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Abstract:



Road accidents have the highest externality costs to society and to the economy, even when compared to the externality damages associated with air emissions and oil dependency. Road safety is one of the most complicated topics, which involves many interdependencies, and so, a sufficiently thorough analysis of roadway safety will require a novel system-based approach in which the associated feedback relationships and causal effects are given appropriate consideration. The factors affecting accident frequency and severity are highly dependent on economic parameters, environmental factors and weather conditions. In this study, we try to use a system dynamics modeling approach to model the climate change-road safety-economy nexus, thereby investigating the complex interactions among these important areas by tracking how they affect each other over time. For this purpose, five sub-models are developed to model each aspect of the overall nexus and to interact with each other to simulate the overall system. As a result, this comprehensive model can provide a platform for policy makers to test the effectiveness of different policy scenarios to reduce the negative consequences of traffic accidents and improve road safety.
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1. Introduction


Road accidents are responsible for more than 1.2 million deaths and more than 50 million injuries annually, and so, the need to take very quick and effective actions to reduce road accidents and accident-related fatalities and injuries is inevitable [1]. Based on current trends, it has been predicted that the number of fatalities and injuries from road accidents will become the third leading contributor to the global burden of disease and injuries by 2020 [2,3]. Furthermore, surface transportation (i.e., cars, trucks, etc.) is still the most important sub-sector of transportation for people and commerce in the United States [4], and due to the immense losses in different aspects with respect to the transportation sector (e.g., human, social, environmental and economic aspects), traffic safety has become a major area of concern in the transportation industry [5]. This makes it all the more critical for policy makers to provide a good infrastructure system in order to make surface transportation as safe and efficient as possible, and yet, the currently increasing trends in accident-related fatalities and injuries show that, despite policy makers’ efforts thus far to reduce these fatalities and injuries, society still has a long way to go in order to accomplish the preset goals currently established. In the U.S, despite all efforts to reduce the number of road accidents and accident-related fatalities, the number of annual roadway fatalities has never dropped below 30,000 in the last 50 years [6]. The ultimate goals of transportation safety engineers are to reduce the number of crashes and to mitigate the severity of crash-related injuries [7]. One of the main problems with the complex issues of road safety is the sheer number and variety of the parameters simultaneously playing different roles in traffic accident rates. These parameters frequently tend to affect each other on a short-term or long-term basis, potentially making a bad situation even worse.



As of today, there are different ways to categorize traffic accidents. Some past studies and reports attempted to put more emphasis on the number of vehicles involved in a particular crash, i.e., 1 vehicle crashes, 2 vehicle crashes and 3+-vehicle crashes [8]. Other studies and reports place the main reasons for any crashes under three main categories:

	
Driver-related factors, or whether or not the accident in question was the fault of any or all of the driver(s) involved.



	
Vehicle-related factors, or whether or not the accident may have been caused by any safety issue(s) with respect to any or all of the vehicle(s) in question and



	
Infrastructure/road-related factors, or whether or not improper or damaged infrastructure may have caused the accident.








The main purpose of conventional traffic safety analysis is to find a relationship between the different parameters involved in any given accident, such as driver-related factors, roadway conditions, environmental factors and other such parameters [9]. This paper therefore seeks to develop sub-models capable of investigating each of these three main factors, with the main focus being on driver-related factors, which are the primary category of factors involved in accident rates.



Climate change is another key factor that plays a very important role in accidents and should be seriously investigated as such and considered in long-term road safety planning. As such, environmental factors connected to climate change and the like have become a major obstacle to road transportation safety, especially now that climate change has become one of the most important issues of the 21st century due to recent tremendous environmental changes. These environmental changes have a strong impact on road safety; according to the U.S. Department of Transportation (USDOT), weather-related accidents account for nearly 23% out of almost six million accidents per year. By definition, weather-related crashes are traffic accidents that occur under adverse weather conditions (rain, snow, fog, etc.) or accidents that occur on slick (e.g., wet or slushy) pavement. The negative effects of climate change can be projected as increasing the frequency of extreme weather events, such as heat waves, rising sea levels, storms, hurricanes, floods, etc. [10]. Road transportation safety is compromised under any of these conditions or any possible combination thereof, either due to vehicle safety measures becoming less effective than they might be under normal weather conditions or due to the destructive effects of extreme weather conditions on roads and infrastructures.



For example, extremely hot weather conditions can cause cars to overheat and accelerate tire deterioration and may also soften asphalt, the latter of which can lead to asphalt deformation, thermal expansion of bridge joints and other potential hazards [11]. As another example, rising sea levels (especially for transportation in coastal areas, which are more vulnerable to sea-level rise) may lead to floods that can cause skidding and even drowning of the vehicles and may also cause infrastructure erosion. Ultimately, the main concern regarding all of these sudden unpredictable weather changes is that today’s infrastructure has generally been designed to last for a certain preset period of time, based on predicted weather conditions that can no longer be considered valid due to rapid climate change. As a result, all of the original infrastructure designs must be changed or even discarded altogether, in favor of new designed models based on the changing weather patterns [12].



Numerous studies have investigated the effects of adverse weather conditions on road accidents. In order to classify these effects and their associated consequences, the USDOT has released a report about its road weather management program, in which different weather variables are classified into different groups, including air temperature/humidity, wind, precipitation, fog, pavement temperature, water level, and so on. The effects of these phenomena on road safety have also been a widely-debated topic, but can generally be categorized into three different areas:

	
Roadway impacts, which can include parameters, such as visibility, distance, infrastructure damage, pavement friction and lane obstruction;



	
Traffic flow impacts, which can include traffic speed, travel time delay, speed variance and roadway capacity; and



	
Operational impacts, which can include vehicle performance, driver behavior, speed limit control and traffic signal timing.








Among all of these possible weather events and their associated impacts, precipitation has been proven to pose the greatest threat to roadway safety. Statistical data likewise show that 74% of all crashes happen on wet pavement, while 46% of crashes occur during rainfall (USDOT 2011), while no other type of adverse weather condition can even compare with these percentages.



In light of the facts cited above, it is also worth noting that the greater frequency of these extreme weather conditions in recent years is primarily due to increasing atmospheric temperature changes, which are highly dependent on the emission of greenhouse gases (GHGs), such as CO2. According to the United States Environmental Protection Agency (EPA), the transportation sector is directly responsible for more than 30% of CO2 emissions in the United States and also contributes significantly (albeit indirectly) to the remaining 70% of CO2 emissions. It can therefore be clearly seen that the above-listed factors are part of a closed-loop system, meaning that they have mutual effects on each other.



The economy is another important area to consider with respect to accidents and roadway safety in general. On the one hand, economic factors can have a positive impact on road safety, either through increases in highway system capacity that will thereby reduce roadway congestion, through improvements in vehicle safety or through various other road safety initiatives. On the other hand, however, road accidents and their associated injuries and fatalities can do significant damage to the economy. In 2010, there were almost 33,000 fatalities, 3.9 million injuries and damages to 24 million vehicles in the U.S. as a result of motor vehicle crashes [13], and according to the USDOT National Highway Traffic Safety Administration (NHTSA), the total economic cost of all of these negative impacts was estimated to be around $277 billion, or almost 1.9% of the total U.S gross domestic product (GDP); if quality of life valuations are added to this amount, the total cost increases to $871 billion. Climate change, extreme weather conditions and traffic congestion can also have a similarly tremendous effect on the economy, which (as shown in later sections) interacts directly and/or indirectly with other sectors.



Effective management and proper policy making for complex systems requires a holistic understanding of the system as a whole, so that one can correctly interpret the interactions involved among different parameters in the system [14]. In order to achieve such an understanding and interpretation, it is necessary to integrate different branches of science to cover all or the most parameters in the system (or, at the very least, the most important thereof) in such a way that one can analyze each parameter individually and/or as part of the system given its interactions with other parameters. Integrated assessment modeling is a very useful tool for modeling complex systems, like those pertaining to environmental concerns, as well as related issues, such as climate change and predicting its associated future weather patterns, because such systems usually contain many subcomponents that each play their own major or minor roles within the system as a whole. Therefore, analyzing the actions and interactions among these components will be crucial to determining the behavior of the overall system, and this is also why analyzing such systems by focusing solely on single components is misleading and would result in wrong and/or incomplete solutions. The main focus of integrated assessment modeling is on analyzing the feedback processes through which the actions and interactions within the system take place [15]; integrated assessment modeling can integrate different branches of sciences for this purpose and can investigate the behavior of each component within the system, as well as each parameter’s individual behavior [16,17]. Finally, once a sufficiently accurate model has been developed with this methodology, the model is then used to inform policy making [15]. The most recently-developed integrated assessment modeling procedure is based on “system dynamics” modeling; the word “system” refers to the parameters interacting with each other and how these interactions will determine the behavior of the system, while the word “dynamics” refers to the time-dependency feature of the system [18], which will make time a particularly important parameter in the system dynamics (SD) modeling approach.



As mentioned earlier, one of the difficulties of investigating complex systems like road safety is that the interactions between different parameters playing any role within the system are very often neglected; this oversight becomes even more serious when the system and its parameters are dynamic in nature and when parameters are time dependent. Therefore, a comprehensive SD model to help policy makers find ways to reduce road fatalities and injuries should be capable of identifying all of the parameters related to road safety and should also take into account the relationships and interactions between all of these parameters. The SD modeling approach is evolving as an answer to these difficulties.



In the process of modeling any system, it is important to construct the model based on the behavior of the system in real-world situations and capture the interaction of the parameters affecting the system’s behavior in accordance with the real system. In previous studies, different sub-systems within the area of road safety were each investigated individually, regardless of their interactions with other parameters and sub-models. In contrast, this study aims to develop different sub-models to investigate each of these systems individually and/or in interaction with other systems. The ability of SD in moving beyond mere theory and entering into finding practical solutions and problem solving areas by considering the non-linear interaction of different sub-systems [19] and thereby proposing policies to improve the overall behavior of the system was the main motivation to tackle the issue of road safety by employing the SD modeling approach. In this regard, some basic understandings of the issue of road safety and roadway accidents may help in some level of judgment when applying qualitative assessments, but a comprehensive judgment of the whole system without going deeper into inner layers of road safety and investigating the way these layers interact with each other is difficult if not impossible.



In order to reach the desired level of understanding of the behavior of the system, a throughout quantitative assessment is essential. Therefore, in this study, the main focus will be on developing models that can be used to quantitatively measure the impact of different applied scenarios on the overall outcome of the system. The results can then be used to predict the behavior of these different systems up to the year 2100, after which they will be used to test different scenarios to improve the behavior of the system and reduce the negative consequences of road accidents. The systems thinking approach adopted in this study can be used by researchers in other areas who are investigating complex systems with several dependent and independent sub-systems. As an example, when planning for smart cities, it is important to perform a detailed study on different components of the system, such as the smart economy, smart people, smart government, smart environment, etc. Each of these components of the smart city contains several other parameters within themselves that form the overall behavior of the system. In any of these sub-systems, not only the behavior of the sub-system itself should be investigated, but the overall behavior of the system, which is a resultant interaction of different parameters within the system, should be taken into account. In order to that, a systems thinking approach is an essential step in investigating the final outcome of the modeling process.




2. Model Development


2.1. Problem Identification


As stated in the Introduction (Section 1), the main purpose of this study is to provide a platform from which different scenarios can be tested to find the most efficient way(s) to increase road safety and to reduce the negative consequences of traffic accidents. For this purpose, a causal loop diagram is developed and presented in this section in order to identify the parameters of different sub-models, after which a stock and flow diagram will be constructed for each sub-model for quantification. In order to validate the constructed model, the reference modes used for vehicle miles traveled (VMT), number of crash fatalities, CO2 emission and U.S. GDP are use and presented in Figure 1; these parameters are chosen because they play key roles in determining the other parameters.


Figure 1. Reference mode (source: National Highway Traffic Safety Administration (NHTSA) 2014) (a) U.S. GDP; (b) vehicle miles traveled (VMT); (c) number of fatalities; (d) CO2 emissions.
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2.2. Identification of Parameters


In order to create a causal loop diagram, the different parameters typically involved in road safety and transportation must be identified, and it must also be determined which parameters may or may not be directly connected, while indirect connections are typically revealed as separate series of one or more direct connections. For this purpose, the different parameters to be included in this causal loop diagram are introduced, organized by type (exogenous/“independent” versus endogenous/“dependent”) and briefly described in Table 1. The validation of the inclusion of these parameters is performed in the next section.



Table 1. Key model parameters.







	
Parameter

	
Description

	
Type

	
Units






	
Vehicle condition

	
Vehicle safety-related factors (ANCAP rating)

	
Endogenous

	
-




	
Climate change

	
Extreme weather conditions (rain, hurricane, snow, extreme heat/cold, etc.)

	
Endogenous

	
-




	
Infrastructure condition

	
Road safety level and infrastructure equipment

	
Endogenous

	
-




	
Economy

	
Wealth and resources of a country or region

	
Endogenous

	
-




	
Population

	
The total number of people

	
Endogenous

	
-




	
Driver contribution

	
The accidents in which the driver’s fault will be the primary factor

	
Endogenous

	
-




	
VMT

	
Vehicle miles traveled

	
Endogenous

	
Miles




	
Accident

	
The total number of accidents happen in a certain period of time

	
Endogenous

	
-




	
Percentage of people saved by seat belt

	
Percentage of the passengers who saved their lives by fastening the seatbelt

	
Exogenous

	
-




	
Average added cost by FMVSS per vehicle

	
Average cost added to the cost of vehicle as a result of adding Federal Motor Vehicle Safety Standards

	
Exogenous

	
U.S. Dollars




	
Average travel mile

	
Average travelled distance per vehicle

	
Exogenous

	
Mile











2.3. System Conceptualization


In this part, a causal loop diagram is developed based on the parameters defined in Table 1. As discussed previously, one of the main advantages of the SD modeling approach compared to other modeling procedures is that it allows for a more in-depth investigation of the relationships and interactions between different parameters within the system through their associated feedback loops, which will be used to develop a causal loop diagram. Feedback loops are the most important characteristic of any system dynamic model, as these connectors will in fact determine how the results or outputs of a sector within the system should be used as an input for another sector in the system. These feedback loops can come with a positive or negative sign, depending on their overall effect after one full rotation within the loop. A positive (“reinforcing”) loop means the related parameters or sectors have the same overall increasing or decreasing trend, such that increasing or decreasing one parameter will result in a corresponding increase or decrease in the same parameter after a full rotation within the loop. Conversely, a negative (“balancing”) loop means that an increase or decrease in any parameter will have a decreasing or increasing effect, respectively, on the same parameter after a full rotation. A causal loop diagram (Figure 2) is constructed based on the parameters within the scope of this study, and a brief explanation on how these parameters affect each other is provided in Section 2.4.


Figure 2. Causal loop diagram.
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2.4. Causal Loop Diagram Explanation


As can be seen in Figure 2, the constructed causal loop diagram consists of several reinforcing and balancing loops. These loops are indicated in the figure. B denotes the balancing loops, and R denotes the reinforcing loops. It is noteworthy to mention that all of the relationships between different parameters in this study are based on previous studies and the available literature in this field. In these studies, the authors either have proven the relationship between specific parameters through mathematical formulations or logically discuss the existence of the available relation in their study. Moreover, while constructing the casual loop diagram, we tried to rely on available data and discussions released by government agencies and accredited organizations to establish a connection between different parameters within the system. In this regard, historical data have played a very important role in order to project the behavior of the used parameters over time.



B1: Climate change-infrastructure condition-accidents-economy-VMT-climate change:



Increasing the extreme weather events will cause infrastructure to deteriorate, and this deterioration will increase accident rates. The increased number of accidents and accident-related fatalities and injuries will have a negative impact on the economy and decrease the VMT, reducing GHG emissions and thereby leading to less atmospheric temperature change, contributing less to extreme weather events in the long run [13,20,21,22,23].



B2: Climate change-driver contribution-accident rate-economy-VMT-climate change:



Increasing frequency of extreme weather conditions (rainfall, fog, snow, etc.) will increase the driver’s contribution to traffic accidents due to negative impacts on factors like visibility and decision making. This will increase the accident rate, which will have a negative impact on the economy and lower the VMT, as discussed earlier. Decreasing VMT rates will reduce GHG emissions and, consequently, less atmospheric temperature change and a reduced likelihood of extreme weather conditions in the future [13,20,24,25].



B3: Infrastructure condition-accident rate-economy-VMT-infrastructure condition:



Improving the condition of available infrastructure will result in fewer accidents and will thereby decrease the total economic burden of accidents. This increase in economic prosperity will result in an increase in travel demand and vehicle manufacturing, which will lead to an increase in VMT. However, the excessive use of infrastructure from this increased VMT will lead to greater infrastructure deterioration [13,20,26,27].



R1: Accident rate-economy-vehicle safety-accident rate:



Increasing the accident rate and/or the number of fatalities and injuries will have a negative impact on the economy, which, according to a report by the NHTSA, sometimes reaches up to 2% of the gross domestic product, which is a considerable amount. This reduction in economic prosperity will leave less money available for vehicle safety improvements; according to the NHTSA’s evaluation of the cost of the Federal Motor Vehicle Safety Standard (FMVSS) since 1975, by increasing the GDP (i.e., when the economy grows stronger), the vehicular safety index increases at the same time. Conversely, the resulting reductions in vehicle safety will increase the number and/or severity of future accidents, especially the latter [13,20,28].



R2: Economy-infrastructure condition-accident rate-economy:



A better economic situation will allow for better infrastructure conditioning due to the increased transportation sector share from the GDP. This can also help to increase highway mileage and capacity, reducing traffic congestion while also increasing infrastructure quality. These improvements in infrastructure will also reduce accident rates, making the economy less likely to suffer from the typical economic consequences associated with traffic accidents [13,20,27].




2.5. Model Formulation


The developed causal loop diagram will help to construct a stock and flow diagram for different systems in the next step of the SD modeling process. The following sub-models each contain the mathematical formulations of the relationships between different parameters, and each sub-model focuses on a specific area related to road safety, including sub-models to represent motor vehicle safety, highway systems and the environment, as well as two sub-models that mainly focus on economic losses due to transportation-related issues (Figure S1, shows how different sub-models are connected to each other and Figures S8, S9, S10, S11 and S15 show the number of fatalities due to distraction, DUI, extreme weather condition, driving below or above speed limit and aggressive driving respectively and Figure S17 shows the total rate of fatalities per 100 M VMT).



2.5.1. Economic Losses Sub-Model for Crashes with Respect to Fatalities, Injuries and Property Damage Only


This sub-model will use the output of another model that has already been submitted as a separate study. The total rate of fatalities per 100 M of VMT and the number of crashes with injury and property damage only are used to estimate the total economic cost of all types of crashes (Figure S7 shows the total number of road accident fatalities). This model can be seen in Figure 3 below. In this model, the number of crashes with fatalities, injuries and property damage only is obtained, and their economic losses are then calculated based on the information provided by the NHTSA as can be seen in Table 2 (Monetary value of roadway accident fatalities can be seen in Figure S14).


Figure 3. Economic losses’ sub-model.
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Table 2. Values of other parameters (source: NHTSA 2014).







	
Parameter

	
Value






	
Cost of each injured person

	
$37,524




	
Cost of property damage for all crash types in each accident

	
$13,836




	
Cost of each “property damage-only crashes”

	
$17,875




	
Lifetime economic cost for each fatality

	
$1,400,000




	
Average added cost by FMVSS per vehicle

	
$940




	
Vehicle occupancy

	
1.63










Different costs related to different crash types are obtained from NHTSA reports. In order to have more accurate values, the value of the U.S. dollar for different years has been calculated and multiplied by different costs, so that all costs are presented in 2010 U.S. dollars, as shown in Figure 4.


Figure 4. U.S. dollar values in 2010 U.S. dollars.
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2.5.2. Motor Vehicle Safety Standards Sub-Model


This sub-model is used to model the role of vehicle safety standards in preventing roadway fatalities. The NHTSA has started to force the manufacturers of motor vehicles and equipment to apply certain safety standards rules in their products, which are accounted for in this model.



The Federal Motor Vehicle Safety Standards (FMVSS) aims to provide minimum safety performance requirements for motor vehicles and/or motor vehicle equipment. According to the NHTSA, these requirements are specified such “that the public is protected against unreasonable risk of crashes occurring as a result of the design, construction, or performance of motor vehicles and is also protected against unreasonable risk of death or injury in the event crashes do occur” [29].



As can be seen in Figure 5, this model seeks to estimate the number of lives saved through the implementation of the FMVSS based on the information provided in a report published by the NHTSA [30]. Based on this information, more than 328,000 lives have been saved between 1960 and 2002 by applying the FMVSS. With this in mind, a statistical model is used to estimate the number of lives saved by the implementation of the FMVSS based on the vehicular safety index; based on the model developed by the NHTSA, one can understand how many people would have died if the vehicles had not been equipped with these safety technologies. The number of lives saved by vehicle safety technologies can be obtained by a polynomial regression analysis based on the data provided by NHTSA, using the equation provided below:


Figure 5. Motor vehicle safety sub-model.
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Number of lives saved by vehicle safety technologies = −0.18786 × (vehicular safety index)2 + 708.375 × (vehicular safety index) − 1240.




2.5.3. Highway System Capacity Sub-Model


This sub-model as can be seen in Figure 6 presents a more holistic view of the problem by concentrating on parameters like population (parameters “U.S. population and number of licensed driver” can be seen in Figures S16 and S13 respectively), VMT, vehicle fuel usage, traffic congestion, and so on (Detailed behavior of some of the involved parameters in this sub-model can be seen in Figures S2, S6 and S12. Also for the parameter “total cost added by FMVSS” see Figure S4).


Figure 6. Transportation system sub-model.
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In this model, the total number of vehicles is a function of the U.S. population and GDP and can be obtained using the formula below:


Total number of vehicles = (1.79197 × 107) + 0.449554 × population + U.S. GDP × (6.52 × 10−6)










Congestion index = −2.25 + (2.69 × 10 −6) × highway system capacity − (1.64 × 10−12) × VMT










(4.55 × 10−13) × (highway system capacity)2 + (3.94 × 10−19) × highway system capacity × VMT










Annual wasted fuel due to congestion = (1.93025 × 108) x (congestion index)2 − (3.20771 × 108) × (congestion index) + (1.4234 × 108)










[image: there is no content]











The fuel economy and average travel miles per vehicle are each entered as exogenous variables defined in the software VENSIM as a lookup table for different years. Furthermore, the total rate of fatalities per 100 M of VMT has already been calculated for different years; in this model, these fatality rates are simply multiplied by the VMT to obtain the total number of fatalities.




2.5.4. Environmental Impact Model


This model tracks the environmental impacts of the transportation sector. According to this model, the amount of CO2 emitted from the transportation sector will be calculated for different years, after which the atmospheric temperature changes from the calculated CO2 emissions will be obtained accordingly. Next, based on these atmospheric temperature changes, the changes in the applicable precipitation models will be investigated, specifically to see how increasing the atmospheric temperature will change the precipitation models based on the average precipitation patterns over the last 30 years. The data from the U.S. Department of Transportation Federal Highway Administration (FHWA) in the road weather management program will be used to construct this model.



As can be seen in Figure 7, this model will simulate the atmospheric temperature change over time and is also capable of calculating the economic loss due to climate changes by using the DICE (Dynamic Integrated Climate-Economy) model, as well as the economic damage function that was already calculated by [31]. This parameter will also be used later in the second economic sub-model (Figure 8) to calculate the economic damages to the GDP from atmospheric temperature change. Economic losses due to climate change are represented as damages to the GDP, which are usually related to damages associated with agricultural productivity, dislocations resulting from higher sea levels and dollar-equivalent costs, such as increases in mortality, morbidity and social disruption [32].


Figure 7. Environmental impact sub-model (GHG emissions).
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Figure 8. Environmental impact sub-model (precipitation and*-+ + weather).
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The next step is to see the consequences of this temperature change and its effect on road safety. For this purpose, another model is developed and presented in Figure 8 (The behavior of parameters “atmospheric temperature change” and “CO2 in atmosphere” can be seen in Figures S3 and S5 respectively). In this sub-model, we tried to develop a model that is capable of estimating the number of days with extreme weather events up to the year 2100, based on the climate change models of the past 30 years. In terms of the effects of weather conditions on road safety, several variables seem to be more important than the others. For instance, although there have been several studies in this area to investigate the effects of weather conditions on road safety, it has been proven by this and other such methods that precipitation is the most important variable in this regard, while empirical data show that rain and snow can affect the frequency and severity of road accidents [33]. Therefore, in terms of extreme weather events, this model focuses primarily on precipitation model changes, such that the average increases in precipitation over time can be predicted based on estimations of the number of road accidents.




2.5.5. Economic Impact Sub-Model


Out of the different sub-models developed so far, one of the most important parameters considered in all four of the above-mentioned sub-models was the economy. Each of the economic parameters discussed in the previous sub-models will have an increasing or decreasing effect on the GDP, and these effects will all be combined in the final sub-model (Figure 9) to obtain the overall impact on the GDP.


Figure 9. Economic impact sub-model.
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As can be seen in the above figure, four parameters from the previous models determine the overall negative impacts of road transportation on U.S. GDP:

	
The cost of crashes in U.S. includes the cost of crashes with fatality, injury and/or property damages only,



	
The cost-benefit analysis of increasing the safety performance of motor vehicles by implementing the FMVSS,



	
The economic benefits of decreasing the frequency and severity of road accidents due to increasing the safety level of motor vehicles,



	
The economic benefits of decreasing the frequency and severity of road accidents due to increasing the safety level of motor vehicles and



	
The annual highway congestion cost as a result of increasing the roadway congestion index.











3. Model Validation


Model validation is a very important part of the SD modeling process, as it uses a series of tests to guarantee the structural and behavioral accuracy of the developed model. Because the purpose of a system dynamic model is to reflect the real-world behavior of the modeled system, six key aspects of the model as a whole are tested to see if the model’s structure and behavior reflect the corresponding structure and behavior of the actual system. For this purpose, the results of the model will be compared with historical data (the reference modes from Figure 1). Without performing these validation tests, one cannot guarantee if the SD model represents the modeled system in reality, meaning that the model’s predictions and the proposed policies based on these predictions cannot be fully trusted to be reliable.



3.1. Model Structure Validity


In order to ensure that the structure of the developed SD model is adequate, five different types of tests are performed: structure verification test, parameter verification test, extreme condition test, boundary adequacy test and dimensional consistency test.



3.1.1. Structure Verification Test


The first test ensures that the parameters in the model and the simulated relationships between them do not contradict any currently-available knowledge of the system. For this purpose, this study used other published studies as references to model all of the parameters in the SD model, as well as their simulated relationships. These references have already been discussed in Section 2.4.




3.1.2. Parameter Verification Test


The second test is similar to the first test in that they are both qualitative rather than quantitative, and in that, they both have the same ultimate goal. However, this test more specifically seeks to determine whether or not the developed SD model is an adequate representation of the real system. For this purpose, all of the parameters mentioned in the explanation of the causal loop diagram and stock and flow diagrams (Section 2.4 and Section 2.5) have been checked to ensure that the modeled system does not in any way contradict currently-available knowledge of the real-world system.




3.1.3. Extreme Condition Test


The third test investigates the accuracy of the system’s structure by assigning extreme values to different parameters to see if the model demonstrates logically valid behavior based on the assigned extreme values. It is qualitatively observed that the model passed the extreme condition test by showing logical behavior.




3.1.4. Boundary Adequacy Test


The fourth test ensures that the boundaries of the developed model are defined in such a way that the model is well suited for the purposes of the study. In this study, the purpose of the model is to investigate the different parameters that affect roadway safety (motor vehicle safety, climate change, congestion, etc.), and from the different sub-models (Section 2.5), it can be observed that the goal of the system has been achieved by taking into account all of the aforementioned parameters.




3.1.5. Dimension Consistency Test


The fifth test seeks to verify the consistency of the units of the parameters used in the stock and flow diagrams (Section 2.5). From the different stock and flow diagrams developed in this study and their relevant equations, it can be seen that the units of the parameters are all consistent with each other.





3.2. Model Behavior Verification


The final test compares the output/results of the developed system dynamic model to real-world historical data to ensure that the datasets match closely enough to conclude that the model’s behavior accurately represents the behavior of the system in reality. For this purpose, as stated earlier, the results of the system for four key parameters are compared with available historical data (Figure 10) obtained from different reports and studies published by government organizations.


Figure 10. Behavioral validation results: (a) U.S GDP; (b) VMT; (c) Number of fatalities; (d) CO2 emissions.
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In this study, two statistical tests are also performed to compare the actual data with the outputs of the system: the one-way ANOVA test and the normality test.



Before the one-way ANOVA test can be performed, the normality test should be performed for both the actual data and the model output [34]; if the results show that both datasets are normal, then the one-way ANOVA test can be performed, but if not, then another test must be performed instead. The normality test is performed using SPSS software, and the results are shown in Table 3. It is obvious from Table 3 that all four parameters have passed the normality test for both the reference mode data and the SD model, since the sigma value is greater than 0.05 for all four parameters.



Table 3. Normality test results.







	

	
Tests of Normality




	
Kolmogorov–Smirnov a

	
Shapiro–Wilk




	
Statistic

	
df

	
Sig.

	
Statistic

	
df

	
Sig.






	
VMT

	
Model

	
0.088

	
14

	
0.2 *

	
0.970

	
14

	
0.879




	
Data

	
0.124

	
14

	
0.200 *

	
0.931

	
14

	
0.319




	
GDP

	
Model

	
0.091

	
14

	
0.2 *

	
0.963

	
14

	
0.777




	
Data

	
0.093

	
14

	
0.200 *

	
0.96

	
14

	
0.730




	
Fatalities

	
Model

	
0.089

	
14

	
0.2 *

	
0.97

	
14

	
0.875




	
Data

	
0.123

	
14

	
0.200 *

	
0.98

	
14

	
0.974




	
CO2 emission

	
Model

	
0.122

	
14

	
0.2 *

	
0.936

	
14

	
0.364




	
Data

	
0.096

	
14

	
0.200 *

	
0.962

	
14

	
0.752








* This is a lower bound of the true significance. a Lilliefors significance correction.








Now that the datasets have all been confirmed to be normal, the next step is to use the one-way ANOVA test to investigate whether or not there is a significant statistical difference between the reference modes and the SD model outputs. The results of the one-way ANOVA test are shown in Figure 11 for four different parameters.


Figure 11. Results of the one-way ANOVA test.
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As can be seen in Figure 11, the p-values for all four parameters are all greater than the selected confidence (α) value of 0.05, meaning that there is no significant statistical difference between the mean values of the obtained results from the SD model and those of the actual historical data.





4. Policy Analysis


The three main policy areas investigated in this study are fuel efficiency improvements, travel demand reduction and vehicle safety improvements. Any change in one or more of these areas can potentially affect other parts of the system, as well, so the investigation into the proposed policies will consequently have many interdependencies involved; in other words, these policy areas will function as explained in the causal loop diagram (Figure 2) and will have different impacts as opposed to the results of traditional modeling approaches. Table 4, Table 5, Table 6 and Table 7 provide more specific details of the proposed policy options. The climate change-road safety-economy nexus is investigated by conducting the following policy tests:

	
Increasing the vehicle fleet’s overall fuel efficiency by 25%, 50% and 75%,



	
Reducing travel demand by 25% and 40% and



	
Improving the vehicle safety index by 10% and 15%.








Table 4. CO2 emission for different values of fuel efficiency.







	
Policy Name

	
F.E.

	
2020

	
2050

	
2100






	
P-FE1

	
1

	
2.1 × 1011

	
3.35 × 1011

	
8.21 × 1011




	
P-FE2

	
1.25

	
1.69 × 1011

	
2.69 × 1011

	
6.57 × 1011




	
P-FE3

	
1.5

	
1.41 × 1011

	
2.24 × 1011

	
5.48 × 1011




	
P-FE4

	
1.75

	
1.22 × 1011

	
1.93 × 1011

	
4.7 × 1011










Table 5. Atmospheric temperature changes for different CO2 emission reductions.







	
Policy Name

	
Reduction %

	
2020

	
2050

	
2100






	
P-WR1

	
0

	
1.78

	
1.46

	
1.11




	
P-WR2

	
25

	
1.08

	
0.89

	
0.69




	
P-WR3

	
50

	
0.58

	
0.55

	
0.51










Table 6. Vehicle miles travelled changes for different policies.







	
Policy Name

	
Reduction %

	
2020

	
2050

	
2100






	
P-ATM1

	
0

	
3.71 × 1012

	
5.94 × 1012

	
1.43 × 1013




	
P-ATM2

	
25

	
2.78 × 1012

	
4.45 × 1012

	
1.07 × 1013




	
P-ATM3

	
40

	
2.22 × 1012

	
3.56 × 1012

	
8.61 × 1012










Table 7. Vehicular safety index changes for different policies.







	
Policy Name

	
Increase %

	
2020

	
2030






	
P-ATM1

	
0

	
70.75

	
90.32




	
P-ATM2

	
10

	
77.83

	
99.35




	
P-ATM3

	
15

	
81.37

	
103.87










More detailed explanations of these policies are presented in the following sections along with their respective results.




5. Discussion and Results


In this section of the study, we tried to use the results of the analysis to investigate the effect of different policies on reducing the number of roadway accident and its consequences. These policies investigate the effect of certain parameters, such as fuel efficiency, extreme weather condition, travel demand and vehicular safety index, on the CO2 emission rate, number of roadway accident’s fatalities, number of roadway accidents and number of lives saved, respectively.



5.1. Reducing CO2 Emissions by Increasing Fuel Efficiency


After releasing the climate action plan, the government committed to a partnership with industries and stakeholders to develop new standards for increasing vehicle fuel efficiencies in order to reduce the negative consequences (health issues, climate change, etc.) of excessive fuel consumption in the U.S.



Based on this plan, the average fuel economy levels of new cars and light trucks should be doubled and increased up to 54.5 miles per gallon by 2025, which means a 100% increase in fuel efficiency compared to the present-day fuel economy. From the environmental and economic perspectives, this major increase in fuel efficiency will save $1.7 trillion at the pump and slash GHG emissions by as much as six billion metric tons over the respective lifetimes of the vehicles sold in almost 10 years [35]. For the purposes of this study, however, this model will be used to test relatively smaller fuel efficiency increases of 25%, 50% and 75%, to show how even small changes in fuel efficiency can compare to what was already planned for reducing fuel usage and GHG emissions. It is also possible to perform the policy analysis for smaller intervals of fuel efficiency increase of 1% instead of 25%, but what has been seen in the results is the same decreasing trend. Therefore, instead of showing the whole analysis for every 1% for fuel efficiency increase, the initial, final and two median values (0%, 25%, 50% and 75%) were assigned to the fuel efficiency increase.



As can be seen in Table 4, continuing the current situation will cause the CO2 emitted from the transportation sector to continuously increase until 2100, meaning that CO2 emissions will increase to 8.21 × 1011 in 2100 from 4.44 × 108 in 2015. The first policy test is to investigate the effects of increasing fuel efficiency (F.E) by different values in order to reduce fuel usage and, by extension, reduce CO2 emissions. For this purpose, four different values (Table 4) have been considered in order to test their effects on CO2 emission.



In Figure 12, the effect of different fuel economies can be seen in CO2 emissions.


Figure 12. CO2 emissions rate for different fuel efficiency scenarios.
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After analyzing the model, the effects of vehicle fuel efficiency changes alone on atmospheric temperature change were found to be not as important as those other parameters. One reason for that is because the total “rate of CO2 emissions from the rest of the world” has a much larger value compared to CO2 emissions solely from the U.S. transportation sector, and so, the effect of changing CO2 emissions in the U.S. cannot be clearly recognized in this case. The fact is that any improvement in fuel efficiency would make a minimal change on the total CO2 emission stock due to two main reasons; first, because the U.S. is responsible for 16% of global CO2 emission and the transportation sector emits 26% of the total CO2 emitted to the atmosphere [36], which indicates that the total share of US transportation emissions in the world is about 4.4%. As can be seen, in the best case, improving fuel efficiency even by 50% in the U.S. can have a very negligible impact on the global CO2 emission worldwide and consequently on global warming issue. Second, all of the above-mentioned numbers are rates rather than stock (total CO2 emission to the atmosphere). This system works pretty much like a bathtub with inflow/faucet (annual emission rates) and outflow/drain (carbon sequestration). Therefore, as long as the inflow is greater than the outflow, global warming will continue its increasing trend. Moreover, reducing inflow will only make a difference as long as it became smaller than the outflow. What causes global warming is the atmospheric concentration (the stock), so even if all CO2 emissions stop now, global warming will still continue until the CO2 concentration lowers at some level through carbon sequestration, which also takes time (delays in this system).



In order to clarify this further in this study, another policy is tested based on worldwide CO2 emission reductions, reducing the global CO2 emission targets of 25% (WR1) and 50% (WR2) in order to see if such worldwide reduction goals have any significant effects on temperature change or on road safety. Again, in this scenario, a 0% reduction indicates what would happen if no action is taken to reduce GHG emissions. The results of this analysis can be seen in Table 5.



As a direct result of changes in the CO2 emission rate and temperature, the number of roadway accidents and fatalities due to extreme weather conditions can change. This effect is obvious in Figure 13.


Figure 13. Fatalities due to extreme weather changes for different policies.
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5.2. Travel Demand Reduction


There is a growing concern about the negative impacts of transportation systems and their respective side effects, including GHG emissions, traffic congestion, air pollution, and so on. The parameter vehicle miles traveled (VMT) is usually used in order to address these concerns. There have been several discussions about finding ways to reduce the VMT while still maintaining the economic growth and social activities at the same rate. This goal can be achieved by increasing the use of other types of transportation besides motorized passenger vehicles, including walking, cycling, using public transportation, etc. [37]. This has become a widely-discussed topic, especially knowing that the VMT and the GDP (as an economic indicator) are strongly coupled, so there should be an intermediate way in which the maximum effort is made to reduce the VMT without comprising economic growth.



Based on the above-listed background on attempts to reduce VMT, states and city areas are required to set target VMT reductions that they plan to achieve within a specified time limit. Based on a report published by the FHWA, different states have set different targets for VMT reduction; for example, Denver, the Sacramento area, the San Francisco Bay area and certain other areas have settled on target VMT reductions of 10% by 2035, while Seattle has set its target VMT reduction to 50% by 2050 [37]. It can therefore be concluded that the VMT reduction targets for different areas may vary based on their available infrastructures and accommodations. In this study, the target VMT reduction is set as the average target VMT reductions of different states.



The next scenario attempts to quantify the effects of travel demand reduction on VMT, as well as its effects on the number of fatalities and on other parameters involved in this system. For this purpose, two specific scenarios (Table 6) were simulated as a target travel demand reduction of 25% (ATM2) or 40% (ATM3). The first scenario (0% reduction) indicates the situation if the current increasing trend of VMT continues as is.



As can be seen in Table 6, the third scenario can reduce the VMT by almost six billion miles. This huge reduction in miles traveled will result in a reduction in the number of fatalities (as is shown in Figure 14) and injuries and will make the roads safer by reducing the congestion index.


Figure 14. Number of road accident fatalities for different policies.
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5.3. Vehicular Safety Index Increase


There is a strong consensus that vehicle safety improvements are crucial to reducing the number of fatalities and injuries in road accidents. In different studies and reports published by government or international organizations, different technologies and tools were introduced that are still helpful in increasing the vehicle safety. For example, in a report published by the World Health Organization (WHO), one chapter encourages the harmonization of the relevant global standards to accelerate the uptake of new vehicle safety technologies [38].



Early vehicle safety efforts were focused on increasing the capability of vehicles to withstand a crash by improving the structural design, materials and safety systems of the vehicles in question [39]. This step starts by ensuring that every vehicle has certain basic safety performance measures, such as seatbelts and airbags, and continues to promote the more widespread use of crash avoidance technologies, such as electronic stability controls and anti-lock braking systems [38]. These technologies aim to prevent crashes from occurring in the first place and can in fact make vehicles more intelligent as they become more able to sense and communicate with other vehicles and with roadside infrastructure [39]. In order to promote such systems, policy makers are considering offering incentives for manufacturers to employ these technologies; for example, the USDOT recognizes the need to reward commercial motor carriers who deploy safety technologies in their fleet and even for considering investing in V2V (vehicle to vehicle) and V2I (vehicle to infrastructure) communication programs [39,40].



In this study, the increasing vehicle safety scenario is focused on decreasing the road accidents and the number of fatalities and injuries through increasing the safety index of the vehicles. For this purpose, three different scenarios have been tested to see their effect on increasing the safety of the passengers. The results can be seen in Table 7 and Figure 15 below.


Figure 15. Number of lives saved by vehicle safety technologies for different policies.
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6. Conclusions


In this study, the climate change-road safety-economy nexus is investigated, and several related policies are analyzed to explore ways to reduce the accident rate in the U.S. The policies aiming to increase fuel efficiency reduce the transportation-related emissions. However, reducing transportation-related emissions has negligible impact on slowing down the atmospheric temperature rise, which cannot eliminate or reduce the negative effects of climate change on road safety. Hence, as a second policy area, extreme world-wide emission reduction policies are explored to show how climate change affects the road safety. According to this extreme policy area, reducing GHG emissions worldwide can significantly reduce the fatalities resulting from road accidents thanks to fewer extreme weather events, infrastructure damage and the distraction of drivers. As a second policy area, reducing the travel demand was investigated, which results in a significant decrease in the rate of fatalities. This policy area is found to be a more effective way of reducing accidents compared to the policies aiming to increase fuel efficiency. Lastly, the effects of improving the vehicle safety index on recuing fatalities are investigated. Improving the vehicle safety index can significantly reduce the number of fatalities and should be prioritized.



In the continuation of this study, we will try to put more emphasis on policy analysis by examining different parameters and assigning broader ranges of values to the parameters through performing multivariate analysis. As the system dynamic modeling approach is no longer limited to modeling uncomplicated straightforward phenomena, rather, it is capable of conducting models with uncertainty and deep complexity by combining multivariate analysis and the SD modeling approach and to investigate all plausible outcomes and policies in a given range of model parameters [17,41].
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