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Novelty of the research topic 

Cities worldwide have developed an urban mobility plan that contains the basis for the sustainable 

development of the city in terms of public space and transport. Besides, the mobility plan has been seen as 

a planning instrument that defines the lines of action that should govern urban mobility in the coming 

years. The strategic objective is to continue advancing towards a more sustainable, efficient, safe, healthy, 

and equitable collective mobility model. The plan establishes the goals and actions necessary for users and 

the various transport modes to coexist on public roads: pedestrians and cyclists are prioritized and 

protected, collective public transport is promoted, the use of private vehicles is reduced, commercial and 

tourist mobility is regulated, and the efficiency of the mobility network as a whole is guaranteed. The park-

and-ride system is included as a parking policy within the Sustainable Urban Mobility Plans (SUMPs) in 

order to encourage users who are not covered by the service or the frequency of public transport to opt for 

the use of the car and then change to another mode of transport. The consequence of reducing the number 

of private vehicles captured by the P&R system is that it generates benefits such as reduced pollution and 

congestion.  

The main motivation of the current dissertation is to provide an investigation on the P&R system as it 

is considered as part of the urban mobility of a city, and how this can be a parking policy within SUMPs to 

reduce the undesirable effects of the private vehicle in the CBD. Most researchers considered the P&R 

system as isolated from the transport or mobility infrastructure, a component that has been little studied 

or unattractive within the urban area.  

Although it is believed that some cities around the world already have P&R systems in place, the 

interaction with new private vehicle technologies such as electric vehicles and autonomous vehicles should 

be investigated. In contrast, other cities wish to implement P&R systems, so it is necessary to study what 

criteria to consider for implementation and the determination of trip origination points. The present 

dissertation covers both scenarios; thus, the P&R system can be considered as an integral part of the 

mobility mechanism, and even as a modal interchange point. 

This integral study of a P&R system in the urban environment begins by determining the purpose of 

the trips produced by the P&R system, which is detailed in Chapter 2. It continues with the investigation 

of the set of criteria that experts take into consideration to establish the P&R system, and it explores which 

of them is the most relevant one by using multi-criteria methods (Chapter 3). Studying one of the 

components of the P&R system as the catchment area is essential to know the coverage area of the P&R 

system. This problem is addressed in Chapter 4. Chapter 5 determines the potential demand of the P&R 

system through a mathematical optimization model. Chapter 6 provides the dynamic accessibility of the 

P&R system based on different traffic metrics. Chapter 7 investigates whether the P&R system reduces the 

pollution caused by conventional vehicles and the interaction of electric and autonomous vehicles with the 

P&R system. And finally, Chapter 8 presents the future research directions and highlights new discoveries 

made in this research work. 

 

 

Publication related: [1]. 
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1. Objectives, Research Methodology and Hypotheses 

The classic performance of the P&R system has already been studied; however, in this dissertation a 

new approach to the operation of the P&R system is considered. For this new P&R concept or new 

approach, new hypotheses, objectives, methods and methodologies have to be developed. In addition, each 

hypothesis is related to an objective and a chapter of the dissertation, as mentioned below. 

The first hypothesis is whether the points of origin and activities that generate trips in the P&R system 

are related to land use. Therefore, the objective is determining which activities and points of origin are 

generated by a P&R system; finding by a linear regression model the location of the P&R system and 

analyzing the travel characteristics in different traffic measures. Statistical information from the SUMP was 

used to measure the accessibility of the P&R system and a Python algorithm was developed for different 

traffic measurements. This study belongs to chapter 2 of the dissertation. 

The second hypothesis is that through three multi-criteria methods, it is possible to determine which 

criteria and sub-criteria to implement. In order to validate this, it is necessary to meet the following 

objective: determining a set of criteria and sub-criteria to establish the location of the P&R system along the 

urban environment of a city; by conducting a survey, a decision tree and the application of several multi-

criteria methods to find out which criteria are the most relevant to implement a P&R system. This objective, 

hypothesis and methodology correspond to chapter 3 of the dissertation. 

The third hypothesis is that the catchment area of the P&R system makes it possible to define the 

coverage area of the P&R system in the urban environment of a city. To verify this hypothesis, the following 

objective is proposed: analyzing the potential demand of the P&R system; through the development of a 

mathematical model, the potential demand of the P&R system is established. Software programmes such 

as GIS and Python were used in order to capture the area of coverage of the P&R system. The hypothesis, 

objective and methodology correspond to chapter 4 of this dissertation. 

The fourth hypothesis is a mathematical optimization model that determines the potential demand of 

each facility belonging to the P&R system. The optimization model explores the modal split between 

private vehicles, public transport, and P&R in order to verify this hypothesis the following objective is 

defined: developing a model to study the catchment area of the P&R system; in the catchment area, the 

location and scope of the P&R system in the urban area of the city can be investigated. A mathematical 

optimization approach has been applied based on utility costs. The hypothesis, objective and methodology 

are described in chapter 5. 

The fifth hypothesis is the dynamic accessibility of the P&R system at different traffic metrics helps 

determine the best routes to the P&R, and to test this hypothesis the following objective is defined: building 

a model to explore the dynamic accessibility of the P&R system; through traffic measurements and the 

implementation of geo-referencing systems, dynamic accessibility is established. Therefore, GIS and 

mathematical equations were applied to determine hot and cold spots. A detailed statistical analysis is also 

provided. The hypothesis, objective and methodology are described in chapter 6. 

The sixth hypothesis is calculating the reduction of pollutant emissions when implementing a P&R 

system. This reveals whether P&R is a transportation policy that helps to reduce pollution. The interaction 

of the P&R system with electric vehicles and autonomous vehicles allows the P&R system to be sustainable 

over time according to new technologies. To verify this hypothesis, the following objective is proposed: 

studying the interaction of the P&R system with other private vehicle technology systems, such as electric 

and autonomous vehicles; determining the percentage reduction of pollution by introducing the P&R 

system and combining it with autonomous and electric vehicles. For this purpose, we used a software tool 

that allows us to gain statistical information coming from the SUMP concerning  pollutant emissions. The 

hypothesis, objective and methodology are given in chapter 7. 
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This means that there are 7 chapters (designated 2 to 7) in which the hypothesis, objective and 

methodologies proposed in this dissertation are presented one by one. Each of these chapters contains 

literature on the method, methodologies, results and conclusions. In addition, each chapter has a specific 

thesis, therefore, overall, there are 6 theses in this dissertation. 

 

2. Research methodology 

The applied research methodologies are presented related to each hypothesis and thesis. 

2.1 Research methodology related to hypothesis 1 

The urban area of a city is divided into zones or more commonly in European cities, into districts. 

Using the Geographic Information System (GIS) software, a central point is located in each neighborhood 

that makes up a zone or district and constitutes the city. Therefore, there will be the same number of points 

as neighborhoods. This composition of the neighborhoods and their classification is stipulated in the 

SUMP. Each neighborhood also has a land use attribute. Based on the widely researched literature, it is 

determined that the potential users of the P&R system are mostly users who travel to their destination for 

work or shopping purposes. In other words, the set of neighborhoods that make up the city will be filtered 

based on residential land use. The number of potential points of origin of P&R trips will be reduced 

according to reality through the filtering process. 

Note that a neighborhood whose land use is residential may be composed of a set of potential users 

who own private vehicles and wish to use the P&R system. For example, neighborhoods can even be 

grouped into clusters represented by the same land use; for example, there are neighborhoods where the 

land use is work and shopping. In this particular case, the selection of trip origins in the P&R system is part 

of trip origins. Points reflecting other land uses are discarded for our research. A trip route is then plotted 

from these points of origin to the various facilities belonging to the P&R system. To calculate the travel 

route, an algorithm is used based on three traffic measures. 

The result of applying the algorithm and techniques (subroutines) to each set of input start locations 

is a table containing the nearest P&R facility to each zone by metric and day. Thus, we can extract useful 

information about the P&R system linked to land use. 

 
Table 1 Steps in the algorithm used 

Algorithm Calculation of the nearest P&R facility to each zone according to parameters 

Input: City zones’ spatial data, P&R locations data, set of trip-generating points for each zone. 

Output: Nearest P&R facility to each zone for each weekday and each metric. 

External 

sources: 
Routing engine with traffic calculation sub-system. 

Steps:  

1: Read the data, create appropriate data structures; 

2: For each trip-generating point in each zone, calculate each metric to each of the P&R locations for each 

day using the appropriate routing engine. 

3: For all the metrics for each zone and day, calculate the average values. 

4: Compare the averages and find for each zone the nearest P&R according to each metric for each 

weekday. 

5: Include the results calculated in matrices and provide them to the user in a human-readable form. 

 

The second subroutine of the algorithm used is the Google Maps address API service. 
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2.2 Research methodology related to hypothesis 2 
The planning and selection of the criteria to be used or taken into account for the location of the P&R 

system facilities is one of the most important parts of the study in order to subsequently order these criteria 

according to the standards of the multi-criteria method used. The construction of criteria and sub-criteria 

makes it possible to study the order of relevance selected by the researchers both individually and as a 

whole. The study selected 6 main criteria and 19 sub-criteria according to the literature on the location of 

P&R system facilities. The criteria are assigned a code ranging from C1 to C6.  

 

 
Figure 1. Main criteria and sub-criteria of the P&R location problem. 

 

Three multi-criteria methods have been used to determine the most important criteria for establishing 

a P&R system: AHP fuzzy method, Best Worst Method, AHP-BWM Model, and AHP-BWM Model. 

 

2.3 Research methodology related to hypothesis 3 

Parabola Elements Linked to P&R System Components: 

• Focus: This is the fixed point. In our model, these are the coordinates of each installation of the P&R 

system. 

• Vertex: This is the middle point of the intersection of the axis with the parabola. This point is (h, k), 

and it is explained in the section equations. 

• Axis: The straight line perpendicular to the generator that goes through the focus is called the axis. It 

is the axis of symmetry of the parabola. 
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• Directrix. The directrix is perpendicular to the axis of symmetry of a parabola. 

 
Figure 2. Illustration of the elements of the parabola. 

The parabola is defined as a simple geometrical shape that can be described by a set of equations. At 

the same time, these equations can be utilized to define the catchment area of a P&R system´s stations in 

an urban environment. The following equations build the parabola: 

 
Table 2. Collection of equations and variables that define the parabola. 

Equation (𝒚 − 𝒌)𝟐 = 𝟒𝒑(𝒙 − 𝒉) (𝒙 − 𝒉)𝟐 = 𝟒𝒑(𝒚 − 𝒌) 

Vertex (ℎ, 𝑘) (ℎ, 𝑘) 

Focus (𝑝 + ℎ, 𝑘) (ℎ + 𝑝, 𝑘) 

Directrix x = −p + h y = −p + k 

Axis of symmetry y = k x = h 

p > 0 Opens to the right Opens upward 

p < 0 Opens to the left Opens downward 

 

In both cases, h and k represent the vertex, and the focus is the coordinates of the P&R system (p + h, 

k); p is a point that is part of the focus. Given the focus and the directrix of a parabola, we can find the 

parabola’s equation. The difference between (1) and (2) is the opening of the parabola. In our case, we can 

use either of the two equations due to the parabola orientation that is determined by the approach of the 

P&R system previously described.  

In order to describe the first approach in which the parabola's orientation is in accordance with the 

main center of activity (CBD), Figure 3 shows this theoretical approach to the traditional parabola 

orientation in order to establish the catchment area of the P&R system in the urban area of a city. Thus, the 

central business district (CBD), the P&R system, and the catchment area shown by the parabola are 

contrasted, as well as the arrows representing the route of a public transport system from the facility to the 

CBD. The literature described the parabola's orientation as symmetrical to the central business district 

(CBD) and reached through public transportation. 

In the light of this new approach, a hypothesis emerges; the coverage area within the urban 

environment varies and, in a more realistic form, can represent the catchment area of the facility. Therefore, 

Figure 3 represents the theoretical analysis of this new approach. The graph shows the P&R system of a 

hypothetical city with four P&Rs, and it is possible to note that while the orientation varies, the same 

destination is kept where potential users of the P&R system arrive via public transport to the CBD. Using 

these theoretical concepts, programming code was developed that allowed us to express it in a real situation 

in order to be able to identify the advantages and limitations of each particular approach. Both approaches 

maintained the concept of P&R, which consists of driving a certain distance in a private vehicle and then 

using the P&R system to change to public transport to reach the destination. 
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Figure 3. Illustration of the parabola’s orientation based on comparing both approaches. 

 

In order to show the variables and components of the P&R system in the mathematical equations and 

include the parabola orientation and finally its visualization through GIS software, a flow chart including 

the software program is shown in Figure 4. I used Python and Jupyter Notebooks to develop an 

implementation of the two parabola methods described above. In addition, several standard libraries were 

utilized, namely numpy, geopandas, pandas, osmnx, pyproj, shapely, network, geopy.geocoders, and 

matplotlib. 

 
Figure 4. Representation of the flow chart for the parabola method. 



Research methodology 

   

7 

 

2.4 Research methodology related to hypothesis 4 
The theoretical representation of journeys presented in Figure 5 involves three routes from an origin to a 

destination. The first is by private vehicle (PV), the second by the P&R, and the third is by bus and tram 

(public transport, PT) since there is no direct bus line to the city center in the case study area. 

 
Figure 5 Theoretical trip models 

The first step in constructing the mathematical model is the formulation of the theoretical trip of the 

mathematical notation 𝑚𝑖𝑗, which reflects the origin and destination matrix given by SUMP. This matrix 

𝑚𝑖𝑗 is composed of the trips from the different origins 𝑖(𝑖𝑜 … 𝑖𝑛) that belong to 𝑂 origin, i.e., 𝑖 ∈ 𝑂, and arrive 

at the destinations j which is in the Central Business District (CBD), D, therefore, all the destinations 

𝑗(𝑗𝑜 … 𝑗𝑛) belong to 𝐷 destination, i,e. 𝑗 ∈ 𝐷. The city also has a set of facilities known as 𝑘 belonging to the 

P&R system 𝐾, therefore, 𝑘 ∈ 𝐾.  

 

Travel from origin to destination is possible in three modes of transport (PV, PT, and P&R), and each 

mode has a cost function. The three types of routes from an origin to a destination are the following: 

through private vehicles represented by 𝑣; therefore, its function cost from an origin to a destination is 

𝐶𝑣(𝑖𝑗). A second route is through the P&R system represented by 𝑁; therefore, 𝐶𝑁(𝑖𝑗𝑘), this route is composed 

of the costs of traveling by car, added to the costs of using the P&R system, plus the LRT costs until reaching 

the destination. Furthermore, finally, route three is the one that is made by bus and after that by the LRT.  

 

For example, the 𝐶𝑣(𝑖𝑗) is based on the cost per kilometer of the private vehicle 𝑇1 at a certain distance 

𝛽1. While the cost of the function of the P&R system 𝐶𝑁(𝑖𝑗𝑘) is the cost per kilometer of travel by private 

vehicle from the origin to the facility 𝑇1, plus the waiting and transfer time in the P&R system 𝑇2, plus the 

cost of using the LRT 𝑇3 from the facility to the destination. The trip-choice depends mainly on travel time, 

travel distance, and travel costs, where any or a combination of these elements is typically called cost 

functions. The bus cost 𝐶𝑏(𝑖𝑗) is constant in Cuenca city and does not depend on the distance (𝛽2). 
Equation 1 

𝐶𝑣(𝑖𝑗) = 𝛽1T1     (1)   𝐶𝑏(𝑖𝑗) = 𝛽2     (2)    𝐶𝑁(𝑖𝑗) = 𝛽1T1 + T2 + T3 (3)  

 

The non-linear Equation 2 helps to determine the user’s preference for a type of transport based on 

the cost function. The goal is to determine the portion of P&R trips that are attributed to each facility. 

Simultaneously, there is a parameter known as Sensitivity within the 4 equations, which is the willingness 

of users to switch to P&R mode. Based on the mobility plan, this value is 58%. This parameter is marked as 

𝜃, and it also allows regulating the willingness of users to use the least costly route. Therefore, 𝐶𝑁(𝑖𝑗𝑘) ≤

𝐶𝑣(𝑖𝑗).  

The 𝑥(𝑖𝑘𝑗) considers all the above components and is further articulated in Equation 2, where 

𝐶𝑣(𝑖𝑗) (1), 𝐶𝑁(𝑖𝑗𝑘) (3) are declared to be the cost functions that reflect the usage and value of the route of 

private vehicles and the P&R mode, respectively, and the sensitive value 𝜃. Equation 3 represents a location 
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variable: 𝑙𝑘 is a binary value indicating whether the facility k is part of the P&R system K, otherwise zero. 

𝑙𝑎 is a binary value that is always one and represents the selected P&R. 

 
Equation 2 

𝑥(𝑖𝑘𝑗) =
𝑙𝑘𝑒−𝜃𝐶𝑁(𝑖𝑗𝑘)

 𝑒−𝜃𝐶𝑣(𝑖𝑗) + 𝑒−𝜃𝐶𝑏(𝑖𝑗) + ∑ 𝑙𝑎𝑒−𝜃𝐶𝑁(𝑖𝑗𝑘)
𝑘∈𝐾

,   𝑘 ∈ 𝐾    

 

For a non-linear model, the complexity of finding an optimal solution is increased. It is, therefore, 

advisable to transform the present model into a linear model. The linearization suggested by Aros-Vera 

and Cavadas is the approach used for this study, where Equation 2 is substituted by the equivalent of three 

constraints: Equation 3 to Equation 6, which transform the non-linear model into a linear one. Thus, 

Equation 7 is 1 if the facility is on the route. Hence, Equation 8 gives the percentage of the trips by the P&R 

mode 

 
Equation 3 

𝑥(𝑖𝑘𝑗) ≤ 𝑙𝑘  ,                          ∀𝑖 ∈ 𝑂, 𝑗 ∈ 𝐷, 𝑘 ∈ 𝐾                  
Equation 4 

∑ 𝑥(𝑖𝑘𝑗)

𝑘∈𝐾

= 1 ,                             ∀𝑖 ∈ 𝑂, 𝑗 ∈ 𝐷                                

Equation 5 

𝑥(𝑖𝑘𝑗) ≤
𝑒−𝜃𝐶𝑁(𝑖𝑗𝑘) 

 𝑒−𝜃𝐶𝑣(𝑖𝑗)
 𝑥(𝑖𝑗) + (1 − 𝑙𝑎) ,       ∀𝑖 ∈ 𝑂, 𝑗 ∈ 𝐷, 𝑘 ∈ 𝐾                                

Equation 6 

𝑙𝑘 ∈ {0,1},                                         ∀ 𝑘 ∈ 𝐾                               

Each facility location 𝑧 is within the range of all potential facilities, 𝑘. This implies that the number of 

facilities is expressed by z in Equation 7 
Equation 7 

∑ 𝑙𝑘 = 𝑧

𝑘∈𝐾

                            

Therefore, a maximum of the users 𝐷(𝑘) who are willing to use a k facility of the P&R system K, is 

given by the total number of trips in private vehicle 𝑚(𝑖𝑗) that choose P&R (𝑖𝑘𝑗) route.  
Equation 8 

𝑀𝑎𝑥 𝐷(𝑘) =  ∑ 𝑚(𝑖𝑗). 𝑥(𝑖𝑘𝑗)

 𝑖∈𝑂
𝑗∈𝐷

                                      
 

 

2.5 Research methodology related to hypothesis 5 

Hot Spots Formulation 

Hot spot analysis identifies where travelers are going with high or low time accumulations and 

compares travel times for individual origins with travel times from neighboring origins. The following 

Equations (9–11) explain the method used to calculate the hot spots: 

The Getis–Ord local statistic is given as: 
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Equation 9 

𝐺𝑖
∗ =

∑ 𝑤𝑖,𝑗𝑥𝑗 − �̅�𝑛
𝑗=1 ∑ 𝑤𝑖,𝑗

𝑛
𝑗=1

𝑆√[𝑛 ∑ 𝑤𝑖,𝑗
2 − (∑ 𝑤𝑖,𝑗

𝑛
𝑗=1 )

2𝑛
𝑗=1 ]

𝑛 − 1

        
 

where 𝑥𝑗 is the attribute value for feature 𝑗, 𝑤𝑖,𝑗is the spatial weight between feature 𝑖 and 𝑗, 𝑛 is equal 

to the total number of a feature: 
Equation 10 

�̅� =
∑ 𝑥𝑗

𝑛
𝑗=1

𝑛
  

Equation 11 

𝑆 = √
∑ 𝑥𝑗

2𝑛
𝑗=1

𝑛
− (�̅�)2 

 

 

The 𝐺𝑖
∗ statistic is equal a 𝑧-score, thus no further calculations are required. 

The 𝐺𝑖
∗ statistic returned for each entity in the dataset is a z-score. For positive z-scores that are 

statistically significant, the larger the z-score is, the more intense the clustering of high values (hot spot) 

should be. For negative z-scores that are statistically significant, the smaller the z-score is, the more intense 

the clustering of low values (cold spot) should be. The result of the study by the statistician Getis–Ord 𝐺𝑖
∗, 

and in it, we can see how the origin points of a P&R system create a hot spot (z-positive scores), while 

negative z-scores create the so-called cold spots. Those zones have problems of accessibility according to 

traffic conditions in the city’s urban environment that have more cold spots in them. 

The Hot Spot Analysis tool is part of the software used. This tool works by searching for each entity 

within the context of neighboring entities. An entity with a high value is interesting, but may not be a 

statistically significant hot spot. To be a statistically significant hot spot, an entity must have a high value 

and also be surrounded by other entities with high values. The software package itself gives the formula. 

The data needed are the origin of trips and the travel time in different traffic metrics. 

 

Correlation Formulation 

In statistics, Moran’s I is a measure of spatial autocorrelation developed by Patrick Alfred Pierce 

Moran. It is characterized by a correlation in a series of indicators among nearby locations in the spectrum. 

The correlation equations are presented below (Equations (12-16)): 

The Moran’s I statistics for spatial autocorrelation is given as: 
Equation 12 

𝐼 =
𝑛 ∑ ∑ 𝑤𝑖,𝑗𝑧𝑖

𝑛
𝑗=1 𝑧𝑗

𝑛
𝑖=1

𝑠0 ∑ 𝑧𝑖
2𝑛

𝑖=1

   

where 𝑧𝑖 is the deviation of an attribute for feature I from its mean (xi-�̅�), wij is the spatial weight 

between feature 𝑖 and 𝑗, 𝑛 is equal to the total number of features, and 𝑠0 is the aggregate of all spatial 

weights. 
Equation 13 

𝐼 =
𝑛 ∑ ∑ 𝑤𝑖,𝑗𝑧𝑖

𝑛
𝑗=1 𝑧𝑗

𝑛
𝑖=1

𝑠0 ∑ 𝑧𝑖
2𝑛

𝑖=1

   

The 𝑍𝐼 − score for the statistic is computed as: 
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Equation 14 

𝑍𝐼 =
𝐼 − 𝐸[𝐼]

√𝑉[𝐼]
   

where: 
Equation 15 

𝐸[𝐼] = −
1

𝑛 − 1
     

Equation 16 

𝑉[𝐼] = 𝐸[𝐼2] − 𝐸[𝐼]2  

 

With respect to Moran's Global Index, the value P is 0, and the null hypothesis can be rejected; in other 

words, there is a state of spatial dependence in the distribution of values. Given a set of origin points of the 

P&R system and an associated facility attribute, this tool assesses whether the expressed pattern is 

clustered, dispersed, or random. When the z-score and the p-value indicate statistical significance, a 

positive value of Moran's I-index indicates a trend towards clustering. In contrast, a negative value of 

Moran's I-index indicates a trend towards dispersion. 

 

The Spatial Autocorrelation tool outputs are five values: Moran’s I-index, the expected index, the 

variance, the z-score, and the p-value. These values can be accessed in the Results window. The formulation 

comes within the software used, and the data needed is the location of the origin points and travel time in 

different traffic metrics. To understand more about the model that makes the study of the dynamic 

accessibility of the P&R system possible, consider the following diagram (Figure 6). 

 

 
Figure 6 Diagram of the model to study the dynamic accessibility of the P&R system. 
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2.6 Research methodology related to hypothesis 6 
To determine the emissions generated by a private vehicle according to the number of trips, the 

COPERT software developed by the European Environment Agency is used. The process of how to 

calculate the emissions in the software is explained in detail in Figure 7 

 
Figure 7 COPERT model estimation procedure 

The methodology for estimating emissions by the COPERT program covers exhaust emissions of CO, 

NOx, NMVOC, CH4, CO2, N2O, NH3, SOx, PM. The following decision tree, Figure 8, is developed by 

Leonidas Ntziachristos which gives us an idea of what outcomes to expect. In our case, it is Tier 3. The Tier 

2 approach considers the fuel used by the different vehicle categories and their standard emissions through 

an algorithm.  

 
Figure 8 The decision tree for COPERT  

The second part of the results is composed of reducing emissions by reducing the number of motorized 

private trips to the CBD for implementing the P&R system through the COPERT program.  

 



4. New scientific results 

   

12 

 

4. New scientific results 

Thesis I: 
I found that land use and trips to the P&R system are linked. I developed a model that includes a 
linear regression for the location of the P&R system and an algorithm that allows linking trip 
purposes in different traffic measures to the P&R system. The conclusion is that the location of 
the P&R system and the points of origin of the trip intentions to the P&R system are for business 
and work/school purposes. 

 

I found that activities such as agriculture and education should be ruled out in a study of the origins 

of travel in the P&R system. In addition, a linear regression was applied to determine the location of the 

Park and Ride system. 

 

Publications related to this chapter: [1][2][3][4]. 

Results 

The results show that the SUMP can be seen as a manual for local government to develop future 

mobility and transportation policies in the short, medium and long term. Transportation and parking 

policies are established for the P&R system. In addition, the P&R system can be used as a method of data 

collection. Through this collection, data collection is facilitated. 

 

I determined the trip origination points through the P&R system based on land use, as well as the 

purpose of the trip, which is work and shopping, and developed an algorithm that allows us to know 

through the trip origins of the P&R system which facility is the most optimal one in various traffic 

measures. 

 

The results show that the trip origins of the P&R system are for work and shopping purposes. 

Furthermore, through an algorithm, these origins of the P&R points choose the closest facility in terms of 

distance and in terms of traffic, the one that takes the least time. 

 

 

Thesis II: 
I defined a set of criteria and sub-criteria for P&R system placement. I elaborated a survey, a 
decision tree and finally applied several multi-criteria methods. The conclusion is that the most 
important criterion for establishing a P&R system is the factor of accessibility to public transport. 

 

Criteria were used according to the environment, distance, traffic, cost, and transportation planning. 

The lowest criterion is C2, which refers to the traffic conditions of the route since the second part usually 

has a direct public transport line from the P&R system to the destination. Several multi-criteria methods 

have been applied since the weightings of the criteria may vary according to the method applied. 

 

Publications related to this chapter: [1][5][6][7]. 

Results 

I determined a set of criteria and sub-criteria for the location of the P&R system and applied three 

multi-criteria methods to solve the problem of locating the facilities of a P&R system. I discovered that for 
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the experts at the moment of establishing a P&R system the most important factor is the accessibility to 

public transportation. 

 

The results show that public transport accessibility is one of the most important criteria for locating 

the P&R system. That is to say that the planning of the P&R system should be in accordance with the 

planning of public transport. For the first time, a classification of criteria and sub-criteria is carried out 

using three multi-criteria methods. In other words, it is known first hand what is most important to take 

into consideration in the planning of the P&R system. 

 

Thesis III: 
I examined the approaches to the orientation of the catchment area of the P&R system to prove 
the method I developed is more realistic. I created a Geoinformation model to map the catchment 
area of each facility belonging to the P&R system. The conclusion is that the new approach to the 
catchment area of the P&R system allows to evaluate in a more objective way the area the P&R 
system could cover. 

 

The parabola method was used; however, other methods such as the market area and the shape of the 

circle are also used, as shown in the Appendix. Since the parabola method gives us a new approach to 

analyze the coverage area of the P&R system, it is appropriate to show in this thesis that the new approach 

allows us to analyze the coverage area of the P&R system in a more realistic way. 

Publications related to this chapter: [1][8][9][10]. 

Results 

The map that is shown in Figure 9 corresponds to the approach in which the parabola’s orientation is 

according to the major business center or CBD. In our case study of Cuenca, Ecuador, the facilities of the 

P&R system achieved the purpose of covering specific areas of the urban area of the city. However, there 

was a significant number of urban areas not covered by the P&R system’s catchment area. An assumption 

was made, which means that potential users of the P&R system in those areas would not be willing to use 

those facilities. Simultaneously, for facilities designated as D, E, F, and G, their catchment areas would 

cover the same urban areas; thus, these areas would be overcovered. Facilities A, B, and C, on the other 

hand, would have better distribution. These three facilities together served the purpose of covering an 

extensive urban area without overlapping. The distribution of the P&R system facilities provided a measure 

of how close the facilities were to each other or whether it was necessary to implement new facilities to 

cover all the urban areas of a city. 
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Figure 9. The result of using the parabola method is based on orientation according to the center of major activity. 

Figure 10 shows the result of the catchment area of the P&R system facilities according to the approach 

adopted, which is the parabola orientation according to the main access to reach the facility. The result 

shows that the P&R system’s catchment area was better distributed in the city’s urban areas. Potential users 

of the P&R system who were not previously within this catchment area would actually now be within the 

catchment area and would be willing to use the facilities. The most significant fact is that the catchment 

areas of facilities designated as D, E, F, and G were not overlapping. Therefore, this approach is more 

realistic, considering the point that users will use the main access to reach the facility and have a common 

destination, the CBD. However, it should also be mentioned that the P&R system would not cover some 

urban areas.  

 
Figure 10. The result of using the parabola method is based on orientation according to the main access. 
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The subsequent section discusses the results obtained using the methodology developed and the 

advantages and limitations of each approach. The results show that the catchment area of the P&R system 

is an element that allows planning the P&R system in a great way. The results show that the catchment area 

of the P&R system is an element that allows to plan the P&R system successfully, since this component 

shows which geographical areas the P&R system is not covering. 

 

Thesis IV: 
I applied a new perspective to the mathematical optimization of a P&R system to estimate the potential 

demand. I performed an optimization that reveals the potential modal split between private vehicles, public 

transport and P&R. In conclusion, the potential demand varies according to the travel costs for each 

transport mode. 
 

Through a mathematical optimization, the potential demand was determined. This potential demand 

varies according to the cost of traveling by public transport, private transport and using the P&R system. 

Publications related to this chapter: [1][3][11]. 

Results  

 
Figure 11 The main steps for the Integrated Model of the Park and Ride (P&R) (Source: own). 

The results show that the development of a mathematical optimization allows to determine which 

P&R will have the most users and thus can be planned. 

 

Thesis V: 
I developed a methodology that explores the dynamic accessibility in the P&R system. I 
developed a model that integrates the trip origins of the P&R system as well as the different 
traffic metrics. The conclusion is that accessibility varies according to the traffic volume, 
whether it is high traffic or low traffic. 

 

Three traffic measurements were used: no traffic, low traffic and high traffic in a geo-information 

software and applying hot spots and correlation analysis in order to reveal the dynamic accessibility of the 

P&R system. 

 

Publications related to this chapter: [1][12]. 

Results  

The results obtained serve as the basis for creating maps to visualize data. Additionally, for each series 

of results, an extensive description has been presented, which serves as a basis for understanding the 

relevance of what has been generated. 
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Hot Spots Analysis 

In the first series of maps, hot spots in the three traffic scenarios are studied. 

 

 
Figure 12 Hot Spots analysis without traffic. 

 
Figure 13 Hot Spots analysis low traffic. 
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Indeed, in all traffic conditions, zones 11, 12, and 15 have the disadvantage of accessibility to the P&R 

system. However, in low traffic hours, there are accessibility problems in zone 1 as well, since this zone is 

the northern entry of the city. The problems might even be due to the road configuration. The main road is 

not connected directly to the P&R C, and thus to reach the P&R, it is necessary to take a secondary road.  

 
Figure 14 Hot Spots analysis heavy traffic. 

Correlation Results 

The correlation study is necessary since it allows us to obtain parameters z and p that will indicate if 

the null hypothesis is fulfilled or not—in other words, whether we should reject the null hypothesis. The 

range of the Moran Index is between +1 and −1. 

Moran's index is equal to +1, suggesting that the observed pattern is spatially clustered.  

 
Table 3 Values of spatial autocorrelation reports on different measures. 

Indexes  Without Traffic Low Traffic High Traffic 

Moran’s Index 0.191937 0.174921 0.210636 

z-value 7.278212 (significant) 6.617391 (significant) 7.914015 significant) 

p-value 0.0000000 0.0000000 0.0000000 

 

Dynamic Accessibility 

I determined the dynamic accessibility of the Park and Ride system trip origins at different traffic 

metrics. 
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Figure 15 Dynamic accessibility analysis of the P&R system heavy traffic. 

The results show that in terms of traffic, the P&R user chooses the closest facility and the one with the 

least traffic along his route.  

 

Thesis VI: 
I proved that combining the P&R system with autonomous vehicles will reduce travel times and pollution. I 

found that combining the P&R system with electric vehicles will reduce pollution. I predicted travel times 

and pollution levels when P&R is combined with autonomous vehicles. The conclusion is that the P&R 

system can reduce pollution emissions and when P&R is combined with electric vehicles and autonomous 

vehicles, the pollution levels produced by a private vehicle are significantly reduced. 
The combination of the P&R system with electric vehicles and autonomous vehicles maximizes benefit 

policies. Due to the reduction in the number of trips produced by the use of the P&R system, emissions 

from private vehicles are reduced. For this thesis we used two softwares called COPERT and MATSIM that 

allow us to enter the data from Chapter 5. 

Publications related to this chapter: [1][13][14][15][11]. 

 

Results 

I proved that the P&R system can be a mobility tool that allows to reduce pollution from conventional 

vehicles. 
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Table 4 Percentage of reduction for each pollution component 

 NOx CO CO2 

P&R 16% 16% 20% 

 

The P&R system is already established or is being established in cities around the world. New 

technologies applied in conventional vehicles have been introduced, such as electric and autonomous 

vehicles. Since the first part of the travel through the P&R system is done by a conventional vehicle, it is 

necessary to investigate how this interaction will work in future transportation. The research shows that 

the interaction between conventional electric and autonomous vehicles will improve the P&R system, even 

further decreasing the pollution levels than just using the P&R system. 

 
Table 5 Percentage of reduction for each pollution component and combination 

 NOx CO CO2 

P&R 16% 16% 20% 

P&R + EV 39% 38% 42% 

AV + P&R 20% 10% 13% 
AEV + P&R 34% 34% 35% 

 

 

5. Application of scientific results 

1. The P&R system is part of the mobility of a city and not an isolated element, and it is also an 

interchange point between private and public transport. In turn, it is used by people who want to go to the 

city’s economic center, and the public transport service in their place of residence outside the urban area is 

limited or non-existent. In other words, local governments such as municipalities, through this study, can 

integrate the P&R system into the mobility elements, regardless of whether they intend to implement the 

P&R system or to improve it. Understanding the trip origins of the P&R system allows identifying the areas 

and user groups that would be willing to use the P&R service. 

2. The SUMP is not only a guideline. It is also a set of measures to rationalize citizens’ trips and make 

them safer, more efficient, and sustainable. It contains policies to be drawn up in the future, such as the 

P&R system, data on travel zones, land use, number of vehicles, and the composition of the vehicle fleet 

that can be used as an instrument for data collection. 

3. When proposing a P&R system, it is essential to know which aspects should be considered 

according to experts. In this sense, the main criteria should be the accessibility to public transport. To 

guarantee the connectivity of the public transport allows the intramodality between modes of transport 

involved in the P&R system. In this case, it emerges that the P&R system should be planned in combination 

with public transport and should not be considered in an individual context to implement the P&R system. 

4. The representation of the catchment area of the P&R system allows us to know the scope of the 

facility for potential users. The new catchment area proposal suggests a more realistic approach according 

to the direction of the main access to the users. Using this method, the catchment areas will not to be 

superimposed on another one; thus, the same facility is not in competition with each other, but rather its 

distribution is better. 

5. For calculating the potential demand, it is fundamental to know which P&R system facility should 

be developed first. As part of the planning, this means knowing which P&R of a set of locations will 

produce an increase in public transport and a reduction of conventional vehicles. In addition, by estimating 
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the cost of the modes of transportation involved, transportation policies can be established to promote the 

use of the P&R system in conjunction with public transport. 

6. Verifying dynamic accessibility in different traffic metrics reveals if users from the origin points of 

the P&R system trips change their preference when choosing a facility. In addition, it also shows whether 

they are more likely to use the P&R system in various traffic conditions. Also, accessibility from within the 

city to each P&R can be measured. 

7. Understanding whether the P&R system decreases pollution in a theoretical way leads to its use as 

a planning tool that reduces trips from the facility to the destination and thus decreases pollution. As a 

transportation policy, this can be used in the future. 

8. The analysis of the interaction of P&R with electric vehicles and autonomous vehicles demonstrates 

how these new technologies will improve the P&R system and how to interpret their interaction. With this 

method, the P&R systems can be kept functional as well as their operation in the future can be guaranteed. 

 

On the whole, this study is a guideline to plan the P&R system from trip origins to the interaction with 

autonomous vehicles based on scientific evidence. In addition, transportation planners and researchers can 

discover where they are in the planning process and use the proposed methodologies to be studied in each 

area. Thus, the integral model fulfills the real-life function of being a research tool that can be used by 

transportation planners. 

 

6. Scope for the future study  

1. Thesis 1– The SUMP can be used as a source of data collection and in turn from the future transport 

policies in the short, medium and long term can be adapted according to the needs of the city. In other 

words, the P&R system can be implemented or improved. It shows how to realize and develop in the future 

combined trips in an application for the P&R system in various traffic conditions. Then it will be possible 

to know which route from origin to destination using the P&R system is the most optimal one. 

2. Thesis 2 – Through this, it is possible to determine what criteria are necessary for the planning, and 

to plan public transport in coordination with the planning of P&R systems. In the future, planners will be 

able to apply the same methodology by using or modifying the criteria according to the type of city. 

3. Thesis 3 – It helps to analyze the complexity of the system by the catchment area. The catchment 

area could be studied dynamically to decide how the area behaves throughout the day according to 

measures such as traffic. 

4. Thesis 4 – It helps to determine the demand. In the future, the optimization should include more 

variables to ensure greater precision. 

5. Thesis 5 – The dynamic accessibility Method gives real information, so in the future the P&R system 

should be included in the navigation applications. In other words, a user with a private vehicle will be able 

to have intermodal information between the private vehicle and the P&R system to opt for public transport. 

This new configuration could be useful in cities with high traffic in the city center. 

6. Thesis 6 – The P&R system reduces pollution caused by private vehicles, it would be helpful to see 

in the future the combination of the P&R system with other modes of transportation such as bicycles in the 

urban area to further reduce congestion and thus pollution. In future research on electric and autonomous 

vehicles, there is still much scope to explore such as pollution reduction, the use of intelligent transportation 

systems, and electric charging systems. 
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