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Abstract

:

Investigation shows that train travel has a lower pollution impact on the environment than flight travel or car travel. A stated preferences (SP) survey can effectively obtain the data of the commuter’s response to the hypothetical train price changes beyond the scope of previous observations. To this end, based on SP survey, we estimate the price elasticity of train travel demand and analyze its variation rules. It is shown that: (1) the own-price elasticities of demand are −1.049028 during peak period and −1.090438 during off-peak period, respectively; (2) the cross-price elasticities of demand are 0.001280 for train and air and 0.001156 for train and car during peak period; and 0.001350 for train and air and 0.001230 for train and car during off-peak period; (3) the own and cross-price elasticities of demand during off-peak period are bigger than the ones during peak period; (4) when the influence factors’ influence degree is 3 or 5, the own and cross-price elasticities of demand are largest; when the influence degree is 1, the own and cross-price elasticities of demand are smallest. A result application example shows that the elasticities obtained from this paper could be used to reduce energy used and CO2 emissions effectively.
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1. Introduction


Train travel is a common means of travel, and as one of the main intercity travel modes, railway bears a large amount of passenger flow. Train travel helps protect the environment by reducing energy consumption and the release of pollutants such as CO2 into the atmosphere. Table 1 [1] shows that intercity railways use less energy than planes, cars or buses, and generally emit less carbon dioxide than planes or cars.



A passenger kilometer means one passenger traveling one kilometer.



Train travel is an important way to reduce energy used and air pollution emissions. Train fare is an important economic lever to adjust train travel, which affects travelers’ travel behavior and choice of travel mode. The price elasticity of train travel demand is a key determinant of investigating many related issues, such as the effects of train fare changes or train system development and expansion [1,2]. Therefore, the study of the price elasticity of train travel demand has important theoretical and practical significance. Combining with the related literature and based on a stated preferences (SP) survey, this paper estimates the train travel demand own-and cross-price elasticities, and analyzes variation rules of the train travel demand price elasticities with the change in traveler attributes and influence factors’ influence degree, and then uses a result application example to show how the elasticities of this paper can be used to reduce the energy used and CO2 emissions effectively, which also partly shows the reliability and validity of the price elasticity of demand of this paper. The results of this paper can provide some scientific basis for the correct formulation of train fares and reducing energy consumption and CO2 emissions.



There are several main contributions of this paper: (1) the own-price elasticities of demand for train travel and the cross-price elasticities of demand for train and air, and train and car, are estimated; (2) their variation rules with the change in traveler attributes and influence factors influence degree are analyzed; (3) a result application example shows that the elasticities of this paper could be used to reduce energy used and CO2 emissions effectively.



The remainder of this paper is organized as follows. Section 2 reviews some relevant research. Section 3 describes the data. Section 4 presents the methodology used to estimate the own-and cross-price elasticities of train travel demand. Section 5 presents the own- and cross-price elasticity results and their variation rules and application to reduce energy used and CO2 emissions, and carries out the further discussion. Finally, the conclusions of the paper are given in Section 6.




2. Relevant Literature Review


Investigation on the price elasticity of demand for various travel modes has become a research hotspot. Many scholars have studied the price elasticity of demand for various travel modes based on the actual data and model methods, such as the price elasticity of demand of public transport travel [2,3,4,5,6,7,8,9], including the price elasticity of demand of subway travel [5,6,7,8,9], and the price elasticity of demand of air travel [1,10,11].



Some scholars investigated the price elasticity of train travel demand. Based on SP survey and the nested logit model, Anciaes et al. [12] studied the influence of the complex structure of railway fares on train travel demand, and found that simplifying the structure of fares would not increase rail travel demand. Wardman [13] conducted the largest price elasticity analysis of travel demand based on meta-analysis, covering 167 studies in the UK and 1633 studies on the elasticities of surface traffic patterns such as cars, railways, buses and subways. In order to assess whether travelers would switch from plane to train and use the new rail systems, Gama [1] used the method described in Berry [14] to estimate domestic flights’ and passenger trains’ own- and cross-price elasticities of demand; the static model of this study showed that there was little substitutability between these two modes of transportation. Combining with the train fare reduced by 20% in Sydney in 1976, Hensher and Bullock [15] examined the misreading effects of the actual price changes and the role of other factors other than cost to determine the effects of the reducing price on the real demand for travel. Nowak and Savage [16] calculated the cross-price elasticities between gasoline prices and ridership volume in Chicago based on monthly data from January 1999 to 2010, and estimated rail, city bus, commuter rail and suburban bus services, respectively. Ignacio [17] studied the price elasticity of demand and income elasticity of various intercity travel modes in the Northwest Corridor of the United States, and reconstructed the travel volume data and price data. Li et al. [18] used a revealed preferences (RP) survey to study the freight demand price elasticity of different travel modes such as railway in five countries.



The stated preferences (SP) survey can effectively obtain data that cannot be directly obtained by revealed preferences (RP) survey or observation and is used in many aspects of traffic research to reveal respondent’s presumed behavior in hypothetical situations, such as [12,19,20,21,22]. Based on an SP survey, Sipes and Mendelsohn [19] asked how many miles drivers would drive in response to the gasoline price increase and found that drivers would change their driving behavior in response to the higher gasoline prices, and drivers were price inelastic, and the income elasticity of gasoline was also low. Hössinger et al. [20] used the stated preferences (SP) survey derived from scenario analysis to estimate the price elasticity of fuel demand. Research showed that the application of the situational stated preferences (SP) survey was particularly useful if environments were not sufficiently stable, namely, the forecast period differs from the data period used for elasticity estimation, such as the travelers’ response to the hypothetical train price changes beyond the scope of previous observations.



Some typical factors affecting the price elasticity of train travel demand are as follows [2,8,23,24]:



(1) Departure frequency. The departure frequency is related to the waiting time of travelers. When the departure frequency is low, travelers may have more chances to choose other travel modes, which makes it easy to lose passenger flow and affects the attraction of train travel. At this time, when the train fare increases, travelers are more sensitive to the train price, and vice versa;



(2) Travel time. With the popularization of faster travel modes such as the air, the length of travel time has become one of the most important factors to be considered when choosing train travel. When the train travel time is generally too long, travelers’ demand for choosing train travel reduces. At this time, when the train fare increases, travelers are more sensitive to the train price, and vice versa;



(3) Service level. As people’s quality of life improves, people have more and more high-quality transportation service requests such as comfort and convenience, which mainly include punctuality, the in-vehicle environment and congestion, and transfer convenience, and the connectivity with other modes of transport. Additionally, the commuters will choose the travel mode which has high punctuality, and whose in-vehicle environment is better and in-vehicle congestion is less than other travel modes, which can easily transfer to other modes of transport, such as taxis and buses and so on. When train travel service level is high, when train fare increases, travelers are less sensitive to the train price, and vice versa;



(4) Travel purpose. The price elasticity of demand varies with different travel purposes. For example, the demand for official and business travel is characterized by relatively stable demand and higher requirements for travel time and the traveler’s travel expenses belong to product or labor costs, and therefore the traveler is less sensitive to the train fare. For personal affairs and travel purposes, the train is preferred as a cheap and slow travel mode compared with planes, and the traveler’s travel expenses belong to personal income, and therefore the traveler is more sensitive to the train fare;



(5) Relevant travel mode’s price. The relevant travel mode’s price affects the price elasticity of train travel demand. For example, when the price of air decreases, the demand for air travel increases, and then the demand for train travel decreases accordingly. When the train price increases, travelers are more sensitive to the train price; when the train price reduces, travelers are less sensitive to the train price;



(6) Level of urbanization. Urban people’s income level is generally higher than that of rural areas, and travel spending in daily life is also higher; the travel rate of urban areas is much higher than the one for rural areas. The rhythm for urban working is faster, and therefore people need a short travel time to enjoy, and rest and loosen their body and mind by changing their daily life environment, so the travel demand of the city is stronger than the one of the rural area, and in a higher level of urbanization, travelers are less sensitive to the train price, and vice versa.



In addition, some scholars investigated the application of various price elasticities in energy used and CO2 emissions, such as the price and income elasticities of oil demand [25,26], the time-varying income and price elasticities for energy demand [27], the price and income elasticities for coal demand [28] and the fuel demand price elasticities [29].




3. Data


The stated preferences (SP) survey is particularly suited to discrete choice experiments and is usually employed to reveal respondent’s presumed transportation behavior in hypothetical situations [20]. For more detailed description and mechanisms of the SP survey, see [12,19,20,21,22]. This paper uses an online survey to collect data based on the SP survey. According to the purpose of the paper, the structure of the questionnaire is divided into three parts: the survey of personal attributes of travelers, the survey of the own- and cross-price elasticities of train travel demand, and the survey of influence factors’ influence degree on train travel demand price elasticity, which are as follows:




	(1)

	
Survey of personal attributes of travelers









A survey of personal attributes of travelers is used to acquire the properties of respondents, including gender, age, education background, occupation background, travel distance for long-distance travel (cross-province, cross-city), proportion of travelers’ long-distance travel (cross-province, cross-city) by train, monthly income level, etc., and the problem and its option value settings are based on the related literature research and the real traffic;



	(2)

	
Survey of the price elasticity of train travel demand







According to the research purpose of this paper, in this paper, based on an SP survey and the hypothetical train price changes beyond the scope of previous observations, we estimate the own-price elasticities of demand for train travel and the cross-price elasticities of demand for train and air, and train and car. More specifically, the problems are set as follows: when the train fares increase by 10%, 20%, 30% and 40%, respectively, how many percentages does your train travel reduce on the basis of the original and how many percentages do your relevant traffic modes travel increase on the basis of the original;



	(3)

	
Survey of influence factors influence degree of train travel demand price elasticity







The content of this part of the questionnaire is arranged according to the content of the above influence factors’ analysis. The main purpose is to study the variation rules of own- and cross-price elasticities of demand with the change in influence factors’ influence degree. Considering that the influence factors’ influence degree cannot be accurately quantified, when setting the problem and value of this part, a 5-point Likert-type scale [30] is adopted, and the influence factors’ influence degree is divided into five grades: 1 means no influence, 2 means a little influence, 3 means general influence, 4 means big influence, and 5 means very big influence. Respondents were required to score the influence factors’ influence degree in the questionnaire on train travel according to their own past experiences and feelings and the above classification method.



Trains are mainly used for long-distance travel cross provinces and cities. From this perspective, the substitutable travel modes of train are mainly air and car. Thus, the questionnaire requires that the respondents have had train, plane and car travel experiences in the last 12 months. There is a big difference in the travel characteristics of peak period and off-peak periods, which may mean that train travel demand price elasticity is different, and therefore, in this questionnaire, to ensure the accuracy of the survey results, the investigation is divided into two types: peak period and off-peak period. To validate the questionnaire, some transportation planning and management professors were invited to assess whether the questionnaire was appropriate for estimating the price elasticity of train travel demand. According to the professors’ feedback, we modified the questionnaire. To test whether the survey instrument was well behaved and whether individuals understood the questionnaire items, a pre-test was conducted with 30 people. The questionnaire was also modified according to respondents’ feedback.



The questionnaire was written in Chinese and distributed online between 11 April 2020 and 19 April 2020, and most provinces and cities in China were covered. A total of 335 questionnaires were collected. Next, we extracted and checked the sample data. According to principles of effectiveness and consistently in the process of investigation, the questionnaires that could not be completed were eliminated. According to the time that the respondents took to fill out the questionnaire in the pre-test, we took 100 s as the minimum filling time of the questionnaire. In the online survey, if the filling time was less than 100 s, it would be eliminated. During the questionnaire survey, if there was a logical contradiction in the travel data provided by the respondents, the consistency principle was violated, and it was also eliminated. Finally, 35 were eliminated and the effective questionnaire volume obtained was 300, and the effective rate was 89.6%. The subsequent data analysis was based on the data of these 300 questionnaires. The characteristics of the samples were as follows: male respondents accounted for 51.3% and female respondents accounted for 48.7%. Most of the respondents were within the under-25 age range (32%) and 36–45 age range (31.3%). A total of 88.3% of respondents are undergraduates of university or above. In terms of occupation background, 30.3% of respondents were ordinary staff, 23.3% of respondents were the base manager, 20.7% of respondents were students, and 15% of respondents were the middle manager. In terms of travel distance for long-distance travel (cross-province, cross-city), 501–1000 km accounted for 31.7%, 100–500 km accounted for 20.7%, 1001–3000 km accounted for 19.3% and 3001–5000 km accounted for 14.7%. In terms of proportion of travelers’ long-distance travel (cross-province, cross-city) by train, the proportion range 10–30% accounted for 36%, the proportion range 31–50% accounted for 21%, the proportion range 51–70% accounted for 14.7%, and the proportion range more than 90% accounted for 11%. A total of 38.7% of respondents’ monthly income level was 8001–10,000 yuan, 29% of respondents’ monthly income level was less than 2000 yuan and 15.3% of respondents’ monthly income level was more than 10,000 yuan, where yuan is the monetary unit of China.




4. Methodology


The price elasticity of demand, which is adopted in this paper can be calculated as follows


  ε =   Δ Q / Q   Δ P / P    



(1)




where  ε  is the price elasticity of demand coefficient,  Q  represents the demand for goods and  P  represents the price of goods, and   Δ Q   represents the change in the demand for goods and   Δ P   represents the change in the price of goods. The price elasticity of demand coefficient  ε  reflects the sensitivity of demand to price change. Based on the collected data, the specific calculation processes and formulas in this paper are as follows:



(1) Combining with the data, Equation (1) is used to calculate the own-price elasticities of demand     ε   n ,   D  1    p % , o w n     and the cross-price elasticities of demand     ε   n ,   D  1  ,   D  2    p % , c r o s s     of the traveler   n ( n = 1 , 2 , ...300 )   when the train fare changes by   p % ( p = 10 , 20 , 30 , 40 )   during peak period and off-peak period respectively, where     D  1    represents peak period or off-peak period and     D  2    represents air or car travel modes;



(2) Calculate the own-price elasticities of demand of the traveler   n ( n = 1 , 2 , ...300 )   during peak period and off-peak period


    ε   n ,   D  1    o w n   =     ε   n ,   D  1    10 % , o w n   +   ε   n ,   D  1    20 % , o w n   +   ε   n ,   D  1    30 % , o w n   +   ε   n ,   D  1    40 % , o w n    4   



(2)




and the corresponding cross-price elasticities of demand


    ε   n ,   D  1  ,   D  2    c r o s s   =     ε   n ,   D  1  ,   D  2    10 % , c r o s s   +   ε   n ,   D  1  ,   D  2    20 % , c r o s s   +   ε   n ,   D  1  ,   D  2    30 % , c r o s s   +   ε   n ,   D  1  ,   D  2    40 % , c r o s s    4   



(3)







(3) Calculate the own-price elasticities of demand of travelers during peak period and off-peak period when train fare increases by   p %  


    ε     D  1    p % , o w n   =   ∑  n = 1   300      ε   n ,   D  1    p % , o w n     / 300  



(4)




and the corresponding cross-price elasticities of demand


    ε     D  1  ,   D  2    p % , c r o s s   =   ∑  n = 1   300      ε   n ,   D  1  ,   D  2    p % , c r o s s     / 300  



(5)







(4) Calculate the final own-price elasticities of demand for train travel during peak period and off-peak period


    ε     D  1    o w n   =   ∑  n = 1   300      ε   n ,   D  1    o w n     / 300  



(6)




and the corresponding cross-price elasticities of demand


    ε     D  1  ,   D  2    c r o s s   =   ∑  n = 1   300      ε   n ,   D  1  ,   D  2    c r o s s     / 300  



(7)







(5) The own and cross-price elasticities of demand for an attribute taking a certain value or an influence factor influence degree taking a certain value are calculated as the average value of the corresponding elasticities of the travelers, whose attribute takes the corresponding value or influence factor influence degree takes the corresponding value.




5. Results and Discussion


5.1. Own-Price Elasticities of Demand


According to the corresponding data and methods, the own-price elasticities of demand     ε     D  1    p % , o w n     changing during peak period and off-peak period when the train price increases by   p %   are shown by Figure 1.



Figure 1 shows that when train fares increase by 10%, 20%, 30% and 40%, respectively, the own-price elasticities during peak period and off-peak period increase with the increase in train fare change, which is consistent with the real traffic, namely, with the increase in train fare change, travelers are more sensitive to the train price, and vice versa; Figure 1 also shows that own-price elasticities during the off-peak period are bigger than the ones during peak period, which may be because during peak period, there are more travelers choosing to travel by train, and therefore travelers are less sensitive to the train price, and vice versa; furthermore, when the train fare increases from 20% to 30%, own-price elasticities change greatly.



According to the corresponding data and calculation method, own-price elasticity we obtained during peak period is −1.049028, and that during off-peak period is −1.090438.




5.2. Cross-Price Elasticities of Demand


According to the corresponding data and methods, the cross-price elasticities of demand     ε     D  1  ,   D  2    p % , c r o s s     changing during peak period and off-peak period when the train price increases by   p %   are shown by Figure 2.



Figure 2 shows that overall, the cross-price elasticities of demand for train and air, and train and car, during off-peak period are bigger than the ones during peak period, respectively, which may be because during peak period, traffic flow is larger, and travelers have fewer chances to choose other travel modes. When the train fare increases from 10% to 20%, the cross-price elasticities of demand for train and air, and train and car, during peak period and off-peak period decrease. When the fare increases from 20% to 40%, the cross-price elasticities of demand for train and air during peak period and off-peak period show a rising trend, and the cross-price elasticities of demand for train and car during peak period and off-peak period show a trend of a slight increase and then a slight decrease.



According to the data and calculation method, the cross-price elasticities of demand we obtained during peak period are 0.001280 for train and air and 0.001156 for train and car; and the cross-price elasticities of demand during off-peak period are 0.001350 for train and air and 0.001230 for train and car.




5.3. Variation Rules of the Own- and Cross-Price Elasticities of Demand


Next, we investigate the variation rules of the own- and cross-price elasticities of demand with the change in traveler attributes and the influence factors’ influence degree.



5.3.1. Variation Rules with the Change in Traveler Attributes


Variation rules of the own and cross-price elasticities of demand with the change in traveler attributes during peak period and off-peak period are as follows. Figure 3 below shows the variation rules of the own- and cross-price elasticities of demand with the change in traveler’s gender attribute.



Figure 3a shows that the own-price elasticities of female travelers have a bigger difference between peak period and off-peak period. During the off-peak period, female own-price elasticities are bigger than male own-price elasticities, while during peak period, male own-price elasticities are slightly bigger than female own-price elasticities. Figure 3b shows that when the gender is female, cross-price elasticities for train and air change more obviously during peak period and off-peak period. During peak period, there are more travelers choosing to travel by train and traffic flow is larger and travelers have fewer chances to choose other travel modes, so the own- and cross-price elasticities during off-peak period are larger than the ones during peak period.



Figure 4 shows the variation rules of the own- and cross-price elasticities of demand with the change in traveler’s age attribute.



Figure 4a shows when age is under 25, the own-price elasticities have maximum value, and in the 26~45 years old age range, the own-price elasticities diminishes with age, and the own-price elasticities during off-peak period are greater than the ones during peak period. After age 45, the own-price elasticities during peak period firstly increase and then decrease, and during off-peak period they firstly decrease and then increase. Figure 4b shows that when age is under 25, the cross-price elasticities during off-peak period are largest; the cross-price elasticities for train and car during peak period firstly reduce and then slowly increase and then reduce slightly, and the cross-price elasticities for train and air during peak period almost keep the same firstly, and then increase greatly and then decrease. The own- and cross-price elasticities for travelers under the age of 35 change more significantly during peak period and off-peak period, and that may be because people whose age is under 35 are generally in university or work, and often have more train travel opportunities and, during off-peak period, they can choose between more travel modes and are more sensitive to the train price and, on the contrary, during peak period, they can choose fewer travel modes and are less sensitive to the train price.



Figure 5 shows the variation rules of the own- and cross-price elasticities of demand with the change in traveler’s education background attribute.



Figure 5a shows that, on the whole, the own-price elasticities during off-peak period are larger than the ones during peak period, and the own-price elasticities of train travelers who are undergraduates are largest, and that may be because undergraduates of university usually go to university cross-province and cross-city by train and their income is low, and therefore they are more sensitive to the train price. Just like the own-price elasticities shown by Figure 5a, Figure 5b shows that the cross-price elasticities are smallest when the education level is senior high school or below; at this education level, the cross-price elasticities of demand for train and air, and train and car, change little during peak period and off-peak period, respectively. On the whole, the own and cross-price elasticities during off-peak period and peak period all showed a trend of firstly increasing and then decreasing.



Figure 6 shows the variation rules of the own- and cross-price elasticities of demand with the change in traveler’s occupation background attribute.



Figure 6a shows that, except for freelancers, the own-price elasticities during peak period and off-peak period show a trend of firstly decreasing and then flattening or decreasing, and the own-price elasticities are largest when the respondent is a student, and that may be because many university students go to school cross-provinces or cities and their income level is usually very low, and therefore their own-price elasticities are greater. Figure 6b shows that the cross-price elasticities for train and car during peak period are smallest. The cross-price elasticities of freelancers during off-peak period are biggest; however, cross-price elasticities during peak period are small. The cross-price elasticities during peak period all show a trend of decreasing. As freelancers have more free time and travel options, during off-peak period, they are more sensitive to the price of travel mode, and during peak period, they can choose not to travel, and therefore at this time they are less sensitive to the price of the travel mode.



Figure 7 shows the variation rules of the own- and cross-price elasticities of demand with the change in traveler’s general travel distance for long-distance travel (cross-province, cross-city) attribute.



It can be seen from Figure 7a that during peak period, the own-price elasticities firstly increase and then decrease, and during off-peak period, the own-price elasticities firstly decrease and then increase. The own-price elasticities are biggest when the travel distance is over 5000 km, and the own-price elasticities during off-peak period are smallest when the travel distance is 100–500 km, and during peak period are smallest when the travel distance within 100 km. Figure 7b shows that cross-price elasticities during both peak period and off-peak period gradually decrease and then increase, except cross-price elasticities for train and air during peak period, which show a trend of firstly increasing and then decreasing and then increasing. The cross-price elasticities are almost smallest when the travel distance is 1001–3000 km, and the cross-price elasticities are largest when the travel distance is over 5000 km, which may be due to the fact that although train travel is common over long-distance travel, there may be a travel distance threshold for the commuter choosing long-distance train travel and, as the travel distance increases, people are more inclined to travel by other traffic modes such as by air, and more sensitive to the train fare.



Figure 8 shows the variation rules of the own- and cross-price elasticities of demand with the change in proportion of travelers’ long-distance travel (cross-province, cross-city) by train attribute.



Figure 8a shows that the own-price elasticities during off-peak period show a trend of firstly reducing and then increasing, and during peak period they have a trend of increasing and then decreasing and then increasing; when the train travel accounted for more than 90%, the own-price elasticities were largest, when the train travel accounted for 10–30%, the minimum value of own-price elasticities during off-peak period was obtained, and when the train travel accounted for less than 10%, the one during peak period was obtained. Figure 8b shows that, on the whole, the cross-price elasticities for train and car during peak period are minimum. The cross-price elasticities are smallest when the train travel accounts for less than 10% and biggest when the train travel accounts for more than 90%, and their maximum values are almost the same. When the proportion of travelers’ long-distance travel (cross-province, cross-city) by train is biggest, travelers spend the most on train travel, and there are many relevant substitutable travel modes such as air and car, and therefore, at this time, travelers are more sensitive to the train price.



Figure 9 shows the variation rules of the own- and cross-price elasticities of demand with the change in traveler’s monthly income level attribute.



Figure 9a shows that the own-price elasticities during off-peak period tend to decrease, and the own-price elasticities during peak period firstly increase and then decrease. When the monthly income level is below 2000 yuan, the own-price elasticities during off-peak period are biggest; when the monthly income level is between 2001 and 5000 yuan, the own-price elasticities during peak period are biggest; when the monthly income level is above 10,000 yuan, the own-price elasticities are the smallest during peak period and off-peak period. Figure 9b shows that during off-peak period, the cross-price elasticities firstly decrease and then increase, and finally decrease; during peak period, the cross-price elasticities firstly increase and then decrease. When the monthly income level is below 2000 yuan, the cross-price elasticities during off-peak period are biggest. During off-peak period, as a cheaper way to travel, train is the choice of more people, especially when the travelers’ monthly income level is low, and therefore they are more sensitive to the train fare. When the monthly income level is more than 10,000 yuan, the cross-price elasticities are smallest, because these people may prefer to travel by other travel modes, such as by air, and therefore the traveler is less sensitive to the train fare.




5.3.2. Variation Rules with the Change in Influence Factors’ Influence Degree


Variation rules of the own- and cross-price elasticities of demand with the change in some typical influence factors’ influence degree during peak period and off-peak period are shown by Figure 10.



Figure 10 shows that the own and cross-price elasticities during off-peak period are larger than the own- and cross-price elasticities during peak period, respectively, which is consistent with the previous research, such as [2,31] and, as mentioned above, this may be because, during peak period, there are more travelers choosing to travel by train, and traffic flow is larger and travelers have fewer chances to choose other travel modes, and therefore the commuters are less sensitive to the train price. The left panels show the variation rules of the own-price elasticities of demand with the change in some typical influence factors influence degree during peak period and off-peak period, more specifically, they show that on the whole, during off-peak period and peak period, the own-price elasticities firstly increase, then decrease and then increase with the influence factors’ influence degree increasing, and have a smaller value when the influence degree is 4. When the influence degree is 3 or 5, the own-price elasticities are largest; when the influence degree is 1, the own-price elasticities are smallest. The right panels show the variation rules of the cross-price elasticities of demand with the change in some typical influence factors’ influence degree during peak period and off-peak period; more specifically, they show that on the whole, the cross-price elasticities during off-peak period and during peak period firstly increase and then decrease, and then increase slightly with the increase in influence factors’ influence degree. When the influence degree is 1, the cross-price elasticities are minimum, and when the influence degree is 3 or 5, the cross-price elasticities are maximum. Therefore, the conclusion is that when the influence degree is 3 or 5, the own- and cross-price elasticities of demand are the largest; when the influence degree is 1, the smallest own- and cross-price elasticities of demand can be obtained. Futhermore, the own-price elasticities of demand absolute values are obviously bigger than the cross-price elasticities of demand values, which is consistent with previous investigation, and Figure 10 also shows that the variation range of the own-price elasticities of demand is generally larger than the variation range of the cross-price elasticities of demand, and the cross-price elasticities of demand for train and car during peak period are almost the smallest, which indicates that the substitutability between train travel and car travel is almost minimum during peak period.





5.4. A Result Application Example: Elasticities, Energy Used and CO2 Emissions


In this section, we use a result application example to show how the elasticities of this paper can be used to reduce energy used and CO2 emissions effectively, and partly show the reliability and validity of the price elasticity of demand of this paper. For simplicity without loss of generality, we assume that the characteristics of the sample population are roughly the same as those of the travelling population, and take the cross-price elasticities for train and air     ε   a i r   c r o s s     as an example. Setting the train fare decreases by   p %  , we have the number of travelers switching from planes to trains as follows


  Δ   Q   a i r   =   Q   a i r     ε   a i r   c r o s s   p %  



(8)




where     Q   a i r     is the number of air travelers over a period of time. Set the average travel distance of travelers switching from planes to trains both by train and by plane as     d  a   , and the energies used by one passenger traveling one kilometer by air and by train as     E   a i r     and     E   t r a i n    , respectively, and the CO2 emissions of one passenger traveling one kilometer by air and by train are     C   a i r     and     C   t r a i n    , respectively, and therefore, we can see that when the train fare decreases by   p %  , the reduced energy used and CO2 emissions, respectively, are


  Δ E = Δ   Q   a i r     d  a  (   E   a i r   −   E   t r a i n   )  



(9)






  Δ C = Δ   Q   a i r     d  a  (   C   a i r   −   C   t r a i n   )  



(10)







From the Ministry of Transport of China and National Bureau of Statistics of China, we have the annual data of the Chinese total aviation passenger volume and turnover, and we used the data from 2000 to 2019. Considering that train travel and air travel have a substitute relationship only in the domestic scope of China, and only Chinese domestic aviation passenger volume and turnover data for 2019 can be obtained, which are 5.86 hundred million passengers and 8520.22 hundred million passenger kilometer, respectively, and are 88.79% and 72.79% of Chinese total aviation passenger volume and turnover in 2019, respectively; therefore, in other years, we assume that the ratios of Chinese domestic aviation passenger volume and turnover to Chinese total aviation passenger volume and turnover are the same as the ones of 2019, respectively, and     d  a    in a given year is the ratio of Chinese domestic aviation passenger turnover to Chinese domestic aviation passenger volume. It is difficult to distinguish the total and domestic aviation passenger volume and turnover during peak period from the ones during off-peak period, and therefore we set the cross-price elasticities for train and air as


    ε   a i r   c r o s s   = (   ε   p e a k , a i r   c r o s s   +   ε   o f f - p e a k , a i r   c r o s s   ) / 2 = ( 0.00128 + 0.00135 ) / 2 = 0.001315  



(11)







According to Table 1,     E   a i r   −   E   t r a i n    = 1   . 576  − 1  . 387 =  0.189   million joule per passenger kilometer and     C   a i r   −   C   t r a i n   = 0.156 − 0.085 = 0.071   kg per passenger kilometer. Thus, we have Chinese total and domestic aviation passenger volume and turnover data from 2000 to 2019 and its calculation results about elasticities, energy used and CO2 emissions when the train fare decreases by 10% in Table 2.



EJ is the energy unit and 1 EJ is equal to 1 × 1013 joule, and   Δ   Q   a i r     and   Δ C   are accurate to one passenger and one ton, respectively.   Δ E   are accurate to three decimal places and other variations are accurate to two decimal places when there are more than two decimal places. Table 2 shows that when the train fare reduces by 10% in China, the number of travelers switching from planes to trains is about 7823 passengers in 2000, and then increases to 77,059 passengers in 2019, and the average travel distance of travelers switching from planes to trains is from 1176 to 1454 km, which is about the distance between Beijing and Shanghai. The reduced energy used and CO2 emissions are shown by Figure 11.



Table 2 and Figure 11 show the reduced energy used and CO2 emissions when the train fare reduces by a 10% increase with time; in 2000, they were 0.176 EJ and 660 ton respectively; and in 2019, they increase to 2.118 EJ and 7955 ton, respectively; Figure 11 also shows the growth trends of the reduce energy used and CO2 emissions are roughly the same.




5.5. Discussion of Result


Based on an SP survey, this paper collected the related data and estimated the own-price elasticities of demand for train travel and the cross-price elasticities of demand for train and air, and train and car, during peak period and off-peak period, and analyzed the variation rules of own- and cross-price elasticities of demand with the change in traveler attributes and influence factors’ influence degree. However, the current study is not detailed and quantitative enough; for example, the research on the variation rules of the own- and cross-price elasticities of demand with the change in traveler attributes and influence factors’ influence degree and their variation mechanisms. Therefore, based on the data and model, more detailed and quantitative research is the direction of further research.



The study of the own-price elasticities of demand for the train travel and the cross-price elasticities of demand for train and air, and train and car, is a key determinant of investigating many related issues, such as the effects of train fare changes or train system development and expansion [1,2]. Therefore, based on the research of this paper, these problems can be studied. For example, combining the results of the paper and Chinese total and domestic aviation passenger volume and turnover data, we show how the elasticities of this paper can be used to reduce energy used and CO2 emissions effectively; considering that only Chinese domestic aviation passenger volume and turnover data for 2019 can be obtained, for simplicity without loss of generality, this example assumed that the ratios of Chinese domestic aviation passenger volume and turnover to Chinese total aviation passenger volume and turnover in other years are the same as the ones of 2019, which is also one of the further research directions. From the environmental protection perspective, this example showed when the train fare reduced by 10%, the cross-price elasticities of demand for train and air could make the air travelers switch from planes to trains to reduce energy used and CO2 emissions effectively; however, this does not mean that we should not use air travel, because air travel is fast, time-saving and safe, and so on, which we did not consider.



It is noted that, just like Gama [1], based on the data and methods, the cross-price elasticities of demand obtained in this paper are very small; for example, the cross-price elasticities of demand for train and air are 0.00128 during peak period and 0.00135 during off-peak period, and their average value is 0.001315. However, when passenger volume and turnover are very large and the train price reduces, the cross-price elasticities of demand still make many travelers switch from other travel modes to train, such as in the above example, which shows that the number of travelers switching from planes to trains is about 7823 in 2000 and then increases to 77,059 in 2019, and combined with the average travel distance of travelers switching from planes to trains in the range of 1176–1454 km, the very small cross-price elasticities of demand still can reduce energy used and CO2 emissions effectively, which also partly shows the reliability and validity of the price elasticity of demand of this paper.



Furthermore, a comparison between our results and the results of other studies in other countries can be obtained in Table 3.



Table 3 shows the comparison between our results and the results of other studies in other countries. For the own-price elasticities of demand, the ones of the USA are bigger than the ones of China and UK, and this may be because we estimated the price elasticity of train travel demand in the short run, and Gama [1] estimated the price elasticity of train travel demand by quarter using fixed effects by market. The ones of China are almost the same as the ones of the UK, which means that, with completely different travel preferences than in China, the own-price elasticities of this paper could be used in the UK; however, they are not suitable for America. For the cross-price elasticities of demand, the ones of the USA are bigger than the ones of China, which means that the cross-price elasticities of this paper are also not suitable for America.





6. Conclusions


This paper mainly estimates the price elasticity of train travel demand and analyzes its variation rules and application in energy used and CO2 emissions from the short-run perspective. Generally speaking, in the long run, the commuters have more time and chances to adjust their commuting behavior, such as their travel mode choice, and therefore their price elasticities of train travel demand in the long run are usually bigger than the ones in the short run. According to the above calculation and analysis, the own-price elasticities of demand are −1.049028 during peak period and −1.090438 during off-peak period, respectively. The cross-price elasticities of demand are 0.001280 for train and air and 0.001156 for train and car during peak period, and 0.001350 for train and air and 0.001230 for train and car during off-peak period.



In addition, the variation rules of own- and cross-price elasticities of demand with the change in traveler attributes and influence factors’ influence degree are different; however, the following general rules can be obtained:




	(1)

	
The own and cross-price elasticities of demand during off-peak period are bigger than the ones during peak period, respectively;




	(2)

	
The variation range of the own-price elasticities of demand is generally larger than the variation range of the cross-price elasticities of demand;




	(3)

	
The cross-price elasticities of demand for train and car during peak period are almost the smallest;




	(4)

	
As influence factors’ influence degree increases, on the whole, the own- and cross-price elasticities of demand firstly increase and then decrease, and finally increase. When the influence degree is 3 or 5, the own- and cross-price elasticities of demand are largest; when the influence degree is 1, the own- and cross-price elasticities of demand are smallest.









Finally, a result application example showed that the elasticities of this paper could be used to reduce energy used and CO2 emissions effectively; however, this does not mean that we should not use the air, because besides the environmental protection, there are many other factors to consider.
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Figure 1. Own-price elasticities of demand changing when train fare increases by   p %   
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Figure 2. Cross-price elasticities of demand changing when train fare increases by   p %  . 
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Figure 3. The variation rules of the own- and cross-price elasticities of demand with the change in traveler’s gender attribute: (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 4. The variation rules of the own and cross-price elasticities of demand with the change in traveler’s age attribute. (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 5. The variation rules of the own- and cross-price elasticities of demand with the change in traveler’s education background attribute: (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 6. The variation rules of the own- and cross-price elasticities of demand with the change in traveler’s occupation background attribute: (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 7. The variation rules of the own- and cross-price elasticities of demand with the change in traveler’s general travel distance for long-distance travel (cross-province, cross-city) attributes: (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 8. The variation rules of the own- and cross-price elasticities of demand with the change in proportion of travelers’ long-distance travel (cross-province, cross-city) by train attribute: (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 9. The variation rules of the own- and cross-price elasticities of demand with the change in traveler’s monthly income level attribute: (a) own-price elasticities of demand; (b) cross-price elasticities of demand. 
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Figure 10. Variation rules of the own- and cross-price elasticities of demand with the change in some typical influence factors influence degree during peak period and off-peak period. The (left panels) show variation rules of own-price elasticities of demand and the (right panels) show variation rules of cross-price elasticities of demand: (a,b) departure frequency influence degree; (c,d) travel time influence degree; (e,f) service level influence degree; (g,h) travel purpose influence degree; (i,j) relevant travel mode price influence degree; (k,l) urbanization level influence degree. 






Figure 10. Variation rules of the own- and cross-price elasticities of demand with the change in some typical influence factors influence degree during peak period and off-peak period. The (left panels) show variation rules of own-price elasticities of demand and the (right panels) show variation rules of cross-price elasticities of demand: (a,b) departure frequency influence degree; (c,d) travel time influence degree; (e,f) service level influence degree; (g,h) travel purpose influence degree; (i,j) relevant travel mode price influence degree; (k,l) urbanization level influence degree.



[image: Sustainability 13 00475 g010a][image: Sustainability 13 00475 g010b]







[image: Sustainability 13 00475 g011 550] 





Figure 11. The reduced energy used and CO2 emissions when the train fare reduces by 10%. 
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Table 1. Energy used and CO2 emissions of the main travel modes [1].






Table 1. Energy used and CO2 emissions of the main travel modes [1].












	
	Intercity Rail
	Air
	Car
	Buses





	Energy used (million joule per passenger kilometer)
	1.387
	1.576
	3.192
	2.059



	CO2 emissions (kg per passenger kilometer)
	0.085
	0.104–0.156
	0.068–0.27
	0.034







Sources: U.S. Department of Energy, U.S. Department of Transportation and U.S. Environmental Protection Agency.
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Table 2. Chinese total and domestic aviation passenger volume and turnover data from 2000 to 2019 and its calculation results about elasticities, energy used and CO2 emissions when the train fare decreases by 10%.
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	Year
	Total

Passenger Turnover

(Hundred Million Passenger Kilometer)
	Domestic Passenger Turnover

(Hundred Million Passenger Kilometer)
	Total

Passenger Volume

(Hundred Million Passenger)
	Domestic Passenger Volume      Q   a i r      (Hundred Million Passenger)
	   Δ   Q   a i r     

(passenger)
	     d  a    

(kilometer)
	   Δ E    (EJ)
	   Δ C    (ton)





	2019
	11,705.3
	8520.22
	6.6
	5.86
	77,059
	1453.96
	2.118
	7955



	2018
	10,712.3
	7797.42
	6.12
	5.43
	71,455
	1434.98
	1.938
	7280



	2017
	9513
	6924.46
	5.52
	4.90
	64,449
	1412.84
	1.721
	6465



	2016
	8378.1
	6098.37
	4.88
	4.33
	56,977
	1407.47
	1.516
	5694



	2015
	7282.6
	5300.96
	4.36
	3.87
	50,906
	1369.35
	1.317
	4949



	2014
	6334.2
	4610.63
	3.92
	3.48
	45,768
	1324.71
	1.146
	4305



	2013
	5656.8
	4117.55
	3.54
	3.14
	41,332
	1310.03
	1.023
	3844



	2012
	5025.7
	3658.18
	3.2
	2.84
	37,362
	1287.54
	0.909
	3415



	2011
	4537
	3302.46
	2.93
	2.60
	34,210
	1269.45
	0.821
	3083



	2010
	4039
	2939.96
	2.68
	2.38
	31,291
	1235.53
	0.731
	2745



	2009
	3375.2
	2456.79
	2.31
	2.05
	26,971
	1197.85
	0.611
	2294



	2008
	2882.8
	2098.37
	1.93
	1.71
	22,534
	1224.54
	0.522
	1959



	2007
	2791.7
	2032.06
	1.86
	1.65
	21,717
	1230.47
	0.505
	1897



	2006
	2370.7
	1725.62
	1.6
	1.42
	18,681
	1214.71
	0.429
	1611



	2005
	2044.9
	1488.47
	1.38
	1.23
	16,112
	1214.81
	0.370
	1390



	2004
	1782.3
	1297.33
	1.2
	1.07
	14,011
	1217.63
	0.322
	1211



	2003
	1263.2
	919.48
	0.88
	0.78
	10,275
	1176.80
	0.229
	858



	2002
	1268.7
	923.48
	0.86
	0.76
	10,041
	1209.41
	0.230
	862



	2001
	1091.4
	794.42
	0.75
	0.67
	8757
	1192.99
	0.197
	742



	2000
	970.5
	706.42
	0.67
	0.59
	7823
	1187.50
	0.176
	660
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Table 3. The comparison between our results and the results of other studies in other countries.
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	Selected References
	Type of Elasticity
	Location
	Data Type
	Model or Methodology
	Estimated Elasticity





	Gama [1]
	9 October–9 December own-price elasticities of demand by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	−1.33497



	Gama [1]
	10 January–10 March own-price elasticities of demand by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	−1.28519



	Gama [1]
	10 April–June 10 own-price elasticities of demand by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	−1.39622



	Gama [1]
	10 July 10–10 September own-price elasticities of demand by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	−1.40913



	Gama [1]
	9 October–9 December cross-price elasticities of demand for train and air by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	0.00226



	Gama [1]
	10 January–10 March cross-price elasticities of demand for train and air by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	0.00221



	Gama [1]
	10 April–10 June 10 cross-price elasticities of demand for train and air by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	0.00197



	Gama [1]
	10 July–10 September cross-price elasticities of demand for train and air by quarter using fixed effects by market
	USA
	RP
	Discrete-choice models
	0.00200



	Wardman [13]
	Non-season static own-price elasticities of demand
	UK
	Analysis andsummary of previous studies
	The meta-analysis
	−1.05



	This paper
	Own-price elasticities of demand during peak period
	China
	SP
	Statistical analysis
	−1.049028



	This paper
	Own-price elasticities of demand during off-peak period
	China
	SP
	Statistical analysis
	−1.090438



	This paper
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