software with the data of both transport facilities and employment land.



For more accurate analysis, the study area was subdivided into individual TAZs. The zoning was in accordance with the following principles. First, the land area of a TAZ is restricted to 388.50 ha or smaller, and there should be no major roads crossing the interior of a TAZ in the mixed-use development model [48]. Thus, internal trips in a TAZ can be easily completed by active modes, such as walking, so that car trips are only necessary for external trips [36]. If a TAZ is too large, some internal trips might not be active trips. Second, local geographic factors should be taken into consideration in zoning. Major rivers and administrative borders of communities should not cross the interior of a TAZ, given the spatial accessibility and community statistics. Third, the land areas of TAZs should be allocated as proximate as possible to make them more comparable at the spatial scale.





4. Results


4.1. Land Use Analysis


Based on the zoning principles in Section 3.3, the five communities of the study area were subdivided into a total of 34 TAZs, as shown in Figure 5a. Therefore, each community contained at least a few TAZs.



Based on the types and amount of different land uses with different population and employment densities, spatial density distribution patterns of population and employment were calculated and are presented in Figure 5b,c, respectively. According to the calculated results, the TAZs with higher population densities are mainly distributed in the southern and eastern parts of the study area. This is because most residential land is concentrated in these TAZs, in which most people live in. Especially in the southeast, five TAZs account for 24.48% of the residential land in the whole study area, while their total land area only takes up 12.11%, showing a very highly concentrated population distribution pattern. However, the spatial density distribution pattern of employment is quite different from that of the population. Most of the TAZs with higher employment densities are distributed in the northern and western parts, where industrial land that can provide plenty of job opportunities is the land type accounting for the largest proportion. By comparing Figure 5b,c, a severe spatial imbalance between residence and employment can be observed. This imbalanced spatial form may play an important role in the generation of travel demand and associated transport emissions.




4.2. Travel Demand Analysis


Based on the estimated results of the TAZs from the mixed-use development model, the travel demand of each community in the ILCC Core Area was summarized. Table 3 demonstrates the results of the travel modes and vehicle travel distances, as well as a few differences between communities. The indicators were analyzed more closely as follows.



In the total trips, car trips have the highest modal split ratio in each community, followed by external active trips. This indicates that the travel modes are dominated by cars, and the low-carbon transport system still requires improvement. As the study area is a suburban area, its public transport services are still inadequate, and people may have to use cars to reach their destinations much faster, especially when covering a long or medium distance. People tend to use active modes instead of buses on external trips without cars. Trips within a short distance could be more conveniently made by walking or taking a bicycle than waiting for a bus. Moreover, the modal split ratio is low for all internal trips, suggesting that in most TAZs, people can hardly meet their travel demands within the TAZ they are located in, indicating that the internal land diversity is mostly low and that mixed-use development is not evenly distributed. As for travel distances, differences at the community level show that a community with a higher modal split ratio of bus trips is expected to have a shorter car travel distance. However, some communities with longer bus travel distances have lower bus trip modal split ratios. This implies that the public transport system is not significantly effective in reducing the number of car trips when associated with unsuitable land use layouts.



The distribution patterns of travel purposes are quite different for all the modes at the community level (Table 4). As an employment center, the proportions of the home-based work purpose for total trips and internal trips in the Gaoqiao community are both the highest, indicating the concentration of employment land. The proportions of the non-home-based purpose are both the highest for total trips and internal trips in the Pingdi community, resulting from the agglomeration of commercial land and various services. The highest proportions of the home-based other purpose for total trips and internal trips are both in the southern communities such as Yixin and Zhongxin, where residential land is largely concentrated. The characteristics of travel purposes for external active trips are generally similar to that of internal trips. The proportion of the home-based work purpose for car trips is the lowest in the Pingdi community compared with other communities while it is the highest for bus trips because of the densely distributed bus routes and better transport accessibility. In contrast, the proportions of the home-based work purpose for car trips in the southern communities are much higher while these proportions are much lower for bus trips. In all communities, the proportions of the home-based work purpose are much lower than that of the home-based other purpose for bus trips. This shows that the allocation of bus routes is not suitable for meeting the commuting travel demand and reducing the car dependency.



In terms of the daily time periods, the differences of the trip numbers in different time periods of a day, especially peak hours, are prominent for the modes and communities (Table 5). For total trips and internal trips, the trip proportions of morning peak hours in the Gaoqiao community are both the highest, associated with the travel purpose of commuting to this employment center. The characteristics of trip proportions of time periods for external active trips are generally similar to that of internal trips. For car trips, the proportions of morning peak hours are obviously higher in the southern communities, while for bus trips these proportions are lower. The level of employment accessibility by bus trips are lower in these communities, and the inhabitants living there tend to use cars to reach their workplaces faster during the morning peak hours. The proportions of evening peak hours are apparently higher than that of morning peak hours for the bus trips in the southern communities, indicating more travel demand for non-commuting purposes.



To further analyze the impact factors on travel demand, the indicators of transport accessibility based on the average of TAZ calculation results are summarized in Table 6. For intersection densities, the Pingdi community, which has the highest average intersection density also has the highest modal split ratios of both internal trips and external active trips, suggesting that a denser road network may increase the accessibility of active trips, as well as the modal split of this mode. In terms of the amount of accessible employment, jobs that can be reached by internal trips are much fewer than those by external trips. The higher modal split ratio of bus trips is associated with a larger accessible employment in this mode. Communities in the north and east have better employment accessibility, not only because of the agglomeration of the TAZs with high employment density, but also because of the greater number of bus routes passing through. Hence, more accessible employment can generally increase the modal split of non-car trips.




4.3. Transport CO2 Emission Analysis


With the results of the travel demand analysis, the CO2 emissions from the passenger transport of different communities were estimated based on the vehicle emission calculation model. As shown in Table 7, the total CO2 emissions from cars are much higher than that from buses in all communities. The differences of total CO2 emissions between communities are due to the emissions from cars. Although the travel distances of cars are generally shorter than those of buses, the CO2 emissions per capita of cars are significantly higher than that of buses for each community in the study area. Therefore, car trips are likely responsible for elevating the amount of emissions.



To further assess the differences in the amount of emissions at a finer scale, the spatial distribution patterns of the sources of the emissions are presented in Figure 6 and Figure 7. As Figure 6 shows, the sources from the passenger transport of the TAZs vary significantly across the study area. The total amount of emissions from the commercial and administrative centers in some of the east TAZs are much higher than that from most other TAZs. This is explained by the fact that the population in these centers is highly concentrated, and there are more vehicle trips from these TAZs. Some peripheral TAZs have a lower level of total emissions, which may be the result of their lower population. The distribution of bus emissions shows a center–periphery form, where the amount decreases from downtown to the surrounding areas. The amount of bus emissions is related to the distribution of the population and major roads. However, car emissions and total emissions have more dispersed spatial distribution patterns. Bus emissions in some central TAZs are low, implying fewer bus services, which result in people in these TAZs using cars on more trips. This shows that bus routes may not perfectly match the distribution of land use and travel demand.



The spatial distribution patterns of the sources of the per capita emissions of each TAZ are shown in Figure 7. People traveling from TAZs with lower values of per capita emissions show they have low emissions on their trips. Total emissions per capita in the eastern downtown center are lower than those in the north and southwest TAZs because of more mixed land use and better access to the public transport system. People in relatively less-mixed and lower-density TAZs in the southwest and northeast fringe tend to use cars to travel further to the center for commuting or other travel purposes. These findings indicate that different diversities of land uses can influence transport carbon production, especially per capita emissions. This connection is explicitly demonstrated in Figure 8, which displays the integrated index of population and total employment for each TAZ based on Formula (11). A higher value of this index means a higher mix level of land use. Comparing Figure 7 and Figure 8, it is clear that TAZs with higher values for the mix level of land use tend to have much lower per capita emissions because of more balanced job-housing distribution patterns. People in these TAZs can meet their travel demand more easily by non-car trips, making a great contribution to the decrease of individual transport emissions.



In addition to the amount, it is also important to assess the intensity of the transport emissions of each TAZ (Figure 9). This intensity is the emission level per unit area. The spatial distribution of the intensity of emissions is quite similar to that of the amount of emissions, but the differences between TAZs are even more prominent. The intensity of the emissions of southern and western TAZs is much higher than that of northern ones. This is likely to be an outcome of the densification of the residential population and commercial services, as well as the associated increase in transport emissions in these TAZs. In some central TAZs, the intensity of the emissions of buses is higher, while that of cars is low. However, in some western TAZs, it is the opposite, and in some southeast TAZs, both intensities are very high, indicating the emission reduction potential of bus routes and the inadequacy of public transport in the west.



As land use layouts are quite different between the communities, it is necessary to assess population- and employment-weighted emission intensities based on land use. As shown in Table 8, communities with higher employment-weighted emission intensities tend to have obviously lower population-weighted emission intensities. The average level of employment-weighted emission intensities is higher than the population-weighted level. This reveals the inequity issue of these communities. The level of mixed-use development in the study area is very low, and employment and residential land have a severely unbalanced distribution, resulting in a severe job-housing imbalance at the spatial level. This could result in people traveling to other communities for work or to acquire daily services, and cars are the travel mode much more convenient. Inequalities in land use have formed uneven spatial patterns of population and employment, resulting in a very high level of external travel demand. Meanwhile, unmatched bus routes drive people to use private travel modes, increasing car usage and associated emissions, especially for long or medium distances.




4.4. Uncertainties and Limitations


There are some uncertainties and limitations associated with the mixed-use development model when estimating travel demand, especially the car travel distance. There is randomness in individual travel behaviors, which are affected not only by land use, but also by their personal characteristics. For example, the individual preference of travel behaviors could be influenced by the age, gender, profession, income, family, educational background, and property ownership [53,54]. The remaining uncertainties due to different travel speeds and driving styles as well as vehicle conditions were excluded in this study. The data of some variables, such as vehicle ownership, are from statistical data on average, which might not be the same as the individual. Meanwhile, there are some uncertainties in the energy efficiency and emission factors of vehicles because of the difference of vehicle types, and these parameters adopted in this study is based on the average level. Due to this data limitation, it is impossible to know the detail of each person’s travel process and corresponding emissions, and uncertainties exist in this model. More surveys should be conducted in the mixed-use development model in future studies.





5. Conclusions and Policy Implications


5.1. Conclusions


Reducing transport carbon emissions is crucial for coping with climate change and for achieving sustainable development in many developing countries [55]. More sophisticated emission assessments and better urban planning may be important in achieving low-carbon goals. This study assessed CO2 emissions from passenger transport in TAZs at the community level based on a combination of the mixed-use development model and the vehicle emission calculation model. The mixed-use development model was adopted to estimate travel demand, including travel modes and distances based on mixed land use and transport accessibility. As a leading low-carbon city project of international cooperation in China, Shenzhen International Low-Carbon City Core Area was chosen as a case study for assessment.



The results clearly illustrate CO2 emissions of different passenger vehicle types and their spatial differences associated with land use layouts. Car trips account for the vast majority of emissions in all types of travel modes in each community, and although the total travel distance of cars is shorter than that of buses, cars are the largest CO2 emission source of all forms of passenger transport. At the community level, spatial inequalities of travel demand and transport emissions are very prominent. Land use layouts on a small spatial scale may have a significant impact on travel behaviors, which directly determine the transport energy consumption and emissions.



The mixed land use and transport facilities are very inadequate in the study area, resulting in the decrease of low-emitting trips. Mixed land use may play an important role in reducing passenger CO2 emissions from passenger transport, especially in per capita emissions. Employment land and residential land are unevenly distributed, resulting in a severe job-housing imbalance, and the bus routes are not well coordinated with land use and travel demand. The travel purposes and the trip proportions of peak hours are also impacted by the distribution patterns of residential and employment land. The job-housing imbalance and unreasonable transport facilities may decrease the commuting travel demand by buses. These unreasonable spatial attributes have caused severe inequalities of travel accessibility in the areas, leading to low modal split ratios of internal and bus trips. The analysis shows that a higher job-housing balance level may significantly reduce per capita transport emissions.



In general, the unreasonable allocation of land use layout and transport facilities have largely increased the high-emitting travel behaviors and spatial inequalities in developing urban areas. Therefore, more supporting options for low-carbon transport policy-making should be presented to reduce transport emissions.




5.2. Policy Implications


Based on the results of this study, several policy implications for improving low-carbon transport strategies can be highlighted as follows.



First, the low-carbon transport policy system should take the land use pattern and travel behaviors into consideration, given that land use may have significant impacts on travel behaviors. According to this study, the land use pattern of mixed-use development will improve land use diversity, which can significantly increase low-carbon travel behaviors of inhabitants to reduce high-emitting trips. The land use planning should reduce spatial equalities and control the development density properly.



Second, the planning of transport facilities, such as bus routes, should not only consider the population density, but should also pay attention to land use and inhabitants’ specific travel demand based on travel purposes to increase the user choices and modal split ratio of bus trips. To make car trips less necessary for traveling, suitable transit corridor should be established based on land use and actual travel demand for achieving the job-housing balance on the corridors and increasing the modal split ratio of bus trips, especially during the peak hours when the time is limited for commuting purposes.



Moreover, transport carbon emission inventories of communities in urban areas should be widely established for many countries where urbanization is developing rapidly. To implement low-carbon strategies in a more sophisticated manner, it is necessary to overcome data barriers and develop a better understanding of emissions at a finer scale, especially for less-developed countries. The mixed-use development model can be adopted for establishing transport emission inventories of current situations and future scenarios in small-scale urban areas. Such assessment can be used for evaluating the reduction in transport emissions of land use optimization policies to promote sustainable urbanization.
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Figure 1. Location of the study area. 
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Figure 2. Land use (a) and transport facilities (b) in the study area. 
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Figure 3. Framework of the research methodology. TAZ, traffic analysis zone. 
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Figure 4. Framework of the mixed-use development model. 
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Figure 5. Division of TAZs (a), population density (b), and employment density (c) in the study area. 
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Figure 6. Spatial distribution of the passenger transport emissions of each TAZ. (a) Car CO2 emissions; (b) bus CO2 emissions; (c) total CO2 emissions. 
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Figure 7. Spatial distribution of the sources of the per capita emissions of each TAZ. (a) Car CO2 emission per capita; (b) bus CO2 emission per capita; (c) total CO2 emission per capita. 
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Figure 8. Spatial distribution of the population-employment mix level of each TAZ. 
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Figure 9. Spatial distribution of the intensity of the emissions of each TAZ. (a) Car CO2 emission intensity; (b) bus CO2 emission intensity; (c) total CO2 emission intensity. 
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Table 1. Variables of the input elements in the mixed-use development model.
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Categories

	
Variables

	
Symbols






	
Land use

	
The amount of type i land in TAZ j

	
Xij




	
The total land area of TAZ j

	
AEj




	
The total number of jobs in TAZ j

	
REj




	
The aggregate number of population and employment per unit area in TAZ j

	
DAj




	
The integrated index of population and total employment in TAZ j

	
EPj




	
The integrated index of population and commercial employment in TAZ j

	
CPj




	
Socioeconomic factors

	
Vehicle ownership per capita in TAZ j

	
VAj




	
The household size in TAZ j

	
HSj




	
Transport accessibility

	
The number of jobs within a 1.6 km buffer outside the border of TAZ j

	
MEj




	
Density of the intersections within TAZ j

	
INj




	
The number of jobs accessible within a 30-min bus trip of TAZ j from the central point of TAZ j

	
BTRj




	
The portion of jobs within a 30-min car trip of TAZ j in the study area from the central point of TAZ j

	
ATRj




	
The portion of jobs within a 20-min car trip of TAZ j in the study area from the central point of TAZ j

	
ATWj
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Table 2. Parameters of vehicular energy in International Low-Carbon City (ILCC) Core Area in 2016.
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	Vehicle Type
	Energy Type
	Energy Proportion (%)
	Energy Intensity (kgce/km)
	Emission Factor (kgCO2/kgce)





	Cars
	Gasoline
	99.77
	0.08
	2.08



	
	Electricity
	0.23
	0.02
	1.42



	Buses
	Electricity
	100.00
	0.13
	1.42
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Table 3. Estimated annual travel demand of the ILCC Core Area in 2016.
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Indicators

	
Communities

	
Overall




	
Gaoqiao

	
Pingdi

	
Pingxi

	
Yixin

	
Zhongxin






	
Travel modes

	
Total trips (million)

	
21.59

	
42.78

	
86.64

	
25.96

	
65.50

	
432.24




	
Modal distribution of internal trips (%)

	
7.53

	
8.65

	
8.17

	
7.95

	
5.98

	
7.39




	
Modal distribution of external trips (%)

	
External active trips

	
30.99

	
31.47

	
29.70

	
25.15

	
22.15

	
26.95




	
Car trips

	
53.07

	
51.87

	
55.94

	
61.32

	
67.23

	
59.57




	
Bus trips

	
8.40

	
8.00

	
6.17

	
5.58

	
4.64

	
6.09




	
Travel distances

	
Car travel distances (108 km)

	
0.95

	
1.38

	
4.38

	
1.16

	
2.77

	
10.64




	
Bus travel distances (105 km)

	
1.75

	
4.12

	
6.53

	
3.49

	
6.31

	
22.20
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Table 4. Estimated distribution patterns of travel purposes of the ILCC Core Area in 2016.
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Trip Proportions of Travel Purposes (%)

	
Communities

	
Overall




	
Gaoqiao

	
Pingdi

	
Pingxi

	
Yixin

	
Zhongxin






	
Total trips

	
Home-based work

	
40.97

	
30.51

	
33.91

	
32.89

	
32.74

	
33.52




	
Home-based other

	
34.48

	
41.67

	
39.90

	
41.38

	
41.76

	
40.38




	
Non-home-based

	
24.55

	
27.82

	
26.19

	
25.73

	
25.50

	
26.10




	
Internal trips

	
Home-based work

	
60.17

	
45.28

	
52.85

	
47.58

	
47.32

	
49.70




	
Home-based other

	
17.89

	
31.22

	
29.01

	
35.32

	
33.80

	
30.60




	
Non-home-based

	
21.94

	
23.49

	
18.14

	
17.10

	
18.88

	
19.69




	
External active trips

	
Home-based work

	
63.92

	
44.14

	
48.97

	
51.56

	
45.02

	
48.60




	
Home-based other

	
34.00

	
50.11

	
48.29

	
45.98

	
51.91

	
48.03




	
Non-home-based

	
2.08

	
5.75

	
2.75

	
2.47

	
3.07

	
3.36




	
Car trips

	
Home-based work

	
25.58

	
19.05

	
25.13

	
28.88

	
27.79

	
26.03




	
Home-based other

	
35.02

	
36.78

	
37.82

	
36.07

	
31.96

	
35.78




	
Non-home-based

	
39.40

	
44.18

	
37.05

	
35.05

	
40.25

	
38.19




	
Bus trips

	
Home-based work

	
22.41

	
35.18

	
19.29

	
13.11

	
10.49

	
20.36




	
Home-based other

	
67.00

	
51.54

	
64.42

	
68.40

	
69.47

	
63.52




	
Non-home-based

	
10.59

	
13.28

	
16.29

	
18.49

	
20.05

	
16.12
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Table 5. Estimated trips in different time periods of the ILCC Core Area in 2016.
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Trip Proportions of Time Periods (%)

	
Communities

	
Overall




	
Gaoqiao

	
Pingdi

	
Pingxi

	
Yixin

	
Zhongxin






	
Total trips

	
Morning peak

	
11.88

	
8.57

	
9.15

	
9.25

	
8.97

	
9.25




	
Evening peak

	
12.64

	
12.53

	
12.10

	
13.06

	
9.72

	
11.69




	
Other

	
75.48

	
78.91

	
78.75

	
77.69

	
81.31

	
79.06




	
Internal trips

	
Morning peak

	
14.14

	
10.36

	
11.02

	
10.41

	
10.91

	
11.07




	
Evening peak

	
13.80

	
13.30

	
12.69

	
13.20

	
10.10

	
12.20




	
Other

	
72.06

	
76.34

	
76.29

	
76.38

	
78.99

	
76.73




	
External active trips

	
Morning peak

	
15.55

	
11.06

	
11.54

	
11.11

	
11.21

	
11.71




	
Evening peak

	
13.43

	
12.63

	
12.60

	
12.93

	
9.70

	
11.86




	
Other

	
71.02

	
76.31

	
75.86

	
75.96

	
79.09

	
76.43




	
Car trips

	
Morning peak

	
8.52

	
8.41

	
9.91

	
11.89

	
18.82

	
12.58




	
Evening peak

	
13.25

	
12.36

	
12.41

	
11.98

	
9.79

	
11.66




	
Other

	
78.23

	
79.22

	
77.68

	
76.13

	
71.39

	
75.76




	
Bus trips

	
Morning peak

	
10.56

	
11.73

	
9.28

	
8.69

	
7.85

	
9.56




	
Evening peak

	
10.15

	
12.35

	
9.69

	
11.26

	
10.73

	
10.53




	
Other

	
79.29

	
75.92

	
81.02

	
80.05

	
81.42

	
79.91
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Table 6. Transport accessibility in the ILCC Core Area in 2016.






Table 6. Transport accessibility in the ILCC Core Area in 2016.





	
Indicators

	
Communities

	
Overall




	
Gaoqiao

	
Pingdi

	
Pingxi

	
Yixin

	
Zhongxin






	
Intersection densities (number/ha)

	
0.05

	
0.22

	
0.06

	
0.08

	
0.07

	
0.07




	
Average accessible employment by internal trips (104 jobs)

	
0.84

	
0.24

	
0.47

	
0.39

	
0.25

	
0.44




	
Average accessible employment by external active trips within 1.6 km (104 jobs)

	
8.92

	
11.99

	
8.74

	
7.32

	
7.26

	
8.85




	
Average accessible employment by bus trips within 30 min (104 jobs)

	
12.19

	
9.47

	
9.26

	
7.41

	
7.35

	
9.14
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Table 7. Estimated CO2 emissions from the passenger transport of ILCC Core Area in 2016.






Table 7. Estimated CO2 emissions from the passenger transport of ILCC Core Area in 2016.





	
Emission Indicators

	
Modes

	
Communities

	
Overall




	
Gaoqiao

	
Pingdi

	
Pingxi

	
Yixin

	
Zhongxin






	
Total amount of CO2 emissions (kt)

	
Cars

	
15.76

	
22.98

	
72.74

	
19.34

	
45.95

	
176.77




	
Buses

	
0.03

	
0.07

	
0.12

	
0.06

	
0.11

	
0.39




	
Total

	
15.79

	
23.05

	
72.86

	
19.40

	
46.06

	
177.16




	
CO2 emissions per capita (kg)

	
Cars

	
4650.49

	
1179.69

	
32,543.34

	
35,267.06

	
22,175.83

	
24,085.87




	
Buses

	
1.53

	
6.59

	
2.19

	
3.59

	
1.56

	
2.09




	
Total

	
4652.02

	
1186.28

	
32,545.53

	
35,270.65

	
22,177.39

	
24,087.96
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Table 8. Population- and employment-weighted emission intensities.






Table 8. Population- and employment-weighted emission intensities.





	
Emission Intensities (g/m2)

	
Modes

	
Communities

	
Average




	
Gaoqiao

	
Pingdi

	
Pingxi

	
Yixin

	
Zhongxin






	
Population-weighted

	
Cars

	
373.18

	
1553.74

	
4242.29

	
2351.77

	
6144.53

	
2936.60




	
Buses

	
1.02

	
3.55

	
9.86

	
5.13

	
13.49

	
6.28




	
Total

	
374.20

	
1557.29

	
4252.15

	
2356.90

	
6158.02

	
2942.88




	
Employment-weighted

	
Cars

	
4133.77

	
3011.57

	
3544.80

	
1825.97

	
2478.87

	
2993.99




	
Buses

	
8.64

	
6.59

	
8.22

	
4.10

	
5.19

	
6.81




	
Total

	
4142.41

	
3018.16

	
3553.02

	
1830.07

	
2484.06

	
3000.80
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