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EXECUTIVE SUMMARY 

 

This study evaluates the “full” total and marginal costs of highway transportation in New 

Jersey. Existing literature in the area of “transportation costs” are reviewed and highway 

transportation cost categories are identified based on the results of this review.  For 

each cost category total and marginal cost functions are developed using NJ specific 

data.  

 

The major scope of our study is to estimate the “full (or real)” costs of highway 

transportation in New Jersey. Full transportation costs include both private costs (costs 

that users directly experience, also called internal or direct costs) and social costs (also 

called external or indirect costs).  Determination of full costs is of great interest in 

transportation economics, since it is the key element in every economic analysis, 

decision-making steps and policy considerations.  

 

Determination of full marginal cost is also one of the major goals of this study, since it 

provides very useful information in terms of the effects of increasing number of trips in 

the study area.  Basically, we attempt to answer the following question: “What is the 

cost of an additional trip in the network?” The answer to this particular question can 

assist decision makers in evaluating the efficiency and effectiveness of various policy 

decisions.  

 

More specifically, the marginal cost information can be used in the context of value 

pricing or in other words congestion pricing.  Congestion pricing has been one of the 

most argued policy considerations in the area of transportation during the last two 

decades. Since congestion continues to be a major problem in highway transportation 

and it is considered as “the” factor responsible for the increases in other cost 

categories, the government seeks ways to reduce congestion with minimal capital 

expenditure.  Pricing is one of the alternatives to regulate traffic operations at the 

desired level. Now it is commonly known that if the prices are determined at the social 

equilibrium, where the full marginal cost is equal to the demand for travel, pricing can be 
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an effective instrument to achieve this purpose. However, to achieve the social 

equilibrium, full marginal cost has to be known.  Section 2.2 of our report deals with the 

definition of marginal cost pricing and provides the necessary economic background to 

understand the concept.   

 

However, application of marginal cost in transportation network differs from its basic 

economic definition. This phenomenon creates several interesting research questions 

that can be summarized as follows: 

• While calculating network wide marginal cost, do we have to add an extra trip 

between every origin-destination (O-D) pair? 

• Or do we have to pick one O-D pair and introduce the trip between this O-D 

pair? If the answer is “yes”, then which pair? 

• What is the effect of an additional trip to the overall network flow patterns? In 

reality, does the extra trip effect flows at the equilibrium? 

In order to simplify these issues, we propose a new methodology to estimate the system 

marginal cost within a reasonable accuracy range in a highway network.  Section 4 of 

our report is dedicated to this particular issue.  In order to implement this proposed 

methodology, we first develop marginal cost functions. Marginal cost functions depend 

on total cost functions since once total cost functions are developed marginal cost 

functions can easily be derived with respect to a selected variable.  In this study, 

highway transportation costs are categorized in 3 major groups. 

1. User Costs 

a. Vehicle Operating Costs 

b. Congestion Costs 

c. Accident Costs 

2. Infrastructure Costs 

a. New Construction Costs 

b. Maintenance and Improvement Costs 

c. Right-of-Way (Land Acquisition) Costs  

3. Environmental Costs 

a. Air Pollution Costs 
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b. Noise Costs 

 

Cost functions for each of these categories are developed using NJ specific data. The 

overall methodology employed to develop cost functions is presented in section 2.1. 

Based on the proposed methodology, we developed cost models using the available 

New Jersey data. Section 3 is solely dedicated to the presentation of these cost models.  

Samples of available data specifically collected for this study are given in the 

appendices in our final report.  It should be noted that each cost model is a product of a 

long and meticulous data collection manipulation process. Except for congestion and 

environmental cost categories, we developed our own cost functions specific to NJ.  As 

for congestion and environmental costs, since the development of these cost models 

requires a more long-term and comprehensive research project that this one, we 

adopted the most appropriate models found in the literature and used them in our cost 

calculations.       

 

It should also be noted that the economic evaluation of the performance of a system as 

complex as the NJ transportation network should not be solely based on average cost 

values.  One of the basic intentions of this study was to develop cost functions, which 

are of dynamic form, that is, easy to recalibrate in case of varying inputs over time. In 

addition to the estimation of full marginal costs, this study also provides statistically 

promising cost models, which are based on real data.  

 

In this study, we use “trips” as a final output measure. Thus, our final results are 

presented in such a way that they are consistent with the definition of final outputs (See 

section 2.2 for the definition of output). The estimated full marginal costs are classified 

according to several factors. These are: 

• Time of the day 

• Highway Functional Type 

• Urbanization Degree 

• Trip Distance 
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In section 5, we present the results of our full marginal cost analysis. Important and 

interesting results are obtained for the highway transportation. It is concluded that full 

marginal cost is clearly affected by “the value of time, highway functional type, time of 

the day and trip distance”. For example, within the same trip distance range, the 

marginal cost variation with respect to arterial and freeway percentages along the route 

has different patterns (Figures 5.3, 5.4 and 5.5). Distance is undoubtedly an important 

factor that affects the marginal costs (Figure 5.1). Urbanization on the other hand does 

not have a clear effect on marginal costs.  

 

Contribution of each cost categories in the full marginal costs are obtained in our 

analyses. As expected, congestion cost constitutes the larger portion of the full marginal 

costs. Accident costs are the second largest category. For short trip distances these two 

cost categories are not very different in magnitude.  However, as the trip distance 

increases congestion cost increases more than accident cost.  This finding becomes 

clearer during peak hour periods. Environmental costs and infrastructure costs follow 

these cost categories in magnitude. 

 

We believe that the results presented in section 5 can have significant policy 

implications and can assist in evaluating the system performance for different policy 

scenarios.  For example, programs such as “incident management program” can be 

easily justified based on our findings that accident costs rank as the second largest 

contributor to the “full marginal cost”. Thus, by increasing funding for “incident 

management” programs, policy makers can achieve the desired goal of reducing the 

cost of additional trips.  On the other hand, the fact that congestion is the major 

component of “full marginal highway transportation cost” supports the need for 

implementing “congestion reduction measures” as a long term goal.    

 

Finally the readers should be reminded that the results of this study are based on a 

number of models that include assumptions and approximations. It is clearly stated in 

the report that every model is highly sensitive to these assumptions. Nevertheless, we 

believe that our assumptions are fairly accurate and based on the real-world data from. 
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We genuinely hope that the methodology proposed here, and the results obtained count 

as a contribution to the research in the field area transportation economics.  
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1. INTRODUCTION 

Part A of this report attempts to give a short and relatively non-technical summary of our 

full report namely, Part B.  However in order to ensure the completeness of Part A of 

this report, we still present the cost functions in Section 2.  Readers may skip Section 2 

of Part A and focus on the remaining sections of Part A.   

 

Estimation of highway transportation costs has long been one of the major concerns of 

policy makers.  Highway transportation costs appears as one of the key elements in 

every economic analysis, decision-making and policy consideration.  Knowing the full 

costs is essential for making effective and efficient resource allocation decisions, 

ensuring equity among the users of different transportation mode users, and developing 

effective pricing mechanism. 

 

Due to the increased demand for auto usage, the policy makers at every level of the 

government have been seeking for new and better ways to improve the level of highway 

transportation with minimal capital expenditure. The most argued, yet the most heavily 

favored solution to manage the increased demand for highway travel is “value or 

congestion pricing.” The basic idea behind value pricing is to discourage users from 

making trips during the peak hours by charging a certain amount of toll.  However, the 

main challenge is to correctly determine the toll that will achieve the desired results.  It 

is well known that value (congestion) pricing is effective only if the social equilibrium is 

achieved.  In other words, prices should be calculated at where the real cost of serving 

an additional user in the transportation network equals to the price of demand for travel.  

The so-called real costs that every additional user in the traffic should be held 

accountable for private (internal, direct) costs and social (external, indirect) costs.   

 

Marginal cost concept is thus an effective tool to determine tolls that will achieve social 

equilibrium. By definition, marginal cost is the cost associated with an additional output. 

The term “output” is defined as the representation and simplification of the overall 

utilization of production systems by means of selected units. Berechman and Genevieve 

(1984) use the terms intermediate and final outputs for transportation systems. Their 
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usage of these terms in the cost calculation depends on the purpose of the analysis. 

Intermediate outputs such as vehicle- miles or vehicle-hours are mainly used to 

evaluate the technical efficiency of a system. On the other hand, final outputs (also 

called demand oriented measures in Berechman and Genevieve, 1984), such as 

number of trips or number of passengers, are used to analyze the overall efficiency and 

effectiveness of the system. 

 

This study intends to estimate marginal full costs of highway transportation and present 

the policy implications of these results. The main idea of this study lies in the definition 

of outputs.  Due to the quite large scope of the analysis, we primarily deal with final 

outputs. In this study, trip is taken as the major output measure. In other words, we 

define and calculate marginal cost as “cost per trip.” Although “trip”, as a final output of 

highway transportation, is not a standard measure as vehicle-miles or vehicle-times it 

has several desirable properties, such as trip distance, time of the day, highway 

functional types on a route, urbanization degree, topography, climate etc., that will 

enable us to better understand the policy implications of additional travelers.    

 

This first part of the report draws from the results obtained in Part B. Part B deals with 

the estimation of total and marginal costs of highway transportation in New Jersey. 

Basically, it attempts to provide an answer to the following question: “What is the cost of 

an additional trip in a highway network?”  

 

Methodological and experimental steps that are followed in Part B to answer the above 

question can be summarized as follows:  

(i) Possible cost categories are identified, and marginal cost functions are 

developed for each category using NJ specific data.  

(ii) Full marginal cost for each representative trip is calculated using the above 

cost functions developed in this study.  This trip based full marginal cost 

calculation is achieved by selecting a representative origin zone in each 

county in Northern NJ.  Using the available Northern NJ highway network file, 

shortest routes from each selected origin to all destination zones are then 
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determined. Marginal costs of an additional trip between the selected origin-

destination (O-D) pairs are calculated along these shortest routes. We refer to 

this marginal cost as one-route marginal cost (ORMC). In ORMC 

calculations, it is assumed that an additional trip between any selected O-D 

pair does not disturb the existing equilibrium flow patterns. Each additional 

trip appears as an additional traffic volume on each link along the shortest 

route between the selected O-D pair. Therefore, all the marginal cost 

functions are developed with respect to Q, traffic volume (number of 

vehicles/time).  

(iii) The calculated ORMC values are classified based on trip distance, time of 

the day, highway functional type and urbanization degree.  

The following section summarizes each cost category considered for determining the 

marginal highway transportation costs, and the data specifications.  This section is 

basically a brief review of the cost models developed and used in Part B.  Section 3 

presents the results of our marginal cost analysis.1 Section 4 includes a numerical 

example to demonstrate how marginal cost is calculated on a single route between a 

given O-D pair. Several policy decisions are then compared using the results obtained 

from this study route. Finally, Section 5 presents our major conclusions and suggestions 

for future study.  

 

 

2.  SUMMARY OF THE DEVELOPED COST FUNCTIONS- DATA 

SPECIFICATION  

In this section, we briefly explain the developed marginal cost functions along with the 

employed data sources and the necessary assumptions used. In this study, we classify 

transportation costs into three major groups. These are: 

(i) User Costs (Vehicle operating costs, congestion costs and accident costs),  

                                                 

1 To obtain detailed policy implications of the results presented in this section, readers may refer to Ozbay 
et al (2001).  
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(ii) Infrastructure Costs (New construction costs, maintenance and 

improvement costs, and right-of-way costs)  

(iii) Environmental Costs (Air pollution and noise costs).  

Each cost category listed above has certain amount of contribution to full marginal cost. 

As mentioned earlier, cost of an additional trip varies with trip properties. The best 

comparison of the contributions by each cost category to full marginal cost should be 

analyzed within the same trip properties. This particular analysis is conducted in 

Sections 3 and 4. 

 

2.1 User Costs 

We grouped vehicle-operating costs, congestion costs and accident costs under the 

user costs category, since all the expenses included within these categories are mostly 

incurred by highway users. Figure 1 depicts the interaction between these three user-

cost categories. As shown in this figure, there is interdependence among these three 

user-cost categories. There is a close relationship between accident and congestion 

costs. For example, when roads become more congested, the likelihood of an accident 

occurrence is expected to increase. Accidents in turn cause congestion due to 

temporarily reduced roadway capacity. Similarly, existence of either congestion or 

accidents does affect vehicle-operating costs due to low speed vehicle operating costs 

as depicted in Figure 1.  

 

2.1.1 Vehicle Operating Costs 

Vehicle operating costs are the costs due to car value depreciation, fuel and oil use, 

expected and unexpected maintenance, wear on tires, insurance, parking fees and tolls.  

 

Vehicle depreciation cost is assumed to vary with car make, mileage and vehicle age. 

The required data to develop a depreciation cost function is compiled from used car 

databases on the Internet. “Honda Civic” is selected as the representative car model. 

Regression analysis is performed using the compiled data. Depreciation cost is 

correlated with vehicle age and mileage. 
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Figure 1 User Costs 
 

As for operating costs, insurance, parking and toll costs, we employ the unit values 

given by the American Automobile Manufacturers Association (AAMA Annual Report, 

1996) and USDOT (Cost of Owning and Operating Automobiles, Vans and Trucks, 

1995). These are shown in Table 1. 

 

Table 1 Operating Costs (AAMA Report, 1996; USDOT Report, 1991) 

Operating 
Expenses 

Costs 
Gas & Oil 0.061 ($/mile)* 
Maintenance  0.029 ($/mile) 
Tires 0.0145($/mile) 
Insurance Cost 1,350 ($/ year) 
Parking and Tolls  0.0182 ($/mile) 

* 2000 dollars 

Combining the estimated depreciation cost function and the values shown in Table 1, 

vehicle-operating cost (Copr) is constructed as follows: 

 

  

Where, m is mileage over many years (miles), and a is vehicle age (years). Although 

the depreciation cost seems higher that one would think of, since our depreciation cost 

function uses the trade in values, the results obtained reflects the real world 

depreciation costs. It can be seen from equation (1) that depreciation cost varies with 

car age. Comparing the unit values given in Table 1 and the values that can be 

calculated by equation (1), it can be observed that depreciation cost constitutes the 

 Congestion  Accidents 

Vehicle Operating Costs 
 
   Car Value Depreciation 
   Fuel Consumption  
   Oil Consumption  
   Maintenance  
   Tire Wear  
   Insurance 

ma
a
m

Copr .1227.0.73.2027.104.036.6240 +++=                                    

                                                                                                                                        R2=0.94 

  (1) 
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highest portion of annual vehicle operating costs during the early years of a vehicle 

(See Table 2).  

 

The marginal vehicle operating cost is derived by taking the first order derivative of the 

total cost function as given in equation (1) with respect to mileage, m.  

 

 

MCopr gives marginal operating cost per mile. Hence, marginal vehicle operating cost 

on the shortest route between any O-D pair is calculated by multiplying the value 

obtained from equation (1) by the route length. Equation (2) implies the fact that the 

longer a car is utilized, the lower the marginal cost becomes. Although the results may 

seem counter-intuitive, we believe that equation (2) remains reasonable, since the 

decrease in depreciation cost over years exceeds the increasing maintenance and tire 

costs (See Table 2).  

 
Table 2 Contribution Percentages of Operating Cost Categories 

Year 
 

Depreciation % Fuel, Gas, Oil, Tire 
Parking& Tolls % 

Insurance % 

1 74 14 12 
2 60 22 18 
3 52 26 22 
4 47 29 24 
5 43 31 26 
6 40 33 28 
7 37 34 29 
8 36 35 30 
9 34 36 30 
10 33 36 31 
11 32 37 31 
12 31 37 32 
13 30 38 32 

*An annual mileage of 13,000 miles is assumed 

 

Marginal vehicle operating cost is a function of vehicle age only. Since it is not possible 

to identify the age of every single vehicle in the network, we employ an average value 

reported in the AAMA report. In our analysis of costs, we utilize 8.5 years reported by 

AAMA as the nationwide average car age (AAMA Annual Report, 1996). 

 







+=

a
MCopr

104.0
1227.0  (2) 



 

 12

2.1.2 Congestion Cost 

Congestion cost can be defined as the driver’s time loss and discomfort in traffic due to 

the congestion. Congestion cost has two components. The first component is the 

uncongested (free- flow) time, which is a private cost and experienced inevitably by 

every user. The second one is the additional travel time spent in traffic due to 

congestion. This cost component arises due to the increasing volume to capacity ratio.  

 

Congestion cost is directly related to “time loss” and “user’s characteristics.”  

(i) Time loss can be determined through the use of a travel time function. Its 

value depends on distance between O-D pairs (d), traffic volume (Q) and 

roadway capacity (C).  

(ii) User’s characteristics on the other hand imply the dollar value that each 

user places for their unit time. However, users in a highway network are not 

homogeneous. Therefore, the estimation of user’s value of time is a not 

straightforward task.  Hence, in order to calculate congestion costs we 

employ an average value of time (VOT), which ranges between 40% and 

170% of the average hourly wage in NJ. This enables us to have a better 

understanding of the full marginal cost under various VOT assumptions (For a 

detailed explanation and literature review of VOT, see Section 3.2 in Part B of 

the report). 

Congestion cost between a given O-D pair (r, s) can then be calculated as follows: 

 
 

Where, Tr,s (Q, d) is the travel time function, Q is the traffic volume (veh/hr), d is the 

distance (miles), and VOT is the value of time ($/hr). The travel time functions used in 

our calculations are given in equations (22) and (23) in the Part B of the report. Each 

function behaves differently when the traffic volume approaches the roadway capacity. 

The time function given in equation (22) is highly sensitive to traffic volume/capacity 

ratios and it yields high congestion cost values when a link gets congested. On the 

other hand, the BPR travel time function given in equation (23) is less sensitive to 

increases in the volume/capacity ratio and it does not vary as much. We utilize the BPR 

function in our analyses since it is a commonly accepted and used travel time function. 

VOTdQTQC srcong ).,(. ,=  (3) 
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Marginal congestion cost function is derived by taking the first order derivative of the 

cost function given in equation (3) with respect to Q. 

 

 

 

The first component in the right hand side is the cost experienced by the user, and the 

second one is the cost s/he imposes on the rest of the traffic.    

 

The available data is obtained from Northern NJ loaded network file. The network file 

has the information for each link, including link distance, number of lanes, link 

capacity, link traffic volume by travel purposes, highway functional type, 

urbanization degree around the link and congested and uncongested travel times 

for both peak and off-peak periods. The available data enable us to calculate marginal 

congestion cost on each link along the shortest routes between O-D pairs. 

 

2.1.3 Accident Costs 

Accident Costs can be classified into two groups:  

1. Pure economic costs, which can be converted into monetary units, 

2. Life-Injury Costs, which are user-oriented costs, and thus not straightforward to 

convert into monetary units. 

Accidents are non-recurrent events, hence, it is not possible to know when or where 

they will happen. However, in order to calculate accident costs, the information required 

are the “accident occurrence rate” and the “unit cost of an accident.” Accident 

occurrence rate can be defined as the number of accidents taken place over a given 

period of time. Once the occurrence rate of each accident type for a given road network 

is estimated, multiplication of these by their respective unit costs provides us with the 

total accident cost for the study network over a given period of time. Hence, the 

formulation of an accident cost function requires the formulation of an accident 

occurrence rate function.  

 

Q

dQT
VOTQVOTdQT

Q

C
MC sr

sr
cong

cong ∂

∂
+=

∂

∂
=

),(
)..()).(,( ,

,  (4) 
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In this study, accidents are categorized as fatality, injury and property damage 

accidents. Accident occurrence rate functions for each accident type are then 

developed.  

 

Historical data obtained from NJ Department of Transportation shows that annual 

accident rates of each accident type are related to the network properties. It can thus be 

assumed that the total number of accidents in the network is closely related to the 

“intensity of traffic volume” and “roadway geometry”.  

 

Intensity of traffic volume can be included in the accident occurrence rate function 

using the average daily traffic volume and the road length as the model variables. It 

is reasonable to think that the presence of high traffic volumes causes reduced vehicle 

speed, and therefore sustains a greater attention and discipline on drivers, which 

decreases the possibility of accident occurrence. However, statistical data show that 

accident rate increases with increasing average daily traffic (Vickrey, 1968). It is thus 

assumed that the total number of accidents in a network increases as average daily 

traffic increases and/or the road length decreases. 

 

Roadway geometry rates a highway section based on its quality of engineering design. 

There are various features of a roadway geometric design that closely affect the 

likelihood of an accident occurrence, such as number of lanes, vertical and horizontal 

alignments, superelevation, coefficient of friction, sight obstructions, stopping sight 

distances, etc. However, these variables are highly detailed to be considered in a 

generic function. In order to consider the effects of roadway geometric design in our 

accident occurrence rate function, we classify highways based on their functional types 

as Interstate, Freeway-Expressway and Local-Arterial-Collector. We assume that 

each highway functional type has its unique roadway design features. Therefore, we 

classify accidents based on the highway functional type where the accident had taken 

place. This qualitative classification provides us the convenience of working with only 

two variables: average daily traffic volume and road length. (This approach is also 

consistent with previous similar studies. (Mayeres et al., 1996)) 
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As mentioned above, the multiplication of accident occurrence rate for each accident 

type by the unit cost of the respective accident type will yield the total accident cost over 

a given period of time. With our qualitative classification of roadway design, we have 

accident occurrence rate functions for each accident type for each highway functional 

type. Hence, in total we need to develop 9 different functions using regression analyses 

on the available accident data.  

 

The available data consist of a detailed accident summary of years between 1991 and 

1995 in New Jersey. For each highway functional type, the number of accidents in a 

year according to their types is reported. 

 

The general form of the total accident cost is given as follows. 

 

 

 
Where, Cf = Unit cost of a fatal accident per crash ($), Ch = Unit cost of an injury 

accident per crash ($), Cd= Unit cost of a property damage accident per crash ($), pfi, phi 

and pdi represent the accident occurrence rate functions for each accident type for 

different highway functional types (i=1..3), where pfi = Number of fatal accidents per 

year on highway functional type i, phi = Number of personal injury accidents per year on 

highway functional type i, pdi = Number of property damage accidents per year on 

highway functional type i. 

 

Unit costs of these accident types per crash are given in Table 3.  
    Table 3 Accident Costs by type 

Accident Type  Cost per Crash ($) 
Fatality 4,113,956 
Injury 144,291 
Property 
Damage 

6,783 

(Source: Miller (93). The unit cost values are converted to 2000 dollars assuming a 3.5% inflation rate) 
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Finally, marginal accident cost function is derived by simply taking the first order 

derivative of equation (5) with respect to traffic volume, Q. 

 
2.2 Infrastructure Costs 

Infrastructure costs, also called track costs, are incurred by roadway investors. This 

cost category includes all long-term expenditures, such as purchasing the land, 

constructing the facility, paying for the material, labor and administration, regular and 

unexpected maintenance expenses, etc. These costs are also subject to an interest rate 

over the lifetime of the facility. 

 

We categorize infrastructure costs as new construction costs, maintenance and 

improvement costs, and right-of-way costs (land acquisition costs). It is assumed 

that new construction costs and right-of-way costs do not depend on traffic volume, 

hence cancel out in the final marginal cost formula. It should be noted that the effect of 

the expected (design) traffic volume is neglected in the infrastructure cost model due to 

data limitations. 

 

Maintenance and improvement costs are divided into three subcategories due to the 

excessive variety of work types found in NJDOT database. These are:  

(i) Major reconstruction with/without roadway widening,  

(ii) Roadway widening with/without resurfacing,  

(iii) Resurfacing with/without minor roadway widening.  

Cost functions are developed for each subcategory. Regression analyses showed that 

amongst these subcategories, only for the third subcategory, the cost is a function of 

traffic volume; therefore the first two subcategories cancel out in the final marginal cost 

formula.   

 

The infrastructure cost function is in the following generalized form. 
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Where, tm is the total material used (surface course, base course, sub-base in ft3) and 

Q is the average daily traffic volume (veh/day). Marginal infrastructure cost function is 

derived by taking the derivative of equation (6) with respect to Q. 

 

For a detailed explanation of the infrastructure cost analysis, and how to apply the 

functions on a selected route, refer to the Part B of the report. 

 

2.3 Environmental Costs 

Environmental costs due to highway transportation are categorized as air pollution 

costs and noise costs.  

 

2.3.1 Air Pollution Costs 

The consequences of air pollution are pervasive and far-reaching. It is thus not 

straightforward to keep track of its effects. A detailed and meticulous research is 

essential to formulate a reliable air pollution cost function, which is out of the scope of 

this study.  Therefore, we adopt the findings presented in the literature and attempt to 

formulate an air pollution cost function specific to NJ.  

 

Air pollution costs are estimated by multiplying the amount of pollutant emitted from the 

vehicles by the unit cost values of each pollutant. We consider the major pollutants 

emitted from vehicles including volatile organic compounds (VOC), carbon monoxide 

(CO), nitrogen oxides (NOx) as directly emitted pollutants, and particulate matters 

(PM10) as indirectly generated pollutant.  

 

Detailed explanation of formulizing the air pollution cost function is presented in Part B 

of this study. This process can be summarized by the following steps: 

(i) First, we adopt a fuel consumption function (Ardekani et al., 1992)). This function 

calculates the fuel burnt in gallons per mile based on an average vehicle speed.   

(ii) Next, the emission rate of pollutants is calculated (grams/gallons).  

(iii) The amount of pollutant is multiplied by its unit cost to calculate the air pollution 

cost caused by one vehicle. Unit cost values of each pollutant is shown in Table 4. 
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Multiplying the cost per user by the traffic volume yields the total air pollution cost per 

mile over a period of time.   
 

Table 4 Cost of each pollutant type (2000 dollars)* 

 VOC NOx
 CO PM10 

Unit Morbidity Cost per 
ton 

$ 1,676 $ 3,039 n/a $ 6,542 

Unit Mortality Cost per ton $ 2,779 $ 7,320 $ 15.21 $ 126,074 
Total Unit Cost per ton $ 4,455 $ 10,349 $ 15.21 $ 132,616 

*Morbidity costs are taken from Small and Kazimi (1995) 

Through the use of the formulation process stated above, the marginal air pollution cost 

function is developed as follows: 

 
 
  
Where, 

MCair is marginal air pollution cost ($/mile/hr), 

F = Fuel Consumption at cruising speed (gallons/mile). It is calculated as: 
25.10.403.5.00312.00723.0 VVF −+−=            (Ardekani et al., 1992) 

V = Average speed (mile/hr). 

Q = Traffic volume (veh/hr). 

 

Northern NJ network file enables us to calculate the marginal air pollution cost since it 

has all the necessary information to utilize equation (7). 

 

Air pollution costs considered in this study comprise only the local effects. However, it is 

commonly known that air pollution can be trans-boundary or even global. The further we 

explore its limits, the harder it becomes to measure its monetary causes. However, 

even the measurable costs of air pollution are high enough to justify the substantial 

expenditures to control vehicle emission rates (Small et al., 1995). 

 

2.3.2 Noise Costs 

Noise costs are generally calculated as the depreciation in the value of residential units 

alongside the highways. It is clear that the closer the house to a nearby highway the 
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drRDNh ...2=  
 

(9) 

higher the depreciation cost will be. We are aware that there are various factors that 

cause depreciation in house values, however, we only utilize “closeness” as the major 

factor in our calculations.  

 We use Noise Depreciation Sensitivity Index (NDSI) as given in Nelson (1982). 

NDSI is defined as the ratio of the percentage reduction in the house value due to a unit 

change in the noise level. Nelson (1982) suggests as value of 0.40% for NDSI.  

 The house value depreciation can be defined in the following form. 

 
 

 

Where, 

ND = Depreciation due to noise, 

Nh = Number of houses effected (number of houses per acre), it can be calculated by 

multiplying the average residential density (RD) around the highway by the distance 

to the highway (r) and the length of the highway section (d)2.  

 
 
L = Equivalent Noise Level (dB(A)), ),,( dVQfL = , where Q is traffic flow, V is the 

average traffic speed and d is the distance to the highway. Its function is adopted from 

Galloway et al. (1969) 

Lmax = Maximum acceptable noise level (dB(A)), 

D =Percentage discount in value per an increase in the ambient noise level (0.40 %).  

Wavg = Average house value ($). (See Table 5 below) 

Lmax can be defined as the lower bound of annoyance. Any sound louder than this value 

is perceived as a disturbing sound. We assume this value as 50 (dB(A)), which 

corresponds to normal conversational speech level.  

 

So, what equation (8) delivers is that whenever the ambient noise level at a certain 

distance around the highway exceeds Lmax, it causes a reduction in the house values 

                                                 

2 The multiplication by 2 in equation (9) is used to calculate the number of housing units on each side of 
the roadway. 

avgh WDLLNND .)..( max−=   
 

 (8) 
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affected by the noise. We adopt the value given in Nelson (1982), 0.40 %, per ∂L. So, 

the noise cost depends both on the noise level and on the house value. 

 

Table 5 Housing Value in NJ 

Value Range $ 
Lower Value Quartile  158,410 
Median Value 228,940 
Upper Value Quartile  317,385 

 
Since L is a function of d (distance to the highway), the total noise cost around a given 

link can be calculated by the integration of the area where the noise level is above 50 

dB(A).  

 

 

Cnoise is defined as the noise cost around a 1-mile long roadway segment over over the 

lifetime of the houses. Marginal noise cost function is determined by taking the first 

order derivative of the total cost function with respect to traffic volume, Q. Omitting the 

intermediate steps, marginal noise function is found as follows: 

 

 

 

In the formulation given above, r2 stands for the maximum distance to highway, where 

the traffic noise is still effective. r2 can be calculated by equating L to 50 dB(A).   

 

In our analysis marginal noise cost is calculated using the Northern NJ network file. Link 

characteristics in the network include the urbanization degree around the link, traffic 

volume, and travel time. However, the data on the density of housing units around every 

highway segment are not available. In order to be able to utilize equations (10, 11), we 

assumed the following residential densities according to urbanization degree: CBD= 4 

units/acre, Urban=3 units/acre, Suburban=2 units/acre and Rural= 1 unit/acre.  
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It should be noted that noise costs are highly sensible to assumptions. For different 

Wavg, D, RD values, the resulting noise cost will have different values.  This fact is 

demonstrated in the Part B of the study. 

 

3. ORMC ANALYSIS RESULTS  

In this section we present the results of our one-route marginal cost (ORMC) analysis. 

As mentioned earlier in the study, we select one origin in each county in Northern NJ.  

Utilizing our shortest path finding routine we identify the shortest routes from these 

selected origins to all other destinations in each county. For each route between the 

selected origin-destination (O-D) pairs, we then calculate ORMC values using the 

developed marginal cost functions.  

 

It is clear that unlike other commonly used measures such as vehicle-miles, trip is not 

an easily quantifiable output measure. However, a “trip” can be a very meaningful 

output measure since the usage level of transportation network is mainly determined by 

trip making decisions of individuals and extra vehicle-miles measured on a highway are 

almost always a result of a certain type of trip making decision.  In short, extra vehicles 

mile are not created in a vacuum but they are created as a natural outcome of individual 

trips undertaken by users of the network. it’s the cost of each “trip” depends on various 

quantitative and qualitative factors.  For example, the reason why two trips of the same 

distance have different ORMC values lies in the difference between their “route 

characteristics.” Route characteristics can be listed as trip distance, time of the day, 

highway functional type, urbanization degree, topology, climate, etc. We thus classified 

the calculated ORMC values based on trip distance, time of the day, highway 

functional type and urbanization degree. It is not a straightforward task to introduce 

all of these factors as variables in marginal cost functions. However, though some are 

already employed in our marginal cost functions we believe that their effects to cost 

values are far more than the cost models can account for. Therefore, analyzing ORMC 

values of the same route characteristics can help us better understand the effect of 

each factor to marginal costs. 
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Figure 2 depicts the variation of ORMC values with respect to trip distance for both peak 

and off-peak periods. Trip distance has a clear effect on the ORMC values. As the route 

distance increases, the cost of traveling on that route increases too. This is due to the 

more time spent in traffic, higher possibility of involving in an accident, higher vehicle 

operating, infrastructure, air pollution and noise costs. It should be noted that 

contributions to ORMC values by cost categories vary with increasing trip distance. 

Figure 3 depicts the contributions by each cost category for different trip distance 

ranges. It is clear that congestion cost dominates the other cost categories as trip 

distance increases. Since congestion cost is highly sensitive to increasing traffic 

volumes, the difference in peak and off-peak period ORMC values becomes more 

significant in longer trip distances.  

 

In order to observe the variations in ORMC values with respect to different highway 

functional types, we classify highways as interstate-freeway-expressway, principal 

arterial, arterial, and local-collector. The difference in ORMC values calculated for the 

same trip distance is assumed to be related to highway functional types. The effect of 

each highway functional type should be analyzed within different trip distance ranges.  

For example, within 0-2 miles of trip distances, the local-collector and arterial 

highways are more frequently used than the other highway types. Figures 4 and 5 

depict the variation of ORMC with respect to local-collector and arterial roads, 

respectively. It is observed that within 0-2 mile trip distances, as local-collector highway 

percentage increases, ORMC values decrease. Hence, we can conclude that for 

relatively short trips it is more convenient to utilize local-collector roads. From our 

analysis, we observe that this pattern holds for trip distances up to 3 miles. On the other 

hand, for trip distances between 3-10 miles, principal arterials and arterials are the 

most frequently utilized highways. We observe that as principal arterial usage 

increases, ORMC values increase as well. This pattern is depicted in Figure 6. On the 

contrary, due to lower congestion on arterials for trip distance that are between 3-10 

miles, as arterial road percentage increases, ORMC values tend to decrease.  
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Figure 2 ORMC Distribution with respect to trip distance for peak and off-peak hours (VOT=$7.6) 

Next, we analyze ORMC distribution with respect to highway functional type percentage 

for longer trips distances. For trip distances longer than 10 miles, arterial and local-

collector highways are not as significantly utilized as shorter trips. Interstate-freeway-

expressways and principal arterials dominate the highway usage in the case of 

longer trips.  In this section, we only present the results of our analysis performed for 25-

mile trip distance. However it should be noted that similar patterns are obtained for all 

trip distances longer than 10 miles. Figure 7 depicts the ORMC distribution with respect 

to interstate-freeway-expressways percentage for peak period. It can be seen that 

ORMC values tend to decrease when interstate-freeway-expressway percentage 

increases. 
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Figure 3 Contributions by Cost Categories in Full Marginal Cost during Peak Hours (VOT=$7.6) 
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Figure 4 ORMC Distribution with respect to highway functional type percentage during peak hours for 2-

mile trip distance (VOT=$7.6) 

The same pattern holds during off-peak periods as well. On the other hand an inverse 

trend applies to principal arterials. Figure 8 depicts ORMC distribution with respect to 

principal arterial percentage for 25-mile trip distance. It is seen that as principal arterial 

percentage increases, ORMC values tend to increase. 
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Marginal Cost vs. Minor Arterial Highway Functional Type
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Figure 5 ORMC Distribution with respect to highway functional type percentage during off-peak hours for 
2-mile trip distance (VOT=$7.6) 
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Figure 6 ORMC Distribution with respect to highway functional type percentage during peak hours for 7-

mile trip distance (VOT=$7.6) 

As the trip distance becomes more than approximately 50 miles, interstate-freeway-

expressway comprises most of the route distance. This fact restricts the analyses of 

ORMC distribution with respect to principal arterial and interstate-freeway-expressway 



 

 26

percentages. However, based on our findings we can conclude that the routes with 

higher interstate-freeway-expressway percentages have reduced ORMC values. We 

can also conclude that principal arterials have higher ORMC values for all trip distances, 

which implies the fact that they are more congested than the other highway functional 

types. 

 

Finally, we attempt to correlate the variation in ORMC values and urbanization degree 

using the generated NJ specific data. Figure 9 depicts the ORMC variation with respect 

to urbanization percentage over a given trip distance. Similar analyses are performed 

for all trip distances both for peak and off-peak periods. However, it is observed that 

ORMC variations with respect to urbanization degree do not follow a typical trend. 

Therefore, we can conclude that urbanization degree around highways does not 

necessarily imply an increasing congestion level.  
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Figure  7 ORMC Distribution with respect to highway functional type percentage during peak hours for 25-

mile trip distance (VOT=$7.6) 
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Marginal Cost vs. Principal Arterial Highway Functional Type
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Figure 8 ORMC Distribution with respect to highway functional type percentage during peak hours for 25-

mile trip distance (VOT=$7.6) 
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Figure 9 ORMC Distribution with respect to urbanization degree during peak hours for 40-mile trip 

distance (VOT=$7.6) 
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4. SENSITIVITY ANALYSIS AND POLICY IMPLICATIONS 

In this section, we conduct a more detailed analysis of the effects of transportation 

policy decisions by focusing on a specific road between an origin-destination (O-D) pair 

in Northern NJ highway network. Instead of dealing with the entire network as we did in 

the previous section, we now focus on a specific route that has a relatively high 

marginal cost and which can be improved by implementing certain policy decisions, 

such as road improvement and congestion management measures.  In brief, our 

objective is twofold: The first objective is to test the possibility of reducing the marginal 

cost by employing several possible cost reduction methods. These methods insinuate to 

modify some of the existing route characteristics such as traffic volume and roadway 

capacity. For this purpose we try various scenarios, developed by varying roadway 

characteristics along the selected route. The second objective is to isolate each cost 

category and identify its contribution to full marginal cost under these various scenarios. 

Variations in certain roadway characteristics will lead to changes in certain cost 

categories by allowing us to identify the existence of reasonable cause–effect 

relationships between changes in roadway characteristics and costs.3  The 

development of such relationships will enable us to predict the behavior of each cost 

category under various conditions and estimate their contributions to the overall 

marginal cost. These analyses can guide policy makers to rate the effectiveness of each 

method considered to reduce transportation costs, and help them determine the 

necessary actions in each possible case. 

 

The proposed analysis is conducted using a GIS based software tool specifically 

developed for this study (See Figure A.1 in the appendix (A) in part B of this report).  

This tool is developed using ARC-View GIS package.  Northern New Jersey highway 

network and its characteristics have been formatted according to the Arc-View GIS 

                                                 

3 This is due to the effect of the changes in roadway characteristics to the variables used in the marginal 
cost formulations. For example, the change in demand between an O-D pair appears as higher traffic 
volumes on the routes connecting that pair. This increase in traffic volume has clear effects on most of 
the cost categories, since the majority of our marginal cost formulations utilize the traffic volume as a 
variable.  
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requirements.  A shortest path algorithm is programmed to determine the routes 

between a given node and all other nodes in a specific study area.  In addition to this 

shortest path algorithm, a cost calculation module that calculates full and full marginal 

costs of each route is also developed.  The results of link and route based cost 

calculations are saved in EXCEL format for further analysis.   

 

Using this GIS based tool we focus on a route between a randomly selected origin-

destination pair in the Northern NJ traffic network. The selected route is 20.16 miles and 

consists of 23 links. The roadway characteristics of each link on the route are presented 

in Table 5. 65% of the links are located around suburban areas and the rest is located 

around urbanized areas. Highway functional type percentages along the route are 62% 

principal arterials, 20% freeways and expressways, 13% arterials and 5% collector and 

local roads. It is clear from Table 6 that every link along the route is highly congested. 

The full marginal cost (FMC) of making a trip on this route is estimated as $20.64. 

  
Table 6 Roadway Characteristics of the links along the selected route 

   Link  
Number 

Distance 
(miles) 

Capacity 
(veh/hr) 

Number of  
Lanes 

Volume  
(veh/hr) 

Urbanization 
Degree* 

Functional  
Type * 

Marginal 
Cost  
($/trip) 

1 0.29 553 1 599 1 4 0.500 
2 0.86 1010 1 750 1 3 1.169 
3 0.65 385 1 400 1 3 0.643 
4 1.02 2211 2 841 1 2 0.885 
5 1.63 553 1 421 1 4 1.686 
6 0.46 2211 2 1062 1 2 0.343 
7 0.94 5623 3 7094 1 2 1.713 
8 0.36 5623 3 7486 1 2 1.012 
9 0.75 6488 3 6636 1 1 0.578 
10 1.42 6488 3 6084 2 1 1.094 
11 0.40 6488 3 5401 2 1 0.194 
12 1.40 6488 3 4505 2 1 0.928 
13 0.40 5623 3 4597 2 2 0.685 
14 0.32 5623 3 4863 2 2 0.679 
15 2.55 2499 2 2924 2 2 2.234 
16 1.17 553 1 457 2 3 1.357 
17 0.44 553 1 875 2 2 0.446 
18 0.78 553 1 866 2 2 0.770 
19 0.65 553 1 903 2 2 0.670 
20 0.72 553 1 865 2 2 0.680 
21 0.98 553 1 522 2 2 0.711 
22 1.15 553 1 522 2 2 0.807 
23 0.82 553 1 466 2 4 0.853 

Urbanization Degree: 1-Urban, 2-Suburban, 3- Rural  
Functional Type: 1- Freeway-Expressway, 2- Principal Arterial, 3- Major and Minor Arterials, 4- Local and 
Collector 
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Figure 10 depicts the contribution of each cost category to full marginal cost along this 

route (FMC). Under the current traffic conditions on the route, congestion and accident 

costs are found to constitute the major portion of the full marginal cost. Although high 

marginal costs are often attributed to congestion costs, as we see in Figure 10 accident 

costs have the second highest contribution to the full cost amount. This result hints the 

fact that congestion is not always the only reason for high marginal costs.  

 

It should be noted that the estimated value of FMC and the contributions by cost 

categories as shown in Figure 10 highly depend on our initial assumptions on several 

factors such as user characteristics, residential units and pavement 

characteristics. These factors appear as variables in our marginal cost functions. 

Thus, working with a range of these values can give us a better idea of the effect of 

each factor on FMC and the contributions by each cost category:   
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Figure 10 Contributions to full marginal cost by category 

(i) User characteristics: These include average value of time (VOT) and 

average vehicle age. In our analysis, we employ a VOT of $7.6. Congestion 

cost is directly proportional with VOT. Hence the congestion cost given in 

Figure 10 can be rescaled to determine congestion cost under different VOT 

time assumptions. Similarly, vehicle-operating cost can be recalculated for 

different vehicle age assumptions using equation (2) given in Section 2.1.1. 
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(ii) Residential Units: These include distribution of housing units around 

highways, average house value and depreciation percent in the value of 

houses due to noise. Because of the lack of relevant data on housing 

distributions, we assumed the following residential densities for each 

urbanization degree: CBD= 4 units/acre, Urban= 3 units/acre, Suburban= 2 

units/acre, Rural= 1 unit/acre. Based on these assumptions marginal noise 

cost is estimated as $0.423 per trip. Table 6 shows how this value varies with 

respect to different assumptions on the number of housing units. It is seen 

that marginal noise cost is greatly affected by the assumptions. Hence, when 

the data becomes available, noise costs should be re-estimated for more 

accurate results. 

 
Table 7 Marginal noise cost with respect to changing residential unit distributions* 

Number of Housing Units  (per Marginal Noise Cost 
Urban=2, Suburban=1 0.268 
Urban=4, Suburban=3 0.578 
Urban=5, Suburban=4 0.733 
Urban=6, Suburban=5 0.888 
Urban=7, Suburban=6 1.043 

*CBD and Rural is not included since the route is in urban and suburban areas only. 

 
Our initial assumption on average house value and the depreciation percent 

in the value of houses are given in Table 5. Noise cost is directly proportional 

with these variables. Thus, marginal noise cost can be rescaled to determine 

marginal noise cost for various assumptions on these values.  

 
(iii) Pavement characteristics: These include the allowable repetitions of 

pavement among other pavement characteristics. Allowable repetitions can 

be defined as the number of ESALs the pavement can serve until it requires 

maintenance. Our initial assumption on the allowable repetition was 2.106 

ESALs. Based on this assumption, the marginal infrastructure cost is 

estimated as $0.198 per trip. Figure 11 depicts the change in marginal 

infrastructure cost based on different allowable repetition assumptions. As 

expected, as the pavement becomes more durable to traffic flow, it 
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deteriorates in a longer time period. Consequently, the marginal infrastructure 

cost reduces significantly. 

Infrastructure Cost vs Allowable Repetition
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Figure 11 Variations in marginal infrastructure cost with respect to allowable repetition 

 

Although the values presented in Figure 10 depend on our initial assumptions, we see 

that the order of magnitude of each cost category remains more or less the same for 

different assumptions. Hence Figure 10 remains helpful to understand the contribution 

of each cost category to FMC value. 

 

In the following sections, we present some of the possible methods to reduce the high 

marginal costs of traveling on this selected route. Two cost reduction methods are 

considered: Capacity expansion and traffic volume reduction. We use several 

network scenarios for each method to compare their effectiveness in reducing the high 

marginal costs. Scenarios for the analysis include modified link capacities and reduced 

traffic volumes, respectively.  

 

As we mentioned earlier in the study, it is now commonly known that capacity 

expansion is a costly mean to relieve congestion. Moreover it fails to be effective with 

the increasing level of vehicle usage due to a phenomenon called “latent demand”. . 

However, in the following analysis we assume that the demand remains the same for 

different scenarios.  
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4.1 Capacity Expansion 

Capacity expansion can be defined as the reconstruction operations to increase the 

number of lanes on an existing roadway.  This solution is used when traffic volume 

exceeds roadway capacity. This phenomenon occurs due the increase in travel demand 

between various O-D pairs that make use of the route in question. In the past, capacity 

expansion has been the primary solution employed by the government to relieve 

congestion.  Every year the FWHA budget includes billions of dollars solely allocated for 

roadway maintenance and improvement. However, due to the increasing traffic volume 

within the last 20 years, capacity expansion fails to be successful in solving high costs 

of traveling.  The reason is often explained by first, the change in travel patterns, 

namely the common fact that drivers shifting their routes based on minimum cost 

criteria, and second, the unequal usage of the existing transportation modes. In other 

words, due to the inherent tendency to auto mode, as soon as the roadway is improved 

and traveling becomes less of a daily source of major time loss, shifting from other 

modes of transportation to auto starts (also called latent demand). Consequently, the 

improved roadway once more becomes filled up to its capacity.  

 

In this section, we disregard the latent demand effect, and attempt to reduce the high 

marginal cost by capacity expansion at selected links. Utilizing the data given in Table 

6, we identify 5 links that have high marginal costs per length and increase their 

capacities by an additional lane. However, the addition of a lane on these links does not 

reduce the marginal cost significantly. As a result of the improvements at each of these 

links one by one, the highest marginal cost reduction obtained is $0.274 per trip. Nor 

does a capacity expansion on all of the selected links result in a significant marginal 

cost reduction, which reduces the amount only by $0.454 per trip. It is clear that the 

resulting decrease in the full marginal cost does not compensate the capital expenses 

spent for roadway widening.  

 

Though capacity expansion helps to reduce congestion cost, its effect might be adverse 

for the other cost categories. Whenever the change in demand is disregarded, capacity 

expansion on a roadway section obviously leads to increased traffic speed. Although 
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increased speed reduces congestion costs, the magnitude of this reduction and how 

increased speeds will affect accident, air pollution, noise and infrastructure costs 

depends on the roadway characteristics of that particular section. In other words, the 

cost reduction in these categories due to the increase in speed depends on several 

factor such as initial speed, traffic volume, vehicle percentages, highway functional type, 

residential density, pavement characteristics, etc. In this respect, if the degree of 

congestion on each link is analyzed carefully, it is observed that since the links are 

already filled up more than their capacity, an additional lane does not reduce congestion 

costs as much as expected. Moreover, on some links even after the improvement, the 

new link capacity is still less than the traffic volume. Therefore, a careful analysis of 

each cost category should be performed for all the links, and the required remedies 

should then be determined.  

 

Having figured out that the capacity expansion for all the selected links does not reduce 

the marginal cost enough to undertake reconstruction operations, we can now go one 

step further and attempt to analyze the effects of capacity expansion on all links. 

Although reconstruction of a 20.64 miles-long route sounds utterly impractical in real-

life, studying the variation in marginal cost value can give us a better idea about the 

extent of the benefits of capacity expansion. Accordingly, if we increase the number of 

lanes by one on all the links on this route, the resulting reduction in the full marginal cost 

is estimated as  $3.607 per trip. Figure 12 depicts the change in each cost category 

after the capacity expansion. It is seen that capacity expansion has a clear effect on 

every cost category, especially on congestion costs.  

 

As mentioned earlier the effect of capacity expansion is dependent on the roadway 

characteristics. Infrastructure improvement under different roadway characteristics 

might be not as effective as it is in this case. In order to illustrate this fact, we decrease 

the traffic volume along the route by 500 vehicles per hour (vph), and examine the effect 

of capacity expansion (Although 500 vph is a considerable reduction in volume, due to 

high initial congestion level, even the new traffic conditions exhibit high congestion 

levels. Therefore, capacity expansion still remains as an option). 
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Figure 12 Variations in each Cost Category after capacity expansion on the route 

Figure 13 shows the variations in full marginal cost by category under the new roadway 

characteristics. Unlike Figure 12, the changes are not as significant. Besides the 

reductions in congestion and noise costs, capacity expansion has no significant effect 

on the other cost categories. Thus, it should be mentioned again that in order for the 

capacity expansion to be effective in reducing marginal costs, a careful analysis of the 

current roadway characteristics should be performed. This assertion is also in 

accordance with other analyses performed under various roadway characteristics, 

which will be presented later in this section. 

0

1

2

3

4

5

6

7

8

A
ccid

en
t

U
ser C

o
st

C
o

n
g

estio
n

A
ir P

o
llu

tio
n

N
o

ise

In
frastru

ctu
re

M
ar

g
in

al
 C

o
st

 (
$/

tr
ip

)

Initial (-500 vph)
Improved

 
Figure 13 Variations in each Cost Category after capacity expansion on the route 
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Consequently, we can claim that when the demand is assumed to remain constant, 

capacity expansion can be considered as an immediate solution to alleviate high 

congestion costs. Regarding the number of trips traveled along the route per year, the 

reduction in marginal cost is considerable. However, for a practical perspective whether 

this amount rationalizes the capital costs or not is out of the scope of our analysis.  

 

4.2 Traffic Volume Reduction 

Highway statistics for the last 50 years depict an alarming national highway 

transportation picture with 602,548 miles of newly constructed roadway , and a rapid 

increase in the vehicle-miles traveled (2,089,211 million new vehicle-miles per annum 

over the last 54 years) (FHWA Highway Statistics Summary, 1995). These facts 

epitomize the rapidly growing highway infrastructure and the demand for transportation 

associated with it. Despite the costly improvement of new highways due to the 

increasing demand for travel, the government is still confronted with insufficient highway 

infrastructure. It has been commonly accepted that expanding the infrastructure fails to 

accommodate this rapidly increasing traffic demand. Therefore, reducing traffic demand 

charts been considered as one of the fundamental and low-cost solutions for relieving 

high transportation costs.  The underlying idea is to reduce the auto trips to a necessity 

degree while shifting the lost trips to the other available modes of transportation. 

Although this solution seems to be hitting the major problem at its source, there are 

many questions regarding efficiency and equity of its policy applications. There are two 

popular policy alternatives as to how to reduce the demand: Imposing high fuel prices 

and congestion pricing. In this study, instead of examining the equity issues of these 

solutions, attempt to analyze the efficiency of volume reduction in decreasing high 

marginal costs on the selected route (For a detailed policy analysis of these two 

methods, readers may refer to OECD Report entitled as “Internalizing the Social Costs 

of Transport” (http://www.oecd.org).  

In order to better observe the effect of traffic volume reduction on high marginal costs, 

we calculated the marginal cost within a range of traffic volume. Figure 14 shows the 

variation in marginal cost with respect to the changes in the initial traffic volume. It is 

important to mention the fact that the system has its unique features that is defined by 



 

 37

the variation in marginal cost with respect to changes in traffic volume. One of these 

features is the point on x-axis where the marginal cost asymptotically tends to go to 

infinity, which indicates that the system can no longer handle traffic increase.  In Figure 

14, this point is around 1250 vph. Its value is defined by the roadway characteristics. In 

other words, it varies with different roadway capacities, urbanization degrees, roadway 

functional types, distribution of residential units, etc. The previous section on capacity 

expansion mainly aims at how to shift this point to acquire a better service for increasing 

volumes (See the improved system graph in Figure 12). 

Marginal Cost vs. Change in Traffic Volume 
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Figure 14 Marginal Cost vs. Change in Traffic Volume 

In this section, we attempt to analyze the effect of volume change on marginal costs 

while the roadway characteristics are assumed to remain the same. This way we can 

compare the efficiency of the two marginal trip cost reduction methods. For this purpose 

we calculate:  

(i) The difference in y-values of the 2 graphs in Figure 14. This indicates the 

effect of capacity expansion on marginal cost reduction.  

(ii) The difference in y-values of each consecutive pair on the initial system 

graph. The difference indicates the effect of volume reduction on marginal 

cost reduction.   

Figure 15 demonstrates the effect of the two cost reduction methods. An interesting 

observation from this figure is that each method has varying effects at different traffic 

volume levels. At relatively less congested traffic conditions volume reduction is more 
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beneficial in terms of reduced costs. On the other hand, at more congested conditions, 

increasing the capacity by an additional lane is a superior solution as opposed to 

volume reduction.  

 

The interpretation of Figure 15 supports our claim that capacity expansion is a costly yet 

the best immediate solution to reduce high marginal costs. However, from the 

cost/benefit point of view, volume reduction seems to be more applicable in real life. 

Although at high marginal cost levels capacity expansion is an efficient solution, 

regarding the cost it imposes on the society, it is not easy to rationalize its use very 

frequently. On the other hand, being a no cost, moreover a revenue-providing option, 

volume reduction too has its own difficulties regarding the policy issues. It is important 

to mention once more that our findings are roadway oriented and may vary with different 

roadway characteristics. Hence, before making any decisions, the focused roadway 

should be analyzed carefully with all its aspects, and the best option should be applied 

accordingly.     

 

 

Comparison of the two Cost Reduction Methods
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Figure 15 The effect of the two cost reduction methods for various traffic volume ranges 
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5. FUTURE WORK 

This study is a first step in determining the cost of highway transportation in NJ.  There 

are various tasks that can be conducted to improve the results of this study. These are: 

• Develop a more user friendly and functional software tool based on GIS 

for the analysis of the effects of possible policy decisions applied to 

different areas or routes.  Automated data retrieval and graph functions 

can be developed.  

• Develop a plan for continuous collection of cost related data for future 

calibration and enhancement of developed cost models. This requires a 

major plan for coordinating the data collection efforts that involve various 

departments of NJDOT.  One of the results of this study is that, the data 

exists but not always in a usable format or sometimes is very hard to 

access.  Thus, a coordination and data collection plan for future is needed.  

This can be followed by the creation of a database tool that can be 

attached to the GIS based tool mentioned above.   

• Consider other modes of transportation. Other modes of transportation, 

especially transit should be added in order to get a complete idea about 

the costs of transportation in the State.  

• Consider the effect of demand changes. In this study we assume that the 

change in demand does not affect the equilibrium flow patterns predicted 

by the “ Transportation Planning” model used by the department.  

However, this is only an assumption and it is well known that the 

transportation system is not static.  Thus, a link should be created 

between the GIS based cost analysis tool and the transportation model to 

reflect the effects of changes in traffic demand.   

 

 

 

 

 

 



 

 1

TO READERS 

 

Readers may skip the following sections for less detailed information without losing the 

integrity of this part of the report.  

 

 

· Section 2.2 

· Section 3.2 

· Section 3.4.1  

. Section 3.4.2  

. Section 4.1  
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EXECUTIVE SUMMARY 

 

This study evaluates the “full” total and marginal costs of highway transportation in New 

Jersey. Existing literature in the area of “transportation costs” are reviewed and highway 

transportation cost categories are identified based on the results of this review.  For 

each cost category total and marginal cost functions are developed using NJ specific 

data.  

 

The major scope of our study is to estimate the “full (or real)” costs of highway 

transportation in New Jersey. Full transportation costs include both private costs (costs 

that users directly experience, also called internal or direct costs) and social costs (also 

called external or indirect costs).  Determination of full costs is of great interest in 

transportation economics, since it is the key element in every economic analysis, 

decision-making steps and policy considerations.  

 

Determination of full marginal cost is also one of the major goals of this study, since it 

provides very useful information in terms of the effects of increasing number of trips in 

the study area.  Basically, we attempt to answer the following question: “What is the 

cost of an additional trip in the network?” The answer to this particular question can 

assist decision makers in evaluating the efficiency and effectiveness of various policy 

decisions.  

 

More specifically, the marginal cost information can be used in the context of value 

pricing or in other words congestion pricing.  Congestion pricing has been one of the 

most argued policy considerations in the area of transportation during the last two 

decades. Since congestion continues to be a major problem in highway transportation 

and it is considered as “the” factor responsible for the increases in other cost 

categories, the government seeks ways to reduce congestion with minimal capital 

expenditure.  Pricing is one of the alternatives to regulate traffic operations at the 

desired level. Now it is commonly known that if the prices are determined at the social 

equilibrium, where the full marginal cost is equal to the demand for travel, pricing can be 
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an effective instrument to achieve this purpose. However, to achieve the social 

equilibrium, full marginal cost has to be known.  Section 2.2 of our report deals with the 

definition of marginal cost pricing and provides the necessary economic background to 

understand the concept.   

 

However, application of marginal cost in transportation network differs from its basic 

economic definition. This phenomenon creates several interesting research questions 

that can be summarized as follows: 

• While calculating network wide marginal cost, do we have to add an extra trip 

between every origin-destination (O-D) pair? 

• Or do we have to pick one O-D pair and introduce the trip between this O-D 

pair? If the answer is “yes”, then which pair? 

• What is the effect of an additional trip to the overall network flow patterns? In 

reality, does the extra trip effect flows at the equilibrium? 

In order to simplify these issues, we propose a new methodology to estimate the system 

marginal cost within a reasonable accuracy range in a highway network.  Section 4 of 

our report is dedicated to this particular issue.  In order to implement this proposed 

methodology, we first develop marginal cost functions. Marginal cost functions depend 

on total cost functions since once total cost functions are developed marginal cost 

functions can easily be derived with respect to a selected variable.  In this study, 

highway transportation costs are categorized in 3 major groups. 

1. User Costs 

a. Vehicle Operating Costs 

b. Congestion Costs 

c. Accident Costs 

2. Infrastructure Costs 

a. New Construction Costs 

b. Maintenance and Improvement Costs 

c. Right-of-Way (Land Acquisition) Costs  

3. Environmental Costs 

a. Air Pollution Costs 
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b. Noise Costs 

 

Cost functions for each of these categories are developed using NJ specific data. The 

overall methodology employed to develop cost functions is presented in section 2.1. 

Based on the proposed methodology, we developed cost models using the available 

New Jersey data. Section 3 is solely dedicated to the presentation of these cost models.  

Samples of available data specifically collected for this study are given in the 

appendices in our final report.  It should be noted that each cost model is a product of a 

long and meticulous data collection manipulation process. Except for congestion and 

environmental cost categories, we developed our own cost functions specific to NJ.  As 

for congestion and environmental costs, since the development of these cost models 

requires a more long-term and comprehensive research project that this one, we 

adopted the most appropriate models found in the literature and used them in our cost 

calculations.       

 

It should also be noted that the economic evaluation of the performance of a system as 

complex as the NJ transportation network should not be solely based on average cost 

values.  One of the basic intentions of this study was to develop cost functions, which 

are of dynamic form, that is, easy to recalibrate in case of varying inputs over time. In 

addition to the estimation of full marginal costs, this study also provides statistically 

promising cost models, which are based on real data.  

 

In this study, we use “trips” as a final output measure. Thus, our final results are 

presented in such a way that they are consistent with the definition of final outputs (See 

section 2.2 for the definition of output). The estimated full marginal costs are classified 

according to several factors. These are: 

• Time of the day 

• Highway Functional Type 

• Urbanization Degree 

• Trip Distance 
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In section 5, we present the results of our full marginal cost analysis. Important and 

interesting results are obtained for the highway transportation. It is concluded that full 

marginal cost is clearly affected by “the value of time, highway functional type, time of 

the day and trip distance”. For example, within the same trip distance range, the 

marginal cost variation with respect to arterial and freeway percentages along the route 

has different patterns (Figures 5.3, 5.4 and 5.5). Distance is undoubtedly an important 

factor that affects the marginal costs (Figure 5.1). Urbanization on the other hand does 

not have a clear effect on marginal costs.  

 

Contribution of each cost categories in the full marginal costs are obtained in our 

analyses. As expected, congestion cost constitutes the larger portion of the full marginal 

costs. Accident costs are the second largest category. For short trip distances these two 

cost categories are not very different in magnitude.  However, as the trip distance 

increases congestion cost increases more than accident cost.  This finding becomes 

clearer during peak hour periods. Environmental costs and infrastructure costs follow 

these cost categories in magnitude. 

 

We believe that the results presented in section 5 can have significant policy 

implications and can assist in evaluating the system performance for different policy 

scenarios.  For example, programs such as “incident management program” can be 

easily justified based on our findings that accident costs rank as the second largest 

contributor to the “full marginal cost”. Thus, by increasing funding for “incident 

management” programs, policy makers can achieve the desired goal of reducing the 

cost of additional trips.  On the other hand, the fact that congestion is the major 

component of “full marginal highway transportation cost” supports the need for 

implementing “congestion reduction measures” as a long term goal.    

 

Finally the readers should be reminded that the results of this study are based on a 

number of models that include assumptions and approximations. It is clearly stated in 

the report that every model is highly sensitive to these assumptions. Nevertheless, we 

believe that our assumptions are fairly accurate and based on the real-world data from. 
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We genuinely hope that the methodology proposed here, and the results obtained count 

as a contribution to the research in the field area transportation economics. 
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1. INTRODUCTION 

There is a growing interest among transportation agencies for determining “full cost of 

transportation services” for both short and long term planning purposes.  The main 

objective behind this interest is that prices paid by transportation users should correctly 

reflect the true full costs of providing transportation services. Economists repeatedly 

argue that “getting prices right might not be the end of economic development but 

getting prices wrong frequently is” (Meier 1983, pp. 1 and pp. 231, Timmer 1987, 

pp.39). In the case of the transportation, optimal user charges should be equal to the 

value of resources consumed when using the transportation facilities.  For example, for 

road users, prices charged should consist of the damage done to the road surface 

(variable road maintenance costs) and the additional costs (mainly congestion costs), 

which each user imposes on other users and the rest of the society (Walters, 1968, 

Churchill, 1972).  Thus, it is extremely important to accurately estimate the “full cost of 

various modes of transportation” for a given study area in order to develop effective 

long-term transportation pricing schemes.  

 

This study is mainly concerned with the estimation of the full marginal costs of 

highway transportation in New Jersey and the analysis of these cost models by applying 

them to Northern New Jersey network. By “full marginal costs” we mean the full social 

costs of transporting an additional trip maker over the highway network system. This 

information is rather mandatory for the development of efficient transportation pricing 

scheme.  

 

This study has two major objectives: 

1. First, to develop a general cost model to estimate the full costs of highway 

passenger transportation using New Jersey specific data. 

2. Second, to apply this cost model to Northern NJ highway network to estimate the 

factors that affect the full cost of highway transportation in the study area.  The 

results of this second step are amenable to policy interpretation aimed at 

developing efficient policies to improve the performance of the NJ transportation 

system.  
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The full cost of highway transportation costs can be categorized as “Direct” and 

“Indirect” costs.  Direct costs (sometimes called private or internal costs) include the 

costs that auto users directly consider as monetary losses, such as vehicle operating 

cost, car depreciation, time lost in the traffic, etc.  Indirect costs (also called social or 

external costs), on the other hand, refer to the costs that auto users are not held 

accountable for.  This includes the costs that every user imposes on the rest of the 

traffic, including the costs of congestion, accidents, air pollution, and noise. Following an 

extensive literature review the costs categories identified in this study as well as data 

sources are shown in Table 1.1. 

 

Table 1.1 Major Cost Categories and Data Sources 

Cost Categories Payer Data Sources 
Vehicle Operating Costs 
•    Auto Ownership 
•    Auto Operations 
(Gasoline + Maintenance + 
Insurance) 
•    Tolls 
•    Insurance 

Private NJDOT, 
Internet Resources (Kelley 

Blue Book online), 
American Automobile 

Manufacturers Association 
(AAMA) 

 

Infrastructure Costs 
•    Capital 
•    Maintenance & 
Improvements 
•    Right-of Way 

Public NJDOT 

Environmental Costs 
•     Air Pollution 
•     Noise 

Public 
& 

Private 

Existing Studies & NJDOT, 
Environmental Protection 

Agency (EPA) 
 

Congestion Costs 
•     Travel Time 

Private NJDOT 

Accident & Safety Costs 
 •     Bodily & Property Damage 
 •     Productivity 
 •     Emergency & Medical 
Services 
(Police + Ambulance + Rescue) 

 
Public 

& 
Private 

 
 

NJDOT 
 

 
Most of the previous studies which deal with the estimation of transportation costs 

mainly focus on the average cost of highway transportation (Tellis and Khisty, 1995; 
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Churchill, 1972; Cipriani et al., 1998; Peat Marwick Stevenson & Kellog Technical 

Report, 1993; TRB Report, 1996).  On the other hand, only few studies deal with the 

estimation of marginal costs (Levinson et al., 1996, 1998; Mayeres et al., 1996). 

Levinson et al. (1996),deals with both marginal and full costs of supplying transportation 

services.  Mayeres et al. (1996) deals with the estimation of marginal external costs 

only. The “British Columbia Lower Mainland” study (PMSK, 1993) uses societal costs 

such as cost of roadway land value, cost of air and water pollution, cost accidents, and 

cost of loss of open space, and user costs such as cost of accidents.  

 

The importance of focusing on the marginal of service provision in a given area stems 

from the fact that marginal costs measure the actual increase in costs due to an 

additional mile (or trip) traveled and thus they represent the additional costs that the 

State should consider to encourage efficient transportation use. Although traditional 

government cost allocation studies have evolved over the years to incorporate concepts 

similar to marginal costing, non-governmental costs are still largely ignored. However, 

cost of congestion, pollution, and accidents are real costs to the government as well as 

to the society. Therefore, they should be considered while estimating the cost of 

transporting people. In brief, marginal cost approach by including external costs that are 

practically measurable tends to be more realistic in estimating the real costs of 

transportation.  

 

Another aspect to consider is that in a network setting, traffic conditions vary 

continuously and, therefore, there is a need to develop a cost estimation methodology 

that is capable of automatically adjusting its results to possible changes in the network 

and traffic demand conditions. This dynamic aspect of the proposed model will allow 

policy makers to better use prices to affect transportation service provision relative to 

traffic demand and capacities.  

 

The design of this paper is as follows. Section 2 describes the methodology used to 

estimate the full and marginal cost functions and presents the necessary background 

information about some economic terms. Section 3 explains the total and marginal cost 
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functions developed for each cost category and New Jersey specific data used in the 

analysis. Section 4 deals with the proposed marginal cost estimation methodology for 

traffic networks. The results of our analysis and the conclusions are presented Section 

5. 

 

2. OVERALL METHODOLOGY 

There is clearly a dynamic relationship among different components of a complex 

transportation system. It is this dynamic relationship that determines the changes in 

transportation costs. Although there are several ways of modeling this dynamic 

relationship, we choose to follow the general framework shown in Figure 2.1 to develop 

our overall modeling methodology.   

 

The final outcome of the overall Land Use-Transportation (LUT) interaction is the total 

number of trips (A detailed definition of transportation outputs is presented later in this 

chapter). This output is affected by two major factors: demand for travel and level of 

service.  Demand for travel is defined as a function of the existing “land use” and the 

“value of time of the users”.  In this study, we assume that both land use patterns and 

level value of service are given and fixed for a medium period of time. This is depicted 

in Figure 2.1 by the use of “solid one way arrows” (one way relationship).  Level of 

service is defined as a function of the capital stock.  In other words, the amount of 

capital invested for the infrastructure is assumed to be the main determinant of the level 

of service.  However, we do recognize the effect of demand on the level of service, and 

this effect is depicted by the dash arrow between demand and level of service. Finally, 

there is a feedback effect between the final output and the land use patterns block. 

 

In this study, we do not examine this feedback, and assume land use and 

socioeconomic attributes of travelers as invariant with respect to changes in travel 

pattern.   
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Figure 2.1 View of Underlying Land Use Transportation System (The relationships are 
assumed to be fixed in this study) 
 
 

2.1 Full Cost Function Development Methodology 

There are two basic full cost estimation approaches available in the literature. These 

are: 

1. Static cost estimation studies similar to Peat Marwick Stevenson & Kellog 

Technical Report (1993) and Cipriani et al (1998).  These studies are primarily 

concerned with the determination of the "full costs of transportation" in a specific area.  

They do not attempt to model the relationship among different variables that affect the 

costs.  Thus, they can be categorized as “static” models.   

2. Dynamic cost estimation relates the costs to certain outputs or inputs and is 

sensitive to changes in the model. Studies such as Levinson et al (1996, 1998), TRB 

Special Report (1996) are concerned with the development of dynamic cost functions, 

which are sensitive to changes in the cost model. For example Levinson et al (1996, 

1998) propose a "full cost function" of highway transportation of the following form: 

 

                                      TANEIuUT CCCCCTCFC +++++−= )(  (1) 

DEMAND 

Land Use and 
Socioeconomic 
Attributes 

OUTPUT: TRIPS

LEVEL OF 
SERVICE 

 

Value 
of Time 

Capital 
Stock 
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Where,  
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Each of the cost components of equation (1) is defined as a function of various 

parameters discussed in detail in Levinson et al (1996).   

 

The full cost function proposed in our study is similar to equation (1), except the Tu term. 

Each cost function is developed using the cost estimation methods explained in section 

2.2. Discussions on each cost category will be presented in Section 3.  

 

2.2 Marginal Cost Function Development Methodology 

The main scope of this study is to estimate the marginal cost of highway transportation 

in northern NJ. The marginal cost functions developed for each cost category are given 

in Section 3 along with the full cost formulations. Our marginal cost function 

development methodology is the same as the one that has been utilized in the literature 

(Levinson et al, 1996, 1998; Mayeres et al, 1996). However, the distinction in marginal 

cost calculations appears in the application of the marginal cost functions to highway 

networks. This discord is explained in detail in Section 4. 

 

It has long been suggested in the literature that the highway users should be charged 

based on the real (full) costs of traveling. As discussed earlier, rather than solely setting 

the prices equal to the direct costs, indirect costs of traveling should to be considered as 

well. This approach suggests that every user should be held accountable for: 

i. The costs s/he experiences, 

ii. The costs s/he imposes on the rest of the society. 
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This objective can be achieved by using marginal cost pricing rule. 

In the following section, we present the definitions of some basic economic terms and 

explain the idea behind the marginal cost pricing rule.  

 

Background for Marginal Cost Pricing 

In the simplest case, assume two cities, A and B, linked by a highway. Total cost of q 

trips is defined as TC (q), 

   

 

Where,  

TC (q) = Total costs for q trips ($), 

C (q) = Total variable costs for q trips ($),  

c (q) = Variable cost for “one” trip ($)  

F  = Fixed Cost (independent of q) ($) 

Average and marginal costs are found as follows: 

 

 

 

 

 

Figure 2.2 depicts these two costs in hypothetical shapes with their components. 

 

 

 

 

 

 

 

 

 

Figure 2.2 Hypothetical Average and Marginal Cost Curves 
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Returns to Scale 

“Returns to scale” concept is important in transportation, since all transportation 

investments has a microeconomic nature and needs to be evaluated with its inputs and 

outputs for reliable decisions. In transportation, the term “input” comprises the 

expenditures in order to satisfy the customers (highway users). Expenditures associated 

with the quality of the road surface, number of lanes, safety, accessibility can be 

enumerated as inputs. Output (q) represents the number of trips, passengers, vehicle 

miles, etc., as the main scope of transportation is to provide services to users to make 

trips.    

 

Returns to scale is an indicator of how fast the cost increases with respect to output 

produced (Small, 1992). In a mathematical formulation it is expressed as, 

 

 

 

Where,  

AC is the average cost (cost per output) ($), 

MC is the marginal cost (additional cost per an additional unit of output) ($) 

Increase in input causes an increase in output. Returns to scale concept emphasizes 

the fact that when a certain point is reached, increasing input may lead to, relatively, 

less or more increase in the output beyond that point (Khisty et al, 1998). If the increase 

in the output is more than the increase in the input (AC > MC), than we have increasing 

returns (economies of scale). Otherwise (s<1), we have decreasing returns 

(diseconomies of scale)  

 

Economies and diseconomies of scale can be best defined by using Figure 2.3. K is the 

point where total cost starts to increase less than before. That is, the cost of producing 

an additional output decreases after point K is reached.  

 

Average cost of producing V1 output is equal to (C1-C0)/V1, which is the slope of the line 

that connects points, K and C0. This value also equals to the marginal cost of producing 

MC
AC

s =  
(5) 
 



 

 15

that amount of output, which is the slope of the tangent drawn at point K. In this case 

returns to scale is equal to 1 (AC=MC). After point K, it is clear that, tangents to the total 

cost curve gets milder, which means that marginal cost becomes smaller than average 

cost. This region corresponds to increasing rate of return, or economies of scale (point 

X). 

 

 

 

 

 

 

 

 

Figure 2.3 Average and marginal cost value comparison on total cost curve (Mansfield, 
1991). 
 

Output Definition for Transportation 

Output is the representation and simplification of the overall utilization of production 

systems by means of selected units. If we were to deal with the analysis of a fabric, our 

output unit would be the manufactured item per unit time. But the case for transportation 

facilities is quite different, since there is no unique and exact way of representing the 

transport productions. That is why output measures have been of an ultimate 

importance in transportation cost analysis. 

 

Berechman and Genevieve (1984) use the terms final outputs and intermediate outputs 

respectively for trips or some aggregates of them and for technical units such as 

vehicle-miles, vehicle-times. Their usage in the cost calculation depends on the purpose 

of the analysis. Intermediate outputs are mainly of interest in calculation of technical 

efficiency of the system; on the other hand, final output (also called as demand related 

measures in Berechman and Genevieve (1984) is used to analyze the overall efficiency, 

effectiveness of the system and the prevalent policy. 
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Final outputs, such as number of trips and passengers are not easy to identify and 

quantify, as they are not standard measures such as vehicle-miles or vehicle-times. 

Their magnitudes differ from each other by type, location and time.  For instance, a work 

trip is different in nature than a shopping trip, or a trip from New Jersey to New York is 

different than a trip in a rural area. In order to achieve reliable results in the cost 

analysis, trips should be classified according to their properties, such as destination of 

the trip (home based or work based, etc.) and location of the trip (interstate, rural, etc.)  

 

In this study, final outputs will be utilized, since we attempt to evaluate the cost of 

transporting people in NJ with its overall effectiveness. Our question is: What is the cost 

of adding one more user to the highway or what is the cost of an additional trip? 

Considering the highway system as an integrated facility within itself and interrelated 

with its surroundings, intermediate outputs do not help too much to answer this 

question.   

 

Marginal Cost Pricing Rule 

Mohring (1976) has argued that the fact that marginal cost is greater than the average 

cost -which is the case for any transportation cost - reflects that an additional vehicle in 

the traffic definitely imposes a cost on all users. Figure 2.4, demonstrates the case 

where marginal costs per trip are higher than the average cost. Due to the lack of a 

pricing policy that sets price to users equal to FMC, highway transportation 

infrastructures are over utilized, auto and truck users do not pay for what they use, and 

the cost of serving an additional trip to society is higher than the average cost at that 

demand level (See point A in Figure 2.4).  

 

We define the real Full Marginal Cost (FMC) of an additional trip as: 

FMC ($) = Private Average Cost ($) + Congestion Related Costs ($) 

In terms of Figure 2.4, computation of FMC is at the point of social equilibrium” (E*), 

where C* is the optimal price. The difference between C* and C1 is the cost imposed on 

users due to an additional trip. Thus, introduction of a toll that reflects this difference will 

evidently result in a decrease in demand from q2 to q*.  



 

 17

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 2.4 Hypothetical Marginal and Average Costs of highway transportation 

 

If the optimal cost is determined by setting the tolls equal to FMC evaluted at q*, 

∂TC(q*)/∂q, then the total revenue (TR) will be (Small, 1992): 

 

 

Where q is traffic volume and s is the degree of economies of scale. Equation (6) 

implies the known rule that total cost will be covered if s ≤ 1.  

Formulation of FMC: Cost of making a trip between Origin-Destination (O-D) pairs in a 

network can be considered to be a function of several variables, denoted as Vj. The cost 

Crs , of “one trip” traveled between a specific O-D pair (r, s) is as follows:   

 

 

where q now denotes the demand between the O-D pair We assume that there are q 

number of homogeneous users who make the same trip over a given time period1.Full 

Total Cost (FTC) of providing a transportation service between any O-D pair for q trips 

is defined as follows: 

 

 

From (8), obtain FMC for each O-D pair (r, s) over a given time period as follows: 

                                                                 
1 The term “user” is used here to connote a vehicle-passenger trip. 
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This function gives the cost of adding an extra trip to the system. The first term 

represents the cost incurred by the drivers (direct cost) and the second term represents 

the indirect cost that users impose on others. Thus, if we add one more user making an 

extra trip, the cost imposed by an additional trip to users is )/);(.( qqVFq j ∂∂ . In Figure 

2.4, the difference between C*-C1 refers to the second term in the RHS of equation (9) 

calculated at q*. 
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3. COST FUNCTIONS 

In this study, we group highway transportation costs in three major categories: User 

Costs, Infrastructure Costs and Environmental Costs.  Each cost category is 

reviewed in detail and the total and marginal cost functions are developed for each 

category using NJ specific data.  

 

3.1 User Costs 

User costs are grouped into two major groups:(1) Self-Vehicle Operating costs, i.e. car 

ownership, fuel and oil consumption, regular or unexpected maintenance, etc. (2) User 

Interaction costs, namely accident and congestion costs.  

 

User interaction costs are difficult to calculate due to the following reasons: (a) The 

key unit values, value of time (VOT) and value of life-injury, are mostly based on the 

judgment of highway users, (b) Accident and congestion costs are interrelated and 

affect all auto users. For instance, although an accident can be considered as a cost 

only for the involved parties at the first glance, the delay occurred as a result of the 

accident causes congestion, which affects other users in terms of time loss and low 

speed operating costs 2 (See Figure 3.1.)  

User Cost Categories 

Costs due to Vehicle Operation 
 
 
 
 
 
 

Costs due to Users Interaction 
 

 

Figure 3.1 User Cost Categories 

In fact, self vehicle-operating cost is affected by several unlisted variables i.e. road 

design, type of the vehicle, environmental factors, flow speed of traffic, etc., some of 

                                                                 
2 It is reported in Keeler and Small (1977) that operating costs difference associated with the congestion 
speed can be deemed as insignificant. 

 Congestion Accidents 

   Depreciation 
   Fuel Consumption  
   Oil Consumption  
   Maintenance  
   Tire Wear  
   Insurance 
   Parking & Tolls 
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which are disregarded in this study, as their contribution to the cost amount is relatively 

negligible. For instance, low air temperature and high elevation above sea level (3000-

4000 ft.), alignment and surface of the road, intersections at grade have effects on fuel-

oil consumption and monetary value of vehicle. (For detailed explanation, see NCHRP 

Report, 1971) 

 

The following two subsections present the formulation of total and marginal user-cost 

functions. Section 3.1.1 deals with “Self-Vehicle Operating” costs and Section 3.1.2 

deals with “Users Interaction” costs. 

 

3.1.1. Self Vehicle-Operating Costs  

In order to determine the automobile operating costs, the methodology proposed in the 

study done by Levinson et al (1996) is adopted.  

 

Self vehicle-operating cost is defined as follows: 

    

 

 

 

 

Where, 

Copr (m,a) = Cumulative User Cost over n years ($) 

Cd (m,a) = Total Car Value Depreciation over n years ($) 

Cf = Cost of Fuel ($/mile) 

Co = Cost of Oil ($/mile) 

Ct = Cost of Tires ($/mile) 

 Cins=Cost of Insurance ($/year) 

Cpt=Cost of Parking and Tolls ($/mile) 

m =Mileage over n years (miles) 

a = Age of auto in years. 

),( amfCd =  (11) 

m,a)CC,C,C,Cf(CC dinspttofopr ,,,=  (10) 

 

aCCmCCtCCC insdptofopr .).( +++++=  (12) 
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Among the above given cost variables, depreciation cost is the only cost that needs to 

be developed by using the available data. The rest of the variables are defined by their 

unit cost values.  

 

Depreciation occurs due to wear and tear on the vehicle over years and changing 

demand and taste of users. There are two parameters in the cost model to represent 

these factors, namely mileage (m) and auto age (a) (Levinson et al, 1996). 

 

The depreciation data are obtained from the offical homepage of Kelley Blue Book 

available in the internet. The data used are extracted for Honda Civic as one of the most 

selling economy cars in US. A sample data set on used Honda Civic prices is given in 

Appendix C. The depreciation cost function is developed based on the regression 

analysis of the data. The result is given as follows3: 

 

 

Operating costs, insurance, and parking and toll costs reported in AAMA Report (1996) 

and USDOT Report (1995) are given as follows. 

 

Table 3.1 Operating Costs 

Operating Expenses Costs 
Gas & Oil 0.061 ($/mile)* 
Maintenance  0.029 ($/mile) 
Tires 0.0145($/mile) 
Insurance Cost 1,350 ($/ year) 
Parking and Tolls  0.0182 ($/mile) 

* 2000 dollars 

Including the unit cost values shown in Table 3.1, and equation (13), equation (12) 

becomes: 

 

 

Taking the derivative of this function with respect to mileage, m, we get the marginal 

user cost per mile. Marginal and average cost functions are given as follows. 

  

                                              aamamCd .73.677)/.(104.036.6240),( ++=    

                                                                                                                                                          R2=0.94 

(13) 

),(.350,1.1227.0),( amCamamC dopr ++=   (14) 
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The functions are graphed in Figures 3.2 and 3.3. It is seen in Figure 3.2 that marginal 

vehicle operating cost decreases as the vehicle age increase. In Figure 3.3, average 

vehicle operating costs for various car ages are graphed. Let us suppose that we have 

three cars at ages 1, 5 and 10 and the number of miles traveled per year is fixed at 

13,000. Then the average cost of an additional mile decreases as the car age 

increases. These two figures indicate that vehicle-operating cost increases rapidly in the 

beginning; however as the car is utilized longer than 5 years its cost is compensated 

and the cost of adding one more mile decreases.  

 

Assuming a fixed mileage of 13,000 per year, and an average car age of 8.5 years as 

reported by AAMA (1996), using equations (15) and (16), our average and marginal 

costs are calculated as $0.37/mile and $0.135/mile, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Marginal Operating Costs throughout the car life 

                                                                                                                                                                                                                 
3 The depreciation cost data is obtained from the retail car values offered by dealers. 
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Average Vehicle Operating Costs for Different Vehicle Ages
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Figure 3.3 Average Vehicle Operating Cost for various car ages 

 

Levinson et al (1996) presents a detailed vehicle operating cost analysis. They develop 

their cost models based on vehicle-miles-traveled. In their analysis, vehicle age is 

assumed as 1, and the annual mileage is 10,000 miles. In order to compare our results 

with theirs, we recalculated our average and marginal costs based on their 

assumptions. The comparison of the results is presented in Table 3.2.  

 

Table 3.2 Comparison of self-vehicle operating costs 

 Levinson et al (1996) Ozbay et al ( 2000)* 
Average Unit Cost  $ 0.216/mile $ 1.053/mile 
Marginal Cost $ 0.081/mile $ 0.227/mile 

* The values are calculated based on the assumptions given in Levinson et al (1996) 

 

It is seen in Table 3.2 that the cost values are quite different. Levinson, D. et al (1996)’s 

analysis is based on a different car make and moreover, in their analysis auto age, a is 

taken as 1. Calculating depreciation cost for a 1-year-old car, Levinson et al. compares 

their results with the AAA (1993) values, which is reported as $ 2,883 for a car that is 

driven 10,000 mile per year. Our function gives $ 7,958 depreciation cost for the first 

year, with a mileage of 10k. Levinson et al (1996) presents this first year cost as $ 
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1,581, which seems less than it should be; yet all the results are data-oriented and 

depends on the properties of the used car.   

 

Another study, which we can compare our results with is the USDOT report published in 

1991, entitled as Cost of Owning and Operating Automobiles, Vans and Light Trucks. 

Our estimated vehicle operating costs are close to the values given in this report. As the 

car age increases the values are getting even closer. Honda Civic is classified as an 

intermediate automobile and the cost of operating an intermediate automobile in this 

study is reported  as $ 8,716.744 for the first year, $ 13,276.60 for the second year, 

assuming 12,900 miles of travel per year. Our estimation in this study for the first year is 

$ 10,890.92 and for the second year is $ 14,803.08.  

 

Consequently, vehicle operating costs are highly dependent on the car age, mileage 

per year, and the car make. Hence, the results given in various studies differ due to 

these factors. The main result of the anaysis is: Average operating cost of a vehicle is 

relatively higher during the first couple years; later the cost curve becomes milder, 

which can be interpreted as the longer the vehicle is used, the lower the operating cost 

is. 

 

3.1.2. Users Interaction Costs 

As mentioned earlier, accidents and congestion are interrelated, and affect the 

presence of each other. Although it is reasonable to think that the presence of high 

volumes of traffic reduces the vehicle flow speed and causes a greater attention and 

discipline on the drivers and draws the possibility of fatal accidents down to zero. 

Statistical data shows that accident rates increase with increasing average daily traffic 

(Vickrey, 1968).   

 

Also, the presence of accidents results in time losses due to the congestion they cause. 

Nationally, highway incidents are estimated to account for approximately 60 percent of 

                                                                 
4 Converted to year 2000 dollars, assuming a 3.5% inflation rate. 
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the vehicle-hours lost to congestion. FHWA estimated that in 1987, incident congestion 

cost the nation 1.3 billion vehicle-hours of delay, at a loss of 10 billion dollars. However, 

though the effects of accident are obvious and its dual relation between congestion has 

been stressed in literature; only the cost of congestion over peak times has been 

calculated. In this section we also review some travel time functions presented in other 

studies that accounts for the bottleneck conditions occurring during accidents. 

 

3.1.2.1. Congestion Costs 

Congestion cost can be defined as the drivers’ time loss and discomfort in the traffic. Its 

magnitude is directly related with “time loss” and “users characteristics.”  

 

Time loss, Tr,s(Q, d) can be determined through the use of a travel time function. Its 

value depends on the trip characteristic (i.e. distance between O-D pairs (d) and traffic 

volume (Q)). Once the trip characteristics are known, the travel time function is used to 

calculate the time loss in the traffic between each O-D pair.  

 

Users characteristics on the other hand implies the taste of users, which can be 

represented as the dollar value that each user places for their unit of time. However, 

users characteristics are not homogeneous, and not straightforward to identify. Thus, in 

this study an average “value of time (VOT)” is used to calculate congestion costs.  

 

Basically, given the link a-b, the value of time loss of one user can be calculated as 

follows: 

 

Where, 

VT(t) = Value of time loss in the congestion ($) 

Tr,s (Q, d) = Time required to travel link a-b (hr) 

VOT=  Average value of time ($/hr) 

We can determine the total congestion cost (Ccong) for all users on a roadway 

connecting nodes a and b, by multiplying equation (17) by the traffic flow Q (veh/hr). We 

get: 

                                                                   VOTdQTtVT ba ).,()( ,=  (17) 
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As mentioned above, time loss depends on the distance between nodes a and b, and 

the traffic volume. It can be calculated simply by using the distance/speed ratio. Speed 

is related to the traffic volume by the basic traffic flow equation given as, 

 

 

Where, Q is traffic flow in vehicles per hour, V is speed and K is density in vehicles per 

mile. Curves representing these relationships are demonstrated in Figure 3.4. The 

relationships between the traffic flow characteristics are valid only for a point or a road 

segment. Small, K. (1992) defines these relationships as instantaneous speed-flow 

relationships and strictly avoids to use them to analyze an entire highway. However, 

developing a travel time function is out of the scope of this study. Thus, we adopt two 

available travel time functions (See Equations (20) and (21)). One of them is the Bureau 

of Public Road’s (BPR) travel time function. We use both of the travel time functions in 

our cost calculations to observe the variation in the cost values.  

  

 

 

 

 

 

Where, da,b is the distance of link a-b in miles. 

The difference between these two travel time functions is that, the first one yields a 

time-volume curve, which is asymptotical to roadway capacity. On the other hand, BPR 

function is insensitive to the increase in the volume to capacity ratio. This fact is 

demonstrated in Figure 3.5, where the capacity is assumed as 2500 vph.  
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Figure 3.4 Speed-Flow-Density Curves 

 

The volume speed functions given in equations (20, 21) are not capable of representing 

congested traffic, thus it is only valid for uncongested traffic conditions. There are 

several possible reasons that lead to traffic congestion. Bottleneck congestion type has 

often been analysized in the literature, as it is a simpler and better way to represent 

traffic flow characteristics by mathematical functions. Using these functions, time loss 

caused by congestion can be calculated. In Appendix A, a brief literature review on 

travel time functions is presented.  There are two current studies that develop a detailed 

time functions (Mun,1994; Small, 1992). These two travel time functions are developed 

specifically for bottleneck conditions.  

 

Unfortunately, rather than developing a proper travel time function, its application is the 

essential setback, because the data required to utilize the function is not easily 

available. Therefore, in this study, we employ equations (20, 21) as the travel time 

functions. 
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Travel Time vs. Traffic Volume
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Figure 3.5  Comparison of Travel Time functions given in equations (20) and (21) 

 

Total Congestion Cost: For total congestion cost calculations, we employ the 

congested travel time values given in the Northern NJ loaded network file. For each link 

in the network, congested travel times are available which were calculated based on 

assigned traffic volumes. (See Appendix (A)) 

 

As we will discuss in Section 3.2, value of time is assumed to be in the range of 40%-

170% of the hourly wage rate in NJ. New Jersey Department of Labor reports the hourly 

wage in year 2000 as $19/hour (NJ Department of Labor Web Site). Thus, our value of 

time range is between $7.6 and $32.3. 

 

Using the network data provided by NJDOT5, we calculated a congestion cost per year 

that ranges for Northern NJ between $ 20,509,887,658 and $ 87,167, 022,546. These 

values can as well be expressed per VMT units as $0.47/vmt and $2.00/vmt, dividing 

the total cost amount by the annual VMT in Northern NJ (44.626 109 vmt). These values 

reflect both the uncongested travel time and the additional time imposed on each user 

                                                                 
5 See Appendix (A) for details of the network data file. 
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due to congestion. If we disregard the uncongested time and only calculate the cost of 

time loss due to congestion, we get a range of $1,869,619,345 and $ 7,945,882,216 for 

peak periods in Northern NJ. In NJIT report entitled as “Mobility and the Costs of 

Congestion in NJ”, this value is given as $ 4,323 billion for Northern NJ. However, if we 

convert our VOT as reported in NJIT report ($16.76 for Northern NJ), we get a 

congestion cost of $ 4,123,002,661, which is sufficiently close to their result.         

  

Marginal Congestion Cost: In order to find the time cost imposed by an additional 

vehicle, we need to take the first order derivative of equation (18) with respect to Q. 

Since Tr,s(Q, d) is a function of flow Q, marginal cost (MCcong) becomes: 

 

 

 

Where, the first term in the RHS represents time cost experienced by one vehicle and 

the second term stands for the cost imposed on the rest of the users. If we place an 

average value of $10 for one hour time loss, marginal time cost imposed on the users 

by one additional car is depicted by a graph shown in Figure 3.6. 

 

We will employ equation (22) for marginal cost calculations, using the same value of 

time range given above (For network-wide marginal cost analysis, see Section 4). 
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Figure 3.6 Cost imposed on the other users by an additional car 

 

 

3.1.2.2 Accident Costs 

Accident Costs can be classified in two major groups:  

1. Foregone production and/or consumption by individuals, which are converted into 

monetary units, 

2. Life-Injury  damages by users that cannot be easily converted into monetary 

units. 

The available New Jersey accident data includes a detailed accident summary of years 

1991, 1993, 1994 and 1995 -including the pedestrians affected, grouped by incident 

types for each county in NJ. A sample of the available data set is shown in Table B-1 in 

Appendix (B). 

 

Costs associated with these two categories are shown in Table 3.3.  
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Table 3.3 Accident Cost Categories 

Pure Economic Costs 
Major Costs Description 

Medically Related Costs Hospital, Physician, Rehabilitation, Prescription 

Emergency Services 
Costs 

Police, fire, ambulance, helicopter services, incident 
management services, police 

Administrative and Legal 
Costs 

Lawsuits, attorney fees 

Property Damage Costs Vehicle Repair and replacement, damage to the 
transportation infrastructure 

Life-Injury Costs 
Employer Costs Wages paid to co-workers and supervisors to recruit and train 

replacement for disabled workers, repair damaged company 
vehicles, productivity losses due to inefficient start-up of 
substitute workers 

Lost Productivity Costs Wages, Fringes, Household work, Earnings Lost by family 
and friends caring for the injured 

Quality of Life Costs Costs due to pain, grief, suffering, death and injury  
Travel Delay costs Productivity loss by people stuck in crash related traffic jams 

 

If we develop a function that estimates the number of accidents that occurs over a 

period of time, accident costs can as well be measured by multiplying the number of 

accidents by their unit cost values. It should be clear that cost of each accident varies. 

However, similar accident have costs that fall more or less in the same range. Thus, we 

classified accidents as 1) fatal, 2) injury, and 3) property damage accidents.6 

 

Accident occurrence rate is assumed to be correlated with the highway type, average 

traffic volume and the length of the highway. So, highways are grouped into three 

categories according to their functional properties. These three categories are 

interstate, freeway–expressway and arterial-collector-local. Regression analyses 

are performed to correlate the number of accidents with the average volume and the 

roadway length for each highway category. Hence, we obtained 9 different functions. 

The generalized form of the accident cost function is given as follows: 
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Cacc= Marginal accident cost per year ($/year), 

Cf = Unit cost of a fatal accident per crash ($), 

Cp= Unit cost of a property damage accident per crash ($), 

Ch = Unit cost of an injury accident per crash ($),  

pfi = The number of  fatal accidents per year for highway type i, 

phi = The number of personal injury accidents per year for highway type i,  

pdi = The number of property damage accidents per year for highway type i. 

 

It should be noted that accident cost as given in equation (23) does not include the 

costs of congestion caused by accidents. In order to utilize the Equation (23), we have 

to determine pfi, phi and pdi values using the accident data available. As mentioned 

above, the number of accidents is directly related with roadway length (M) (as a 

measure of network properties) and average volume (Q) (as an output measure). The 

functions obtained from the regression analysis for each highway type are given below 

(eq. 24- eq. 32). (The complete results of the regression analyses are given in Appendix 

(B)). 

The developed accident costs for each highway type are given below.  

 (M :Roadway Length (miles), Q : Average Volume (veh/day)) 

 

• Arterial-Collector-Local 

 

 

 

 

 

 

 

                                                                                                                                                                                                                 
 6  Vehicle fire, cargo spill are disregarded, since their occurrence rates are relatively negligible. 

               
 
                                            57.14ln.1937.2ln.4592.0ln −+= QMPp  

                                                                                                                                        R2=0.65  

 
 
(24) 
 

                            
09.10ln.7357.0ln.8945.0ln −+= QMPf  

 
                                                                                                                                        

 
(25) 
 

               

                                            94.18ln.5084.2ln.7366.0ln −+= QMPh  

 
                                                                                                                                        R2=0.80 

 
(26) 
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• Freeway-Expressway  

 

 

 

 

 

 

 

 

• Interstate 

 

 

 

 

 

 

 

 

The results of the regression analyses are quite acceptable except the functions for 

fatality type accidents.  The weakness in these particular results can be related to the 

fact that the fatality type accidents are small in number and are not significantly different 

for each county. Hence, this drawback makes the correlation developed between the 

system variables and the number of accidents inadequate for the particular accident 

type. For this reason we have decided to exclude fatality accident occurrence rate 

functions for freeway-expressway and interstate highway functional types from our 

analyses. We suggest that when more data on accidents become available, these 

occurrence rate functions be re-estimated.  

               
                                            274.4ln.9508.0ln.2317.0ln −+= QMPp  

 
                                                                                                                                        R2=0.63 

 
 (27) 
 

               

                                            048.2ln.1435.0ln.6553.0ln +−= QMPf  

 
                                                                                                                                        R2=0.43 

 
 (28) 
 

               

                                            687.1ln.6837.0ln.501.0ln −+= QMPh  

 
                                                                                                                                        R2=0.76 

 
(29) 
 

               
                                            34.10ln.0924.1ln.9043.0ln −+= QMPp  

 
                                                                                                                                     R2=0.72 

 
(30) 
 

                                                           
                                                46.9ln.8066.0ln.3316.0ln −+= QMPf  

                                                                                                                                        R2=0.11 

 
(31) 
 

               
89.21ln.0963.2ln.9766.0ln −+= QMPh  

 
                                                                                                                                        R2=0.81 

 
  
(32) 
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The values of Cf, Ch, Cp cover both direct and indirect costs and their values are taken 

from a study of Miller (1993). Their values are given in the Table 3.4 7. Using these 

values and equations (24-32), total cost function can be developed as in the form of 

equation (23). 

 

Table 3.4 Accident Costs by type 

Accident Type  Value per Crash 
($) 

Fatality 4,113,956 
Injury 144,291 
Property 
Damage 

6,783 

(Source: Miller (93). The unit cost values are converted to 2000 dollars assuming a 3.5% inflation rate) 
 
 

Total Accident Cost: In the Northern NJ loaded network file, we can identify each link’s 

characteristics on their functional types. This feature of the network data enables us to 

use our accident estimation functions (eq. 24-32) and to calculate a detailed cost value. 

However, the non-linearity in the cost functions limits us calculating the accident cost on 

a link basis. Thus, we sorted out all the links based on their functional types and 

averaged their daily traffic volumes.    

 

The results of the data sorting are given in Table 3.5. 

 

Utilizing the cost function given in equation (23) with equations (24-32) by the network 

properties given in Table 3.5, the total accident cost for Northern NJ for “one year” is 

estimated as $15,772,948,220. This value can be represented by vehicle miles traveled 

(VMT) dividing the cost value by total VMT in northern NJ (43.626109), which results in 

an accident cost of $ 0.362/vmt. 

 

 

 

                                                                 
7 Property damage cost is assumed to comprise only the damage to the vehicle. Any type of injury is in 
the personal injury category.   
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Table 3.5 Northern NJ Road Mileage and Average Traffic Volume by Highway 

Functional Type 

 Highway Type 
 Interstate Freeway-Expressway Art-Loc-Coll. 
Average Daily Traffic Volume 34976 26041 9620 
Road Mile 305 183 23073 

 

Marginal Accident Cost: The marginal accident cost function can be derived by taking 

the first order derivative of the total accident cost function with respect to traffic volume, 

Q. 

Arterial-Local-Collector 

 

 

 

 

Freeway-Expressway 

 

 

 

 

Interstate  

 

 

 

 

Levinson et al (1996) estimated the average annual accident rate as a function of 

roadway characteristics and average peak hour volume. Then by fixing the volume to 

6000 vph, they give the average cost of an accident as $ 0.0644/vmt. A distinction 

between their average cost value and our results appears due to the fact that Levinson 

et al (1996) group the property and the injury accidents as one accident type and value 

the cost as $120,000. Moreover, the cost value they presented is simply based on an 

average volume on a highway segment of 1 mile. 
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3.2 Value of Time 

One of the major goals of transportation systems is to reduce the time spent for 

traveling between origins and destinations. In fact, in many studies travel time savings 

constitute the largest portion of user benefits, hence stands as the main decision-

making criterion in all transportation projects.  

 

The difficulty in defining the value of travel time savings is due to the fact that its value 

depends on users’ perception. The value of “travel time” varies with various factors 

including user characteristics (likes and dislikes), economic status of the users, mode of 

travel, sequence of modes, and the time of the day.  For example, a unit of time spent 

from home to work in rush hour traffic is expected to be more valuable than the unit of 

time lost on the way to shopping on the weekend. The unit of time spent in traffic, which 

results in missing the plane is much more valuable than the unit of time lost in traffic for 

work. So, we can say that the value of travel time varies according to the activities 

performed by the users. Activities can be grouped into two groups: Pure leisure 

(sleeping, watching TV, eating, etc.) and intermediate activities (which has a minimum 

time constraint, such as working, shopping, etc. Traveling can also be assumed as an 

intermediate activity) (DeSerpa, 1971). Every activity has a cost and time engaged with 

it. Thus, theoretically, the utility of each activity can be expressed in terms of its cost 

and the time spent.  

 

Becker (1965) is the first to establish the theory of value of time. His formulation is then 

reinforced and developed by DeSerpa (1971) and Train and McFadden (1978)8. In 

these studies, value of time is defined via the utility maximization concept. If we assume 

that there are n number of activities including transportation, the utility maximization 

problem can be defined as follows (Small, 1992).  

 

 

 

                                                                 
 
8 For an elegant and comprehensive review of the value of time studies, readers may refer to Gonzalez, 
R. M. (1997), Small, K.  (1992). 
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Each individual tries to maximize his/her utility (U(Xi, Ti)) within the constraints indicated 

above. Where, X stands for the vector of possible activities and pxi is the cost of 

performing activity Xi. w is the hourly wage, Tw  is the time spent at work. E stands for 

the unearned income (endowments). The first constraint indicates that the cost of the 

activities (i, from 1 to n) throughout a time period is equal to the total income earned in 

that time period. The second constraint indicates that the time allocated for each activity 

including the time at work has an upper bound (Clearly, for a day, T= 24 hrs). The third 

and the fourth constraints indicate that each activity has a minimum time consuming 

nature (They could be zero as well). DeSerpa (1971) calls the activities that has zero 

minimum time requirements (T0=0) as pure leisure). 

 

This problem can be solved by maximizing the following Lagrangian function with 

respect to X, Ti and Tw   (where µ, ?, a, ?  are Lagrange multipliers) (Small, 1992). 

 

 

 

   

The first order condition with respect to Tw  is:  

 

 

And with respect to Ti is: 
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In function (37), the Lagrange multiplier, ? indicates the unit change in the utility with the 

unit change in money (marginal utility of income). µ indicates the marginal utility of 

reducing the minimum amount of time necessary to perform the ith activity. In other 

words, it implies the tendency of individuals to value their time savings resulting due to 

reduced time constraints. ? is the marginal utility obtained if the minimum amount of 

working hours is reduced by one unit. Finally, a implies the change in the utility as the 

scarce time increases.  

 

The marginal rate of substitution between time and income, (a/?), is often construed as 

the value of time. The appropriateness of this approach is discussed in DeSerpa (1971). 

He points to the distinct difference between the value of time as a resource and the 

value of time as a commodity. The first one describes the value of time measured for an 

additional unit of time as a resource, and this value is derived from its scarcity. It is an 

opportunity cost of having an additional unit of a resource, which is practically available 

in a limited amount. The latter one describes the value of saving time from an activity, 

which enables the individual to transform activities and to spend more time for the 

alternatives, which might be of greater values. The marginal rate of substitution between 

time savings and income, µ/ ?, makes more sense in perceiving the value of time 

(DeSerpa, 1971)  

 

So, the µ/ ? as the value of time for the ith activity can be reformed using equation (39) 

as follows. 

 

 

 

The distinction among these three terms has to be well understood, since they all imply 

the marginal rate of substitution between time components and income. The second 

term on the left side of the equation is the value of time for activity i. The difference 

between the value of time as resource and the value of time as a commodity determines 

the value of saving time from that activity (DeSerpa, 1971). 
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We can as well rewrite equation (40) using equation (38) in the following form: 

 

 

 

The first and the third terms in the right side of the equation imply the opportunity cost of 

time assuming that it could be spent at work instead. The first one gives opportunity 

cost as monetary value; however, the third one is non pecuniary. It increases the 

opportunity cost if the time spent at work is liked and decreases if disliked. The last term 

reflects the utility loss due to spending time for various activities instead of working. 

Finally, the second term can be interpreted as the effect of binding work hours 

constraint, which limits the amount of leisure. This term can be neglected if it is 

assumed that the minimum work amount is not binding (Small, 1992).     

 

Hence, the value of travel time can be determined if the attention is drawn only to 

transportation as an intermediate activity. Once the utility function is determined, one 

can presume that all the other activities fall into one activity and calculate the value of 

time accordingly (See Train and McFadden, 1978). So the problem stated in equation 

(38) can be restated as follows. 

 

  

 

 

 

Where, L is the leisure time, Ci is the cost of transportation by mode i and ti is the time 

allocated to transportation by mode i. Z stands for all the activities, either pure or 

intermediate, besides transportation. 

 

Train and McFadden (1978) mainly focus on the systematic utility functions and its 

components. They insert hourly wage, w, as a variable in the systematic utility function 

instead of leaving it as a constraint. How to insert w in the utility function is proved to be 
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dependent on the shape of the utility function by using several examples. The following 

functional forms are examined in Train and McFadden (1978). 
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Using the constraints given in (42), the utility functions are maximized with respect to 

income. Cobb-Douglas utility function (U3) is proved to replace the first two functional 

forms (U1 and U2), as F ?  0 and F ?  1, respectively. 

 

Train and McFadden (1978) improve the above given functional forms by redefining the 

constraints of the problems. They stress the fact that systematic utility functions should 

include socioeconomic variables other than wage and cost; several cost (out-of-pocket 

costs, hidden costs) and time components (in-vehicle time, walking time, waiting time, 

etc.); and an error term which validates the choice model as probabilistic, rather than 

deterministic.  

 

The conclusion that should be gathered from Train and McFadden (1978) is that value 

of time can also vary with the indifference mapping between money and time (namely, 

the shape of utility function). So once the correct form utility function is established by 

empirical studies, the value of time can be determined using equation (41). 

 

Empirical Studies 

Although the theoretical framework can enable us to derive the value of time, its 

application is not always possible, since the utility functions varies for each user, and 

the parameters given in the general statement of the problem (Equation (36) and (42)) 

are not easily observable). 
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There are two ways to determine the value of travel time. These are either using stated 

preferences (SP) or revealed preferences (RP) of the users.  

 

Calfee and Winston (1998) performed an SP survey on 1170 random respondents who 

regularly commute to work. Each respondent is asked to rank thirteen scenarios with 

different congested and uncongested travel times, travel costs, percentage of trucks in 

the traffic. Using the data obtained, an average VOT of $3.88/hour is estimated for 

congested road conditions. 

 

A recent study is performed by Kazimi et al (2000), which utilizes RP technique to 

estimate VOT. The study is relied on a “real world” experience.  The data collection is 

quite interesting and elegant. It was undertaken in San Diego, CA on I-15 over three 

years. The high occupancy lanes are both allocated to carpoolers and the regular users, 

who are willing to pay extra to drive on the HOV lanes. So there are three types of 

highway users in this case: Regular users, who drive in the main lanes, carpoolers in 

the HOV lanes without any tolls, and the regular users, who pay a toll to drive on the 

HOV lane.  

 

The toll for the HOT lane (as called by the authors) varies dynamically according to the 

traffic conditions. If the regular users decide that paying the toll is worth in order to 

reduce that much travel time, they take the HOT lane. A survey among a sample of 

users (each three group of users) is performed and their demographic characteristics 

are obtained (age, education, income, household characteristics, travel purpose, etc). 

Using this demographics data obtained along with the data taken from the roadway, a 

mode choice analysis is performed. The probability of choosing amongst the three 

different alternatives is expressed by a conditional logit model. VOT is estimated by the 

extra amount of toll paid to reduce the travel time savings. Their value of time result is 

shown in Table 3.6. 

 

A common conclusion presented by most of the studies reviewed is as follow. The value 

of time varies by the socioeconomic characteristics of the individual and the purpose of 
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travel. Kazimi et al (2000) concludes that aside from the level of income and education, 

gender, etc. those traveling for personal appointments and pleasure as opposed to 

commuters place a higher value on their travel time savings ($71.07). Calfee and 

Winston (1998) and Kazimi et al (2000) point that the trip distance is an important factor 

in VOT estimations and its effect should be taken into consideration. Also, users place a 

higher value on off-vehicle (walking, waiting) time losses. This value can be 2-3 times 

that of in-vehicle time (Small, 1992). Table 3.8 below shows the VOT estimates given in 

the literature.  

 

Since the estimation of travel time requires an inclusive study along with an elaborate 

surveying of users, we shall employ the results obtained by the previous studies in the 

literature.  

 

Although the results presented by Kazimi et al (2000) are recent, and their survey 

seems elaborate enough, their estimated VOT value seems a lot higher than those 

presented in other studies. This difference can be attributed to the higher income profile 

of highway users in San Diego, and longer commuting distance in I–15 corridor. 

 

Small (1992) suggests that VOT should be taken as the 50 % of the gross wage rate. 

This value can vary among different states and cities. Thus, we decided to use a range 

of 40-170 % of the pre-tax hourly wage rate as the VOT in our cost analyses. 
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Table 3.6 Table Survey of Studies of Value of Time Savings 

Study Country Trip Purpose  Choice Market 
Method of 
Analysis 

VOT (% of Wage 
Rate, or $/hour) 

Atkins (1983) UK Commuting Route Logit 38-61% a c 
Bates et al 
(1987) 

UK Commuting Route SP, Market 
Segmentation 

43% a 

Beesley (1965) UK Commuting Car, Transit SP 33-50% b 

Chui and 
McFarland 

USA Commuting 
(interurban, 

Car (Speed) Regression (actual 
and perceived 

82% ($7,75/Hour) 

Cole (1990) Canada 
Commuting, 
Leisure, Work 

Auto, Rail, Bus, 
Air 

SP, Comparison, 
Logit 

Commute: 170%d 

Leisure: 165% d 

Forsyth  (1980) 
Australia 
US 
UK 

Tradeoffs: 
Leisure-Work 

Unstated 
Utility maximization 
model 

Aus$4.75 – 1976 
US$5.19 - 1976 
UK1.56 - 1976 

Calfee and 
Winston (1998) 

USA Commuting  Car SP $3.88 

Kazimi et al 
(2000) 

USA Commuting 
(95%) 

Car RP, Logit $30.98  
 

 

Source: Waters (1992), Ramjerdi (1993), and Miller (1989) Legend: SP = Stated Preferences; RP = 
Revealed Preferences Notes: a Varies with income;  b Approximation; c Estimates sensitive to sample 
makeup and size; d Logit Model, car travel; e Varies with income; f  ; 
 

 

3.3 Infrastructure Cost Models 

Infrastructure costs include all long-term expenditures, such as purchasing the right of 

way, construction costs, including material, labor and administration. In addition, there 

are service costs of capital (interest rate over the life time of the facility); maintenance 

costs, and all occasional expenditures (related to the improvement of the infrastructure 

when traffic demand changes).      

 

Estimation of construction, land acquisition and maintenance costs has always been an 

important subject in transportation economics research. There are numerous studies in 

the literature with special emphasis on these subjects, especially construction and 

maintenance costs (Newbery 1988a, 1988b; Keeler and Small, 1977: Walters, 1968; 

Churchill, 1972; Kane and Morlok, 1970; Marvin, 1981), however, a limited number of 

these studies rely on real data; furthermore few of the results presented seem 

promising. As for land acquisition costs, we were able to find only one related study that 

is supported with real data (Keeler and Small, 1977).  
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The reason behind the lack of a reliable cost function in the literature is the lack of the 

related data and the hardships of compiling data even if they are available. Kane and 

Morlok (1970), states that the best estimation should relate the multiple dimensions of 

cost to multiple dimensions of output capability of the highway. However, this is 

impossible, moreover impractical to perform. The real difficulty is not including every 

single variable, but to be able find the ones that suffice to estimate the costs accurately.   

 

Highway investment costs are defined in terms of input prices, and network 

characteristics (Levinson et al., 1996). Inputs include the cost of all phases of 

construction to establish the highway facility. These are roadway design, land 

acquisition, labor, construction material and equipment, etc. Network properties 

represent the physical capabilities of the constructed highway facility, such as number 

of lanes, lane width, pavement durability, number of intersections, ramps, overpasses, 

etc. Besides, these components, environmental factors too are extremely important 

elements in highway construction. These factors include highway location, 

demographics of the district, soil properties, geometry of land, weather conditions, etc.  

 

There is a distinct relationship between inputs and network properties. The level of 

service of a highway is directly related to the extent of inputs. It is clear that, the more 

inputs spent the more capable network established.  

 

Outputs represent how much the facility is being utilized. Its measure is often presented 

by total number of trips, vehicle miles traveled, or vehicular weights. There is, again, a 

direct relation between network properties and outputs.  If a newly built highway 

provides a better level of service than its alternatives, this leads to an increase in the 

output amount, since users will no longer choose the alternatives, moreover some users 

will switch modes and the demand will divert to the new highway.  

 

The interaction between outputs and total cost is either directly by maintenance and 

improvement, or indirectly by engineering design considerations (Figure 3.7). 
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Throughout the lifetime of a highway, there are several routine maintenance activities in 

order to keep the pavement surface durable enough to serve the existing traffic. The 

time interval for maintenance depends on the vehicular weight on the roadway surface 

and the age of the pavement. We will deal with the maintenance interval later in this 

section. 

 

 

 

 

 

 

 

 

 

Figure 3.7 Highway Investment Scheme (Dashed line shows the indirect effect). 

Besides regular maintenance, there are occasional improvements depending on the 

outputs variations, such as roadway widening, additional ramp construction, or major 

reconstructions. If the demand for travel on a newly constructed highway oversteps the 

expected output in the long run, and the highway can no longer provide the desired 

level of service, then the above listed improvements become inevitable.  

 

Both regular maintenance and improvements are directly related to total cost. The 

indirect effect of output on total cost is depicted by a dashed line in Figure 3.7. The 

dashed line represents the fact that the expected output level does effect the 

engineering design, thus the total cost through inputs. 

 

As seen in Figure 3.7, environmental factors have a direct effect on total cost as well. It 

has a significant impact on the cost value both in construction, maintenance and 

improvement and land acquisition costs. Urbanization is the commonly used 

environmental factor in many studies (Meyer et al, 1969; Kane and Morlok, 1970; Keeler 

and Small, 1977). Even if the other variables are held constant, building a highway in an 

   Inputs  Network Properties Outputs  

Total Cost
New Construction  

Maintenance & 
Improvement 

Environmental Factors 

Land Acquisition 
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urban area is more expensive than building it in a less urbanized area, since it effects 

the types of structures (overpasses, bridges, intersections, etc.), decreases the ease of 

access to the construction sites, ease of grading and the extent of demolition (Small, 

1992). Keeler and Small (1977) takes net residential density as an indicator of 

urbanization, which, we believe, is the most effective way of measuring it. They take the 

urbanization factor into account by classifying the fractions of highway length as in 

various degrees of urbanization. Soil type is another significant, yet hard to obtain 

environmental factor. Kane and Morlok (1970) try to estimate construction costs by 

grouping the available data based on soil class. Then the cost is related to the gross 

residential density, development of the district in terms of revenue in dollars per square 

miles, and number of lanes.   

 

In this section, we are interested in the direct contribution of the components given in 

Figure 3.7 to total cost. These include Construction Costs, Land Acquisition Costs and 

Maintenance and Improvement Costs.  

 

In the following subsections, we talk about the available data and the developed cost 

functions.  

 

3.3.1 New Construction Costs 

In the literature, for construction cost estimation, solely the relationship between cost 

and network properties has been considered. Usually, construction cost is tried to be 

correlated with the number of lanes, lane width, roadway length, or traffic volume (i.e. 

Churchill, 1972; Keeler and Small, 1977; Kane and Morlok, 1970). The reason behind 

this customary formulation is to find out whether there are economies of scale in 

highway construction in terms of lane number or not. In the literature, there have been 

many debates on the subject, however existence of scale economies in highway 

construction is still not clear. 

 

There are evidences both for increasing and decreasing rate of returns. For example, it 

is widely accepted that the change in capacity does not linearly increase due to the 
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widening of the roadway; on the contrary, the change is more than a linear increase. In 

this case, there are economies of scale in terms of capacity. Also, increasing returns 

may arise due to fixed costs of administration, equipment utilization and due to the 

geometry of the road section (Mohring, 1976). Figure 3.8 illustrates this phenomenon. 

From the figure it is clear that for an additional lane construction, the amount of material 

used, B, is less than A. 

 

On the other hand, constructing roads with more number of lanes requires the design of 

more elegant and complicate intersections, which results in decreasing rate of returns 

(Keeler and Small, 1977). Likewise, adding more number of links might result in 

decreased average cost per link, however those new links generates new intersections 

on the network and that will cause new and complex signalization systems and 

overpasses. (See Mohring, H., 1976, pp. 144)   

 

 

 

 

 

 

 

Figure 3.8 Geometry of a roadway.(Mohring, 1976) 

 

Meyer et al (1969) finds economies of width in their studies, in which they only take net 

residential density and lane width as function parameters. Keeler and Small (1977) use 

the data on the construction in the Bay Area and find a weak economies of width in their 

studies. Also, Kraus (1981) finds slightly increasing returns to scale accounting for the 

costs of intersections.    

 

ll  
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We believe that aside from data limitation, another possible reason of the absence of a 

reliable construction cost function might be the selection of wrong cost variables9. Since 

the inputs and the environmental factors are the major components directly related to 

construction costs as seen in figure 3.7, the cost function should be expected to include 

these components. 

 

If cost is tried to be expressed solely by network variables, the content of inputs is 

surely underestimated. In other words, network variables such as number of lanes, lane 

width, or length undoubtedly more or less indicate the extent of the construction work, 

however, they cannot substitute the input variables as the major cost estimators.  

 

As mentioned earlier, inputs imply every phase of construction. These are various 

equipment usage, earthwork, grading, material, labor, etc. Even if two projects seem to 

have the same network properties, their costs might differ due to their input contents. 

For example, one project might have twice as much earthwork as the other, or might 

use more man hours. Or else, while one project includes the demolition of existing 

structures for new construction, the other might need wetland mitigation on its 

alignment. In short, there are numerous activities in highway construction. Every project 

has its unique characteristics and it is hard to obtain same projects that fall into the 

same category.   

 

The data we have used in this study include several yet limited new constructions in NJ. 

These are 14 projects completed between 1991-1997 in New Jersey. For each of these 

projects we have the final contract amounts, the typical sections of the roadway in the 

engineering designs, and the location of the projects. In the beginning we had 19 

projects available, however only 14 of them seemed to fall in more or less the same 

category. This category is what we call pure construction, which involves solely new 

highway construction, without any major reconstruction or bridge construction.     

 

                                                                 
9 Since the content of the data used in the previous studies is not known, there is the possibility of 
choosing network properties as cost variables again due to lack of data.  
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We need to choose the variables amongst many inputs and environmental factors by 

which the cost can be estimated accurately. Since the availability of data is scarce on 

new construction costs, the number of variables has to be held small in number for 

statistical validity of the model. It is decided that the combination of the following 

variables can reflect the cost more precisely.  

 

s: Total volume of surface course used, ft3. 

b: Total volume of base course used, ft3. 

sb: Total volume of sub-base, ft3   

ex: Total excavated soil or removed material, ft3,    

em: Total embankment, ft3, 

m: Milling, ft3, 

nrd: Net residential density, population/mile2.   

tm: Total material used = s+b+sb 

tev: Total earthwork: ex+em 

It is assumed that the effect of the other environmental factors, such as land geometry 

and soil type can be justified by using excavation and embankment quantities as cost 

variables, since there seems a rational relationship between the amount of earthwork 

performed and the roughness of the land.    

 

After several trials of regression analysis with different variables, the following functional 

form gave the most promising results. 

 

 

The statistical results are given in Table 3.7. 

 

Table 3.7 Results of regression analysis for new construction cost function. 

 Value Standard Error t - value Pr>|t| 
α0   7.94384   2.08774 3.8050021 0.0034574 
α1 0.4158004 0.0996433 4.1728898 0.0019092 
α2 0.0310412 0.0207808 1.4937455 0.1661083 
α3 0.4294700 0.1348602 3.1845562 0.0097438 
R2 0.71    
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Equation (43) can be rewritten as in the following nonlinear form. 

 

 

 

 

3.3.2 Maintenance and Improvement Costs 

The available data include all sort of maintenance works completed between 1991-

1998.  For the data size was big, we had to choose several projects from the entire list 

and finally 80 projects were selected for the analysis. As it is mentioned earlier, there 

are many variables in new construction projects. This fact is more overt in maintenance 

works and this fact restricts to find projects that fall in the same category. If we were to 

enumerate the major maintenance works, the list would include the following works 

types: reconstruction, widening, signalization, top soiling, resurfacing, bridge 

rehabilitation, bridge deck replacement, sign support structures, intersection 

improvements, noise barrier construction, retaining wall construction, viaduct demolition, 

etc. Moreover, every project includes several of these work types.  

After going through the blueprints, half of the data had to be weeded out either because 

they did not belong to any of the common work type categories (sidewalk construction, 

median removal, lightening, signalization, etc.) or because the necessary information 

was missing Finally, we decided to categorize the projects as follows. 

1. Major Reconstruction with/without roadway widening   

2. Roadway Widening with/without resurfacing 

3. Resurfacing with/without minor roadway widening 

Based on the assumption that is given in the new construction formulation, in this 

subsection, cost is again assumed to be related with “inputs” and “environmental 

factors.” Actually, this assumption becomes more convincing for this particular 

subsection, since in maintenance and improvement activities, the conjunction between 

network properties and the cost is far weaker. The reason behind this assumption is 

very clear: Maintenance and improvement works do not necessarily cover the entire 

roadway width. There are numerous works that can be done on the same n number of 
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lanes: It could be solely milling and resurfacing, or removal of the existing surface and 

base course and laying new surface and base courses, or it could be the removal of the 

entire existing pavement and building a new section with n+1 number of lanes. 

Obviously, each result in different cost amounts, since each requires various amounts of 

materials and different types of equipments.   

 

We developed the cost functions for each category listed above. In this subsection, the 

cost functions include the same variables listed in the new construction subsection, also 

with m (milling, ft3), tp (tack coat and prime coat, ft3) and ns (number of sign structures) 

10 In addition to these variables, an output measure, Q, average annual daily traffic 

volume (veh/day) is included in the cost estimation. The presence of traffic volume as a 

variable in the cost function does not reflect its contribution to the wear and tear on the 

paved surface as a result of axle loads; but it represents the “disruption” of traffic flow 

during the maintenance facilities in terms of reduced accessibility (It should be clear that 

the heavier the traffic is the harder it becomes to implement the maintenance activities).   

The cost functions for each category are presented below. CM1, CM2, and CM3 are given 

in dollars.  

Category 1 

 

 

Category 2 

 

 

Category 3 

 

 

The results of the regression analyses are given in Tables 3.8, 3.9 and 3.10. Category 1 

gives good statistical results except the t-statistics on the intercept value. Category 2 is 

a rare project type and its data size is insufficient to get desirable results. Traffic 

volume, Q is not included in this cost function, since its parameter gives negative 

                                                                 
10 In the maintenance and improvement cost formulations tev and tm include m and tp, respectively. 
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values. As for category 3, we surely need more data to reinforce our results. Our 

intention was a resurfacing cost function including surface course, s and traffic volume, 

Q, as variables. However, with 9 data points, it is hard to achieve this desired 

formulation.  

 

Table 3.8 Results of regression analysis for category 1 

 Value Standard Error t - value Pr>|t| 
α0 2.0640084 1.7454704 1.1824941 0.2581866 
α1 0.4454540 0.1648193 2.7026810 0.0181012 
α2 0.3730267 0.1231704 3.0285411 0.0096920 
α3 0.2559855 0.0990895 2.5833756 0.0227108 
R2 0.82 17 Data Points 

 

Table 3.9 Results of regression analysis for category 2 

 Value Standard Error t - value Pr>|t| 
λ0 9.9013289 1.1873487 8.3390237 0.0000044 
λ1 0.3640423 0.1052406 3.4591431 0.0053412 
λ2 0.1161629 0.0725666 1.6007756 0.1377313 
R2 0.61 14 Data Points 

 
 

Table 3.10 Results of regression analysis for category 3 
 Value Standard Error t - value 
φ1 0.7556 0.6523 1.16 
φ2 1.2931 0.0180 71.69 
9 Data Points   

 

After determining the maintenance and improvement cost functions, we need to 

determine how to convert the cost of a single project to the cost over a period of time. A 

typical pavement life is about 25 years, and during its lifetime it is maintained several 

times due to the failure on the roadway surface. As the traffic flows on the highway, due 

to the constant vehicle loadings the pavement surface is always exposed to 

deterioration. After a pre-determined time, the roadway fails to serve the regular traffic 

and hence it needs to be maintained. Regular maintenance mostly implies road 

resurfacing.  

 

Since in our assumptions stated in the beginning of the study, we assume that the 

demand for traveling on a particular highway remains constant, the cost functions that 
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can be utilized is the resurfacing cost function (Category 3). Even if we considered the 

variation in demand and attempted to utilize categories 2 and 3 cost functions it would 

require a detailed demand analysis.11 

 

Suppose N is the number of axle weight it takes before the pavement needs 

maintenance. AASHO recommends the following equation for N (Huang, 1993). 

 

 

Where, SN is the structural number for flexible pavements and the pavements thickness 

for rigid pavements12.   

 

If we would like to define resurfacing cost per unit of time, the above formula has to be 

utilized.  

Reviewing the relevant studies in the literature (Newbery, 1988a, 1988b; Small et al, 

1989), it is assumed that the pavement has to be resurfaced when its condition reaches 

the predetermined “terminal” state. During the lifetime of a roadway, a pavement 

reaches its terminal state several times, and each time it is maintained by the 

responsible authority at their own expenses. This cost can be calculated by using the 

cost function for category 3.   

 

In order to find the number that a roadway reaches its terminal serving condition; the 

following ratio is utilized (Small et al, 1989)13. 

 

 

Where,  

P is the resurfacing cycle (years) 

N is the number of load repetitions before the pavement reaches its terminal state 

(ESALs14). 

                                                                 
11 Refer to the ongoing NJDOT project, titled as “NJ’s link to the 21st century.” 
12 SN=K1*S+K2*B+K3*SB, where S: Surface course thickness (inches), B: Base course thickness, SB: 
Sub-base thickness. The values of coefficients K1,  K2 and K3 are suggested by AASHTO as 0.44, 0.14 
and 0.11 respectively. 
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E is the total load repetitions created by the vehicular traffic per unit of time (ESALs)  

Knowing the construction year of the roadway, we can approximately assume how 

many times the pavement is replaced, assuming an average lifetime of 25 years. Also, 

using equation (51), we can calculate how many times the overlay interval takes place 

during its lifetime. Assuming and interest rate of 3.5% per year, we can express the total 

amount per annum, using the following formula: 

 

 

 

Where, 

CM: Annual maintenance cost in year 2000 ($/year), 

CM2: Roadway widening cost ($) 

CM3: Resurfacing cost ($), 

T: Number of resurfacing cycles throughout the lifetime of a pavement, 

ni: Time interval between the resurfacing dates and year 2000. 

r: Interest rate. 

 

 

3.3.3 Land Acquisition Costs 

This cost category poses problems about reliable references to start with due to the 

insufficient studies in the literature. Keeler and Small (1977) try to correlate right-of-way 

costs and urbanization degree of the land acquired. Jha and Schonfeld (2000) deal with 

right-of-way costs for a GIS program that computes the right alignment with optimal land 

acquisition costs. However, in the latter one, the formulations presented are solely the 

guidelines for the computer program, and do not depend on real data.   

 

Land acquisition costs can only be estimated using the direct relationships between 

inputs and environmental factors, and the total cost. However, environmental factors 

                                                                                                                                                                                                                 
13 Here, the aging of the pavement surface is neglected.  
14 ))()()(()( 0 LDTTADTESAL f= Where (ADT)o = Initial Average Daily Traffic, T = Percentage of Trucks, Tf  
= Truck Factor, D = Directional Distribution Factor, L = Lane Distribution Factor. 
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play a major role in this case. Land value undoubtedly varies based on the social 

environment as well as the size. In this subsection environmental factors take on a 

whole new content with several variables different than the earlier listed ones. These 

are mainly the demographics of the district, level of accessibility to the social activity 

centers such as schools, hospitals, shopping stores, churches, etc., safety, and so on.  

 

Since it is not straightforward to identify and to find these properties for each datum, we 

need to use the readily available variables. Thus, land value is assumed to be related 

with the combination of the following input and environmental factors variables:  

NRD: Net residential density of the district where the land is located (population/mile2), 

CROW: Value of the land as assessed by the authority ($), 

A: Area of the land (mile2), 

I: Average income of the city where the land is located ($).  

The data set is built by selecting different construction projects done in the past. For 

each construction project, the land values appraised by the government are found in the 

archieves. So each data point contains the land size, the actual amount of money paid 

to the owner15, the city where the land is located, and the settlement date of purchase. 

The total data size is 31 points. 

 

Based on the statistical analysis performed using the available data, land acquisition 

cost is best formulized in the following form16: 

 

 

The result of the regression analysis is given in Table 3.11. 

 

The data comprises the acquisitions between 1930’s and 1990’s. The flaw in the model 

as proven by statistical analysis shown above is assumed to be due to the wide time 

range in the purchase dates. As Keeler and Small (1977) suggests, the conversion of 

the costs early in the century to 2000 dollars is inappropriate, since the factors that 

                                                                 
15 The land values we use in the statistical analysis do not comprise the compensation and appraisal 
fees. 
16 An inflation rate of 3.5% is assumed to convert the amount paid in the past to the current US dollars. 

NRDACROW lnln.ln 210 ααα ++=  (51) 
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influence the value of land has altered over years. However, if we attempt to disregard 

the old data, the data size becomes small to perform a valid statistical analysis. So, we 

decided to neglect only the acquisitions before 1980. This results in a data size of 16. 

Using the same functional form as before, the best result of the statistical analysis is 

given in table 3.12. 

 

Table 3.11 Results of regression analysis for estimating equation (51) 

 Value Standard Error t - value Pr>|t| 
α0 8.8849150 1.0945158 8.1176675 0.0000000 
α1 0.6055060 0.1239994 4.8831379 0.0000382 
α2 0.3429328 0.1370971 2.5013865 0.0184920 
R2 0.51 31 Data Points   

 
 

Table 3.12 Results of regression analysis for estimating equation (51) 

 Value Standard Error t - value Pr>|t| 
α0 8.5022411 1.4087980   6.0351031 0.0000420 
α1 0.7172507 0.1380826   5.1943586 0.0001728 
α2 0.5093958 0.1823118   2.7940914 0.0152007 
R2 0.76 16 Data Points   

  

Annual infrastructure cost is a function of capital and land acquisition costs -converted 

to a yearly amount using an interest rate over the lifetime of roadway and annual 

maintenance-improvement costs.  We will adopt the same function given in Keeler and 

Small (1977), with a few changes. This formula is presented below: 

 

 

Where,  

CTOT = Annual highway construction cost, 

CNC = Construction cost, 

CM = Maintenance Costs per year (see equation (50)), 

CROW = Land acquisition cost, 

r = Interest Rate, 

n= Age of highway (n=2000-Construction Year), 

Lifetime of the highway, n, varies from one highway to another. Keeler and Small (1977) 

assumes that when the land is purchased, it is utilized forever. Hence, they take n as 
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infinity when annualizing land acquisition costs. However, we try to determine the 

annual cost of highway construction projected to year 2000, thus we insert n as 

explained above.  

 

Total Infrastructure Cost: Using the northern NJ loaded highway network data file, we 

estimate an annual capital cost amount. Unfortunately, besides the information on 

highway distance, traffic volume and residential density, the network file does not 

include the information on our capital cost variables, such as total earthwork, total 

material used and total embanked material. In order to calculate a total cost, we need to 

make several assumptions on these variables.  

Assumptions: If we assume n and r as 50 years and %3.5, respectively. For CNC 

estimations, we take tev=2,614,990 ft2/mile and tm= 635,253 ft2. 17 So, for each link 

proportional to the distance, we get average tev and tm values. 

 

For CM calculations, tm is assumed to be equal to 168,960 ft2/mile. Also, SN=4 

(assuming 2”, 13”, 12” for surface, base and sub-base course thickness respectively). 

For ESAL calculations, T=15%, Tf=0.65 and L=1, D=1 (See footnote-15 for ESAL 

formulation). For CROW estimations, total acquired area, A, is assumed to be equal to 

the area of the paved road surface (Number of lanes* 12”) with the area covering 50 ft 

wide strip at each side of the paved roadway (50ft * length of the roadway).     

 

Also, the application of equation (52) is not straightforward in a network case, since the 

construction years of each highway vary, and their identification is quite cumbersome. 

However, in order to project the cost of each new construction, maintenance and land 

acquisition as annuity, we need to know the construction dates of each link in the 

highway.  

 

We decided to randomly assign each highway with a construction year from a lognormal 

distribution18. We tried several random numbers in order to observe the cost variation. 

                                                                 
17 The assumed tm and tev values are based on their average values in the related cost data.  
18 It is known that the number of construction works was relatively higher early in the century (especially in 
1940s), than it is today. Hence, lognormal distribution seems more reasonable. 
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Along with the assumptions presented above, infrastructure costs are calculated based 

on randomly assigned construction years. For each set of random numbers, the results 

were more or less in the same range. The averages are taken for the final cost amount. 

 

The results of our capital cost analysis for northern NJ are given in Table 3.13. 

 

Table 3.13 Results of capital cost analysis for Northern NJ 

 Capital Cost Categories 
 New Construction Maintenance Land Acquisition 

 Cost ($/year) 1,409,286,962 2,250,387,840 2,941,273 
Total Annual Capital Cost = 3,662,616,073 

Using annual vehicle miles traveled in northern NJ (43.6109 vmt), we can present the 

total capital cost per year as $ 0.0839/vmt.  

 

Marginal Infrastructure Cost: Marginal infrastructure cost is only dependent on 

maintenance and improvement costs since it is the only cost function that includes 

traffic volume, Q. Hence, new construction costs and land acquisition costs cancel out 

in the formulation and the marginal infrastructure cost per year in terms of traffic volume 

is presented as the first order of derivate of equation (50) with respect to volume, Q. 

  

 

 

Where T is the number of resurfacing cycles throughout the lifetime of a pavement. 

 

Discussion: In this section, we estimated infrastructure cost using NJ specific data. We 

developed new construction, maintenance and infrastructure and land acquisition cost 

functions. Based on the experience we gather after an extensive data analysis, we tried 

to illustrate that the number of variables in infrastructure cost estimation is high, and it is 

impossible and impractical to include all the variables in the cost function. This fact and 

the data limitations (especially for new construction) restrict the estimation of 

infrastructure costs within an acceptable range. However, we showed that quite 

acceptable statistical results could be achieved if the variables that are directly related 
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with the costs are utilized. Thus, we used the most significant input and environmental 

factors variables to estimate infrastructure costs.      

 

We believe that in order to achieve more precise results for new construction and 

maintenance cost estimations, some additional information has to be included in the 

routine data collection. For every project, we only reviewed the key sheet and the typical 

section sheets. Reviewing every single blueprint sheet would be cumbersome, as each 

project has an average of 300 sheets. Not knowing whether it would be realistic or not, 

taking the difficulty we experienced into account, we should have the right to say that, 

for the sake of simplicity for the future researches on this subject, the following additions 

should be done: 

 

Since, the time elapsed for a project is a good indicator in infrastructure cost estimation, 

which can also more or less justify the lack of data on total man hours and equipment 

costs, each project should have start and completion dates. Only the recent ones have 

this particular information. Also, the completion date given in the key map and the 

summary data sheet usually do not match.  

 

In the typical section sheets some of the sections, lengths were not indicated. This, to a 

certain extent might explain why we had to disregard half of the maintenance and 

improvement data. 

 

Several maintenance works deals with the construction of noise barriers and retaining 

walls. Some of the cost differences we encountered in similar types of projects must be 

due to this extra work. So, in the key sheet, the length of the noise and retaining walls 

should be indicated. This data can be utilized for other research subjects such as noise 

cost estimations. 
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3.4 Environmental Cost Categories 

 

3.4.1 Air Pollution 

Air pollution is the change in ambient gas percentages as a result of mankind activities. 

As a consequence of a rapid technology improvement during the last two centuries, the 

extent to which these –mostly economic based- activities affect the nature has become 

gruesome. It can be asserted that the economic level of a nation has an obvious impact 

on the air pollution emissions. If all the other factors remain constant, it is reasonable to 

assume that as the economy grows emission rate will also increase (EPA Report, 

1995). A few examples can be enumerated as follows: The rapid industrialization in US 

after the Civil War depicts an economic portrait, which has an increased industry capital 

of $11,000 million and an additional railroad mileage of 163,000 in forty years, which 

epitomizes the new nation as a smoky landscape and a forest of factory chimneys 

(Jones, 1995). Another example can be the steep declination in the pollutant emissions 

during World War II and a subsequent increase afterwards (EPA Report, 1995). 

 

While uncontrolled industry furnaces and locomotives were the major causes of air 

pollution early in the century, as the technology continued to penetrate into daily life, 

automobile usage soared, and the source of air pollution took over a new perspective. 

The number of passenger car miles of travel jumped from 249 billion per year in 1940 to 

1.623 trillion per year in 1994, along with a fuel consumption of 16 billion gallons to 75 

billion gallons, leaving the highway transportation as the major contributor of air 

pollution (AAMA, 1996). The sources of air pollutants and the contribution of mobile 

emissions can be seen in Table 3.14. 

 

Highway transportation accounts for the air pollution due to the release of pollutants 

during motor vehicle operations. Its contribution is either through the direct emission of 

the pollutants from the vehicles or the resulting chemical reactions of the emitted 

pollutants with each other or with the existent materials in the atmosphere.  
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A motor vehicle emits pollutants in two ways: Exhaust emissions and evaporative 

emissions (EPA, 1997). 

1. Exhaust Emissions: The power required to operate a vehicle is provided from burning 

fuel in an engine. The combustion process is basically the chemical reaction between 

the hydrocarbons in gasoline or diesel fuels (volatile organic compounds, VOC), which 

contain hydrogen and carbon. Oxygen in the air converts the hydrogen into water, 

leaving unaffected nitrogen, and all the carbon in the fuel is transformed to carbon 

dioxide. (CO occurs when carbon in the fuel is partially oxidized rather than fully 

oxidized into CO2) This is called a perfect combustion process. However typical engine 

combustion leaves unburned hydrocarbons and nitrogen oxides.  

 

Table 3.14 Emissions by Major Source Category: 1987 (EPA, 1997) 

Source Category VOC NOx CO SOx PM10 

Stationary Sources 
Fuel Combustion 12 210 72 14 12 
Waste Burning 2 2 17 1 3 
Solvent Use 520 1 0 0 2 
Petroleum Process, 105 8 6 19 3 
Storage, & Transfer      
Industrial Processes 27 8 3 6 29 
Misc. Processes 40 8 13 1 408 
Total Stationary 
Sources 

706 237 111 41 457 

Mobile Sources 
On-Road Vehicles 988 772 6,931 35 26 
Off-Road Vehicles 124 294 1,363 49 19 
Total Mobile Sources 1,112 1,066 8,294 84 45 
TOTAL 1,818 1,303 8,405 125 502 

 

2. Evaporating Emissions: Hydrocarbon pollutants are emitted through the evaporation 

of fuel during the engine operation and even after the engine stops.  

 

We consider the major pollutants emitted from motor vehicles as: VOC, carbon 

monoxide (CO), nitrogen oxides (NOx) and particulate matters (PM10).  
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These pollutants have several adverse health effects on living organisms, lands and 

crops, water, air, materials, etc (For detailed description of the health effects, see 

(Lynam and Pfeifer, 1991).  

 

Costs occur due to highway air pollution is not a straightforward task, since there are no 

substantial methods to narrow down the origins of the existing air pollution levels. The 

common problems in air pollution cost estimating are listed as follows: 

1. Air pollution can be local, trans-boundary or global. As the limits of its influence 

broaden, the cost generated goes up, and after a certain point it becomes cumbersome 

to track down (Table 3.15). For instance, CO, which is mostly produced by motor 

vehicles, has been long known for its effects on global warming, and the cost introduced 

is impossible to measure. Small et al (1995), concludes that:  

“the measurable costs of air pollution are high enough to justify the 

substantial expenditures to control vehicle emission rates, but can not by 

themselves justify drastic changes in the highway-oriented transport 

system that has evolved in most of the developed world.”   

2. Air pollution effects are not sudden. Namely, unless the pollution level is at 

intolerable amounts, the damage imposed on the human health, agricultural products 

and materials can be detected after years.  

3. Even if the influence of air pollution could be pinned down, to predict the 

contribution of highways requires several assumptions. The emission rates depend on 

several factors, such as topographical and climatic conditions of the region, vehicle 

properties, vehicle speed, acceleration and deceleration, fuel type and etc. The widely 

used estimation model is in US federal MOBILE software, which requires the above 

listed factors. Based on the input values, the program estimates emissions of each 

pollutant. However, the accuracy of this specific model and the other current models are 

negotiable (For more information see Small et al, 1995). 

4. Cost values acquainted with air pollution require a detailed investigation and an 

evaluation of people’s preferences and their willingness to pay in order to cover the 

adverse effects. Any unit value per pollutant can be negotiable to another researcher. 
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Table 3.15 Main Pollution Types  (Based on the information given in (Levinson et al, 
1996) 
 

Pollution Type Definition Severity 
Photochemical 
Smog 

It is a result of a reaction in the atmosphere 
among oxides of nitrogen, hydrocarbon and 
other pollutants in the presence of sunlight. 

Regional 

Acidic Deposition 
(Acid Rain) 

It is formed when sulfur dioxide and nitrogen 
dioxide reach with water to form sulfuric and 
nitric acid. 

Trans-
boundary 

Global Warming  It is increase in the amount of the gases, so 
called trace gases, which accomplish 
Greenhouse Effect (Warming the atmosphere). 
This excess gas amount causes an increase in 
the global temperature and disturbs the natural 
equilibrium.   

Global 

Stratospheric 
Ozone Depletion 

Due to manmade pollutants, the ozone layer, 
which reflects the harmful ultraviolet radiation, 
becomes thinner.   

Global 

 

In this study, we first will adopt an emission function to estimate the pollutant quantity 

generated by motor vehicles, neglecting the factors mentioned in (iii). Next, unit cost 

values of each pollutant are calculated based on the methods presented in the 

literature. Unit cost calculations will be based on NJ pollutant emission amounts 

reported by EPA. 

 

Basically, we need to find the emission rate (grams/miles) for the primary pollutants, 

namely VOC, CO and NOx.  Multiplying the emission rate with the total miles traveled in 

the network would give us the total amount emitted for each pollutant in NJ. The total 

cost is, clearly, unit cost values of each pollutant ($/grams) multiplied by the total 

amount emitted.  

 

The proposed emission function is based on fuel consumption. It is assumed that the 

amount of pollutant released during motor vehicle operation is proportional with the 

amount of fuel consumed. Fuel consumption function depends on vehicle and in 

quadratic form as follows (Ardekani et al, 1992). 
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Where, 

F = Fuel Consumption at cruising speed (gallons / mile), 

V = Average speed (mile/hr). 

The curve of this function is presented in Figure 3.9 below. It is seen that the 

relationship between speed and fuel consumption is nonlinear. The high percentages of 

fuel consumption at relatively low speeds can be contributed to the contingency of 

frequent accelerations and decelerations.   

 

The emission rates of each pollutant (grams per gallon) are 69.9 grams for CO, 13.6 

grams per NOx, and 16.2 grams for VOC (SYNCHRO User Manual). So the amounts of 

pollutants released (gr) per mile are calculated as follows: 

 

 

 

 

 

 

It is assumed that the emission rate of the pollutants and their concentration in the 

ground-level atmosphere are linearly proportional. This is called “linear rollback” 

concept. It states that for an x % reduction in emissions of a pollutant ground-level 

concentration will also diminish by x %. This concept is only valid for primary pollutants. 

As for the secondary pollutants, which occur due to the primary pollutants’ chemical 

reactions, the proportion is non-linear (Ball et al., 1991). 
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Fuel Consumption vs Average Speed
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Figure 3.9 Fuel Consumption vs. average speed 

 

The cost of air pollutants has long been investigated in the literature (Small, 1974, Small 

and Kazimi, 1995; Ottinger, 1990; Mayeres et al, 1996). There are three ways of 

estimating the costs of air pollution: Direct estimation of damages, hedonic price 

measurement (relates the price changes and the air quality) and preference of policy-

makers (pollution costs are inferred from the costs of meeting pollution regulations) 

(Small and Kazimi, 1995). 

Small and Kazimi (1995) adopt the direct estimation of damages method to measure the 

unit costs of each pollutants. The study differentiates the resulting damages in three 

categories: mortality from particulates, morbidity from particulates and morbidity from 

ozone. It is assumed that human health costs are the dominant portion of costs due to 

air pollution rather than the damage to agriculture or materials. Particulate Matter (PM10) 

19, which is both directly emitted and indirectly generated by the chemical reaction of 

VOC, NOx, and SOx, is assumed to be the major cause of health damage costs. Ozone 

(O3) formation is attributed to the chemical reaction between VOC and NOx.  

 

                                                                 
19 10 denotes the diameter of the particulate in terms of µm. 
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Rather than using the same unit cost values, we follow the method suggested in Small 

and Kazimi (1995) depending on the data availability. Small and Kazimi (1995) review 

the studies in the literature on the costs of mortality. They adopt the results given by 

Ozkaynak and Thurston (1987) and Evans et al (1984). They take the geometric mean 

of the results of these two studies to use as a mortality measure. These values are 

given in Table 3.16.  

 

Both the direct and the indirect emission of the PM10 should be considered and the cost 

created due to its indirect formation should be added to VOC and NOx unit costs. 

SCAQMD (1994) values will be utilized to consider the mortality effects of VOC and 

NOx. It is reported that 10.6% of the total PM10 formation in the air is due to direct 

emissions from motor vehicles and 4.4 % and 10.5 % of the amount is indirectly from 

VOC and NOx emissions, respectively (Small and Kazimi, 1995)  

 

Table 3.16 Mortality Rate values 

 PM10 Unit 
Ozkaynak and Thurston 
(1987) 

1.298 

Evans et al (1984) 0.338 

Deaths per 100,000 population for a unit increase 
in the concentration in µg/m3. 

 
Using the values given in Table 3.16, unit costs due to mortality are estimated as given 

in Table 3.17. 

Table 3.17 Mortality cost per ton for each pollutant type (2000 dollars) 

 VOC20 NOx
 CO21 PM10 

Mortality Cost per ton $2,779 $7,320 $15.21 $ 126,074 
 

                                                                 
20 EPA reported that the average PM10 concentration in NJ during the last 5 years is 28.08 µg/m3. If we 
use the SCAQMD values, 4.4% of this amount is due to VOC emissions, which is equal to 
0.044×28.08=1.236 µg/m3. According to Table 3.16, this results in life losses of 0.338×1.236=0.418 
(lowest value) and 1.298×1.236=1.604 (highest value) in an area with 100,000 population. Assuming an 8 
million population in NJ, the life loss values become 33.44 and 128.32. Assuming a $ 4.11 million life 
cost, the total mortality cost becomes $137.57 millions lowest and $528 millions highest. Again using EPA 
highway VOC emissions in NJ, 96,953 tons, the unit mortality costs of VOC become $1,418 and $5,446 
per ton. Using the geometric average of the lowest and the highest values, we get $2,779 per ton. NOx 
and PM10 values are calculated using the same method. (NOx emission is 148,905 tons per year in NJ. 
Source: EPA, 1996 estimates)   
21 Unit cost of CO is taken as it is given in Small (1977).  
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Small and Kazimi (1995) adopt the unit cost of morbidity due to ozone and particulate 

from the studies done by Hall et al (1992) and Krupnik and Portney (1991). We too use 

the same results for our morbidity cost estimation.  The resulting unit cost for each 

pollutant is presented in Table 3.18. 

 

Table 3.18 Cost of each pollutant type* 

 VOC NOx
 CO PM10 

Unit Morbidity Cost per ton22  $ 1,676 $ 3,039 n/a $ 6,542 
Unit Mortality Cost per ton $ 2,779 $ 7,320 $ 15.21 $ 126,074 
Total Unit Cost per ton $ 4,455 $ 10,349 $ 15.21 $ 132,616 

*Morbidity costs are taken from Small and Kazimi (1995) 

 

Based on the values given in Table 3.18, assuming an average speed of VA for a given 

road section with a traffic volume of Q (veh/hr), total air pollution cost is calculated using 

the equation given as follows: 

 

 

Where, 

CAIR is the air pollution cost in $/mile in one hour, 

ßCO, ßNOx, ßVOT, ßPM10 are unit cost values of the pollutants in $/grams (see Table 3.18), 

ECO, ENOx, EVOT, EPM10
23 are motor vehicle emissions of the pollutants in grams/gallons 

(see equations (55-57)), 

Q is the volume on the roadway section (veh/hr). 

 

Total Air Pollution Cost: Using equation (58) and the unit cost values given in Table 

3.18, the total air pollution cost per day is calculated as $ 712,382,140 for northern NJ 

highway network. This value once more reveals the fact that even the computable 

portion of air pollution is high. Using the annual vehicle miles traveled in northern NJ 

(43.626109 vmt), air pollution cost can be presented as $ 0.0163/vmt. Small and Kazimi 

                                                                 
22 A 1:1 reaction is assumed in the formation and the related cost of ozone production is distributed 
equally to VOC and NOx.  
23 Since we do not have a direct PM10 emission function, we will use gr. emission rate per mile in NJ. EPA 
reported that the PM10 emission due to highway transportation is 5131.123 tons in NJ in 1996. NJDOT 
estimated the total miles traveled in NJ as 62.164109 miles during the same year. Thus, the PM10 

emission becomes 0.0825 gr/mile.    
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(1995) estimated an air pollution cost of $ 0.033/vmt for Los Angeles region in their 

studies. This comparison indicates that our estimated value is within a reasonable 

range. 

 

Marginal Air Pollution Cost: Fuel consumption function given in equation (54) is a 

function of speed, V, thus a function of traffic volume, Q. The speed-volume function 

used is given as follows: 
5.0

0 1. 
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C
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Where, V0 is taken as 65 miles/hr. So, in equation (58), ECO, ENOx, EVOT will be 

dependent on Q. The marginal cost with respect to volume is calculated as follows.  

 

 

 

 

Where, MCAIR is measured in $/mile per hour; and F is calculated by equation (54). 

 

Discussion: We believe that the values given here and elsewhere in the literature 

underestimate the real cost of air pollution, since its effects are much more pervasive 

than the dollar values could ever represent. In our case, we tried to adopt the unit cost 

calculation of each pollutant given in the literature and calculated air pollution cost 

based on northern NJ traffic data. Better results can be obtained if the followings 

conditions are satisfied: (i) PM10 emission function for motor vehicles should be 

obtained. (ii) Percentage of other pollutants in the indirect formation of PM10 should be 

measured for NJ (In our calculations, we utilized the values given in SCAMQD, which 

represents the percentages in CA). (iii) Traffic data for the entire NJ should be available 

as well (The total value given above only represents northern NJ network. Also, since 

the network does not comprise every roadway in NJ, the calculated cost does not 

include the air pollution cost caused in local roads).  
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3.4.2 Noise Pollution 

“The same factors, which have brought us air pollution in crisis proportions, 

namely increasing population, urbanization, industrialization, technological 

change, and the usual relegation of environmental considerations to a position of 

secondary importance relative to economic ones, have also brought us the noise 

phenomenon” (Anthrop, 1973).  

Since the beginning of the enormous increase in auto usage after 1950s and the 

increase in manufacturing of commercial vehicles highway transportation has been one 

of the major sources of the noise pollution today. As we mentioned earlier in the air 

pollution section, we may again make another bold assumption and claim that the level 

of noise pollution is proportional to the progress in economic activities.  

 

Unlike air pollution, noise pollution is not lasting; obviously the part generated by 

highway transportation could be mitigated all at once if there were no motor vehicles. 

However, since it is unrealizable to interrupt the operation of highway system, instead, 

numerous precautions are taken by using noise control techniques. A common 

precaution is the construction of noise walls alongside the highways so that the noise 

can be confined inside the roadway section. Also the adverse effects of noise pollution 

(due to highway operation) are less detrimental than those of air pollution, and rarely 

result in severe health problems. Its effects are to be reviewed in detail later in this 

chapter.  

 

Another discrepancy between noise and air pollution is that noise is a technical problem 

that the ordinary citizen has difficulty in understanding. Namely, victims cannot appraise 

the degree of noise pollution as s/he can as in air pollution, thus they cannot demand a 

remedial action from the government about the aural assault s/he is subjected to 

(Anthrop, 1973).   

 

Noise is usually defined as undesired sound. The extent where a sound gets annoying 

and disturbing is subjective. For example, a sound that one observer considers as loud 

may not be deemed as much loud by another observer.  
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Amplitude  

1-Cycle  

 

There are several methods that have been performed to define noise in a numerical 

range, so that any noise source can be examined as it is heard by a human ear. In the 

next subsection we give a brief definition of basic concepts on acoustics and commonly 

used noise measurements. 

Acoustical Terminology 

Sound is the result of a source setting a medium into vibration (Cheremisinoff. and 

Ellerbusch, 1982). These vibrations yield waves of certain frequency and amplitude 

(See Figure 3.10). Frequency is defined as the number of cycles per second, and its 

unit is hertz (Hz). Amplitude is defined as the highest-pressure difference in magnitude 

when a sound is generated. Amplitude is directly related with the intensity (power) of the 

sound. As the power of the sound increases the waves transferred have higher 

amplitudes and frequencies and the sound is conveyed to a longer distance.  

 

The unit of sound pressure is defined by dynes /cm2. Usually instantaneous pressures 

are not used in sound measurements, instead root-mean-square values are referred. 

RMS pressure values are described by the following equation (Roberts and Liu, 1997). 

 

 

 

 

 

 

 

 

 

 

Figure 3.10 Elements of a sound wave 

 

 Where Pr stands for the RMS sound pressure at a distance r from the source, and Po is 

RMS pressure at a unit distance from the source.   

rPP Or /=  

 

 (60) 
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Sound intensity is defined as the power of the sound over a spherical surface and its 

unit is given by watts/cm2.  So sound intensity at a distance r from the source is: 

  

 

It is noticeable that if the distance to the source is doubled, intensity decreases to the 

quarter of its value. Table 3.19 presents some familiar noise sources and the 

corresponding powers. 

 

Table 3.19 Several familiar noise sources and their equivalent powers (Crocker 
et al, 1975) 

Noise Source Acoustic Power  (W) Decibels (dB)  
Saturn Rocket 100,000,000 200 
Jet Airliner 50,000 167 
Propeller Airliner  500 147 
Auto on Highway 0.01 100 
Conversational Speech 0.00001 70 
Whisper 0.000,000,001 30 

 

The acoustic power values presented in Table 3.19 adverts the fact that the magnitude 

of noise power is high for practical applications.  In order to resolve this inconvenience 

of the wide range, intensity level (L), which transforms the values in a logarithmic scale, 

is introduced. So the L value of a source with an acoustic power of W (watts) at distance 

r is calculated as follows. 

 

 

The unit of L is decibels (dB). Iref is the reference intensity, which is generally given as 

10-12 watt/m2. So, the function becomes: 

 

 

The logarithmic scale is proven to be easily used, and it better reflects the response of 

human ear.  

 

2..4/ rWIr π=  

 

(61) 
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In addition to frequency and power level, loudness is another noise character that 

effects the degree of its annoyance. People are less sensitive to sounds of low 

frequency, such as 100 Hz, than to sounds of higher frequency, such as 1000 Hz.  

Moreover, at higher frequencies, as 8000 Hz, sensitivity decreases (Taylor and 

Lipscomb, 1978). Thus loudness compensates this subjectivity. Although loudness itself 

is a subjective attribute, after several studies, unit loudness levels are determined in 

terms of frequency and intensity level. However, loudness measurement is somewhat 

time consuming and not suitable for practical purposes. Hence, simpler methods are 

developed to simulate the real behavior of human ear. Weighting Networks are the most 

commonly used method of rating noises. There are 4 different weighting techniques, 

namely A, B, C and D weighting curves (Figure 3.11). 

 

A-weighting technique is adopted in many noise measurements, since it best simulates 

a human ear at low frequencies. The A-curve stresses higher frequencies of range 1000 

Hz to 5000 Hz and disregards lower frequencies. When any of these techniques are 

used, the resulting acoustic power level is denoted according to the curve name, for 

example dB (A), dB (B), etc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Weighting Curves 
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Duration is another characteristics of noise. The intensity of noise is not always constant 

with respect to time; most of the environmental noises vary with time. In order to 

measure the equivalent noise intensity over time, several methods have been 

developed in the literature. Among these methods Equivalent Sound Level (Leq) concept 

is widely used in noise measurements.  If we assume that the intensity change over 

time is a discrete function, Leq can be calculated using the following equation: 

 

 

The concept is basically taking the weighted-average of varying sound intensity over 

time. ti denotes each duration and n is the number of time fragments. 

 

Numerical Example 

Suppose we are given 5 different noise levels from several sources over several time 

periods and we want to calculate the total noise level of these values, as a normal 

person perceives. (It is assumed that all of the noise sources are at the same distance 

from the observer) 

 

Sources Frequency (Hz) dB Duration (hr) 
Source 1 125 104 1 
Source 2 250 97 2 
Source 3 1000 85 1 
Source 4 2000 80 0.75 
Source 5 8000 70 0.50 

 

First step is to convert the sound levels to A-weighted characteristics using Figure 3.11.  

dB A-Weighting Response Adjusted Level dB(A) 
104 -16 88 
97 -8.5 88.5 
85 0.5 84.5 
80 2.0 78 
70 -1.5 68.5 

Second step is to calculate the equivalent sound levels for each source in a one-day 

interval using equation (64). 
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The inconvenience in using the logarithmic scale for sound levels measurements is that 

when there is more than one source the total noise level can not be calculated directly 

by summation. An easier procedure to add up the values without using the intensity 

levels (L) is as follows: Suppose we have two values in decibels. Subtract the smaller 

value from the larger one and find the corresponding decibel value in Table 3.20. Then 

add this value to the larger value. For example, if the first source causes a noise of 62 

dB and the second one causes 56 dB, the difference is 6 dB. From Table 3.20, the 

amount to be added is found as 1.0. So the total noise level is calculated as 63 dB.  

 

So if we put the values in a descending order, we have 77.71, 74.20, 70.70, 62.94, 

51.68. 

 

So the total noise level of the 5 sources is calculated as 79.96 dB(A).  

 

 

96.79

68.51

96.79

37.71
94.62
70.70

31.79
20.74

71.77
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Highway Noise Costs  

Motor vehicles are the sources of noise in highway transportation. The noise generated 

by traffic has more complex characteristics than that of a single noise source. There are 

several traffic and roadway factors, which effect the noise level measurements. These 

factors, and several other subjective criteria related to cost calculations are enumerated 

below. 

Table 3.20 Summation of two Decibel Values (Roberts and Liu, 1997) 

Difference between  
two decibels values 

Amount to be added  
to the higher level 

0 3.0 
1 2.5 
2 2.0 
3 2.0 
4 1.5 
5 1.0 
6 1.0 
7 1.0 
8 0.5 
9 0.5 

10 0 

 

Traffic and Roadway Factors 

1. Traffic Volume: As it is covered in the numerical example above, the noise level 

rises as the number of sources increases.  

2. Traffic Characteristics: It is clear that the noise caused by heavy vehicles is more 

than that of passenger cars. For example, Galloway et al (1969) reports that a diesel 

truck produces an A-scale noise level of 82 dB(A) at 50 ft from the highway. It would 

take 30 passenger cars having 67 dB(A) run together to produce as high noise level as 

that of one truck.  

3. Roadway Surface: The rougher the pavement is the higher noise level created, 

especially by trucks. Also, a wet roadway is noisier than a dry one.  

4. Traffic Speed: Noise level increases with the increasing traffic speed.  

 

Subjective Factors   

1. Time of the day: Obviously, people are more sensitive to noise during the night- 

time than during the daytime. Thus EPA recommends an additional 10 dB(A) for night-

time (10 p.m.-7 a.m.) noise measurements to justify this factor.  
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2. Land Characteristics: Since the noise cost is directly proportional with the 

number of people affected, a more densely populated land will apparently have more 

number of people disturbed by noise, thus incur higher noise costs.  

The monetary cost of highway travel should include annoyance due to intermittent or 

continuous noise levels, which results in decreased effectiveness in the work 

environment and psychological problems in daily life, also the loss of hearing ability and 

house value depreciation alongside highways. Although these adverse effects are 

proven to exist by several tests performed on the residents living nearby the highways; 

however, it is not possible to assess the monetary values of these problems. As it is 

mentioned before, these people are not even aware of the circumstances they have 

been through. Most of the time, people are aware of the noise around them, but unless 

it is intermittent, they can quite neglect it, since they are used to the constant daily 

noise.  

 

On the other hand, the monetary evaluation of noise effects can be performed on house 

values. It is clear the houses nearby the highways are relatively cheaper than the 

houses away from the highways (See Figure 3.12). This is an indisputable fact. Even if 

the prices of the two houses are equal (assuming all the other attributes remain the 

same), people pick up the one away from the highway. We can define this behavior as 

the willingness to pay for a better environment.  

 

 

 

 

 

 

 
 

Figure 3.12 House Value Depreciation vs. Distance to Highway 
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Suppose, if each increase in the noise level with respect to distance results in a 

depreciation value of W, using equation (60) and (61) we can relate W to the distance, r 

as follows.   

 

 

The difficulty in measuring the depreciation cost of a property due to highway travel is, 

there are several attributes of properties, and distance to the highway is only one of 

them. Attributes such as quality of the environment, accessibility, safety of the 

neighborhood, physical conditions of the house are other dominant factors in assessing 

the value of a property. So, a precise data collection must fix the other factors constant 

and observe the changes in the prices with respect to noise levels.   

 

Nelson (1982) performed a study on the house value depreciation due to highway 

noise, utilizing hedonic price model. Nelson (1982) defines the model as follows: 

“hedonic price attempts to explain equilibrium wi llingness to pay in terms of a set of 

characters and attributes of the product”.  The study uses the results of nine studies and 

takes the average of their NDSI (Noise Depreciation Sensitivity Index) values. NDSI is 

defined as the ratio of the percentage reduction in the house value and the change in 

noise level. The average is presented as 0.40 %.  

So the house value depreciation can be defined as follows: 

 

 

Where,  

ND = Depreciation due to noise, 

Nh = Number of houses effected (number of houses per acre), 

L = Equivalent Noise Level (dB(A)), 

Lmax = Maximum acceptable noise level (dB(A)), 

D =Percentage discount in value per an increase in the ambient noise level (0.40 %).  

Wavg = Average house value ($).  

Lmax can be defined as the lower bound of annoyance. Any sound louder than this value 

is perceived as a disturbing sound. We assume this value as 50 (dB(A)), which 

avgh WDLLNND .)..( max−=   
 

(66) 
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drRDNh ...2=  (68) 
 

corresponds to normal conversational speech level. So, it is assumed that whenever the 

ambient noise level around the highway exceeds this value, it causes a reduction in the 

house values at a certain distance from the noise source. We will adopt the value given 

in Nelson (1982), 0.40 %, per ∂L. So, the noise cost depends both on the noise level 

and on the value of the house. 

 

Equivalent noise level function with respect to distance to the highway and the average 

speed of the traffic is given in Galloway et al (1969) in the following form24. 

 

 

Where,  

Q = Traffic flow (veh/hr), 

r = Distance to the highway (feet), 

V = Average speed of the traffic (mph). 

In order to consider the effects of heavy vehicle percentage in the traffic the table given 

in Galloway et al (1969) will be referred (Table 3.21). 

Number of houses affected by noise (Nh) can be calculated by multiplying the average 

residential density (RD) around the highways by the distance to the highway and the 

length of the highway section (d)25.  

 

In order to observe the change in the depreciation amount in a single housing unit with 

the change in traffic speed we assume an average traffic flow of 6000 veh/hr (without 

heavy vehicles) and 50ft distance to the highway (See Table 3.23). Due to the lack of 

data on the residential density around the highways, in noise cost calculations we 

assume 2500 residential units per mile-square. As for the average house value, we 

converted the values in 1990 Census Data to 2000 dollars assuming a 3.5 % inflation 

rate (Table 3.22). 

 

                                                                 
 
24 This function is only valid for the vehicle flows above 1000 veh/hr. 
25 The multiplication by 2 in equation (68) is for calculating the number of housing units on each side of 
the roadway. 

20log.20log.10log.10 ++−= VrQLeq  
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The same relation is observed one more time with 10 % heavy vehicle in the traffic. 

Referring to Table 3.21, an additional 4 dB(A) is added to the calculated noise level and 

the depreciation in the house value is calculated accordingly (Table 3.24). Also, noise 

cost variation with the increasing speed for traffic volumes with different heavy vehicle 

percentages is calculated and the resulting cost curves for each combination is plotted 

(Figure 3.13).  

 

Table 3.21 Effects of Truck Percentage in the Traffic 

Heavy Vehicles %  Additional dB (A) 
0 0 

2.5 1 
5 2 

10 4 
20 8 

 
 
 

Table 3.22 Housing Value in NJ 

Value Range $ 
Lower Value Quartile  158,410 
Median Value 228,940 
Upper Value Quartile  317,385 

 
 
 
 

Table 3.23 Depreciation vs. Average Traffic Speed for passenger cars 

Speed (mph)     10       20         30        40       50        60       70 
Depreciation ($) 9882.7 15396.1 18621.3 20909.5 22684.5 24134.7 25360.8 

 

 

 

Table 3.24 Depreciation vs. Average Traffic Speed with 10% trucks 

Speed (mph) 10 20 30 40 50 60 70 
Depreciation ($) 13545. 19059.2 22284.3 24572.6 26347.5 27797.7 29023.8 
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Figure 3.13 House Value Depreciation with increasing Traffic Speed (Distance to 

highway is 50 ft) 

 

Total Noise Cost: For a total noise cost calculation for NJ, we use the northern NJ 

loaded highway network provided by NJDOT. For every link in the network, we have the 

information on volume and speed. However, for the inputs such as residential density 

around highways and distance range, we need to make several assumptions.  

Assumptions: In order to calculate the noise level around the link we take a distance 

range of 50 ft to the distance range where Leq is equal to Lmax= 50 dB(A). In other words 

in noise cost calculations we take the maximum area where the generated noise is 

effective. As for the residential density, in the network file, urbanization degree of the 

area where the link is located can be identified. Urbanization is grouped into four in the 

database: Central Business District (CBD), urban, suburban and rural. The assumed 

residential density for each urbanization group is given as follows: CBD= 4/acre, 

Urban=3/acre, Suburban=2/acre and Rural= 1/acre.  

 

Based on the assumptions given above, total noise cost is derived by using equation 

(66) as follows. 
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Where, 

Cnoise is total noise depreciation in house values around a highway of 1-mile ($/mile), 

D is the percent depreciation in the house value with the increase in the ambient noise 

level, 

Wavg is the average house value 

RD is the residential density around the highway (number of housing units per mile2)  

 

Using equation (69), we calculate a total highway noise cost of $5,348,974,450 for 

northern NJ. This value reflects the noise depreciation value in the housing units over 

their lifetimes. Assuming an average life- time of 50 years for a single housing unit, and 

an interest rate of 3.5%, the annual noise cost becomes $228,048,177. This cost can be 

presented as $ 0.0052/vmt using the annual VMT value for northern NJ. 26 

 

The comparison of our results with the results given in the literature is presented in table 

3.25.  

Table 3.25 Comparison of Noise Cost Results27 

 Ozbay et al  Levinson et al (1996) Haling and Cohen (1996) 
Average Cost  $ 0.0052/vmt $ 0.0114/vmt $ 0.0045/vmt 

It is noteworthy to mention that the noise costs are highly sensitive to assumptions. Any 

change in the residential density, the average traffic volume, the average speed, the 

heavy vehicle percentage and Lmax effects the values presented above. The results 

calculated for various scenarios are given in Tables 3.26 and 3.27.   

 

The distance range (r), used for noise cost calculations has to be selected specific to 

the highway network properties and the residential distribution of the area. In utilizing 

equation (69), there is always a possibility of overestimation. As mentioned earlier, 

noise levels are in logarithmic scale and cannot be summed up for two noise sources. 

Thus, if a house is affected by more than one roadway, equation (69) linearly adds the 

noise levels generated by each highway, which results in overestimated noise costs. 

                                                                 
26 VMT traveled for northern NJ is 43.626109 per year (Source: NJDOT Database). 
 
27 The values presented in Table 3.25 are based on the assumptions made in each study. All the values 
are converted to year 2000 values, assuming a 3.5% inflation rate.  
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Marginal Noise Cost: Marginal cost can be obtained by taking the derivative of 

equation (69) with respect to volume (Q). Equation (70) gives the marginal cost of an 

additional volume per mile over so many years (Vo is taken 65 mph)28. 

 

 

 

 

Discussion: Our noise cost analysis is dependent on the network information that is 

given on a link basis. Hence, this detailed information enables us not to make bold 

assumptions on speed volume and the distance range. However, better results can be 

obtained if the residential densities are available for each urbanization degree. In our 

case, the results are based on the housing units assumptions, and how these 

assumptions might affect the cost results can be seen in Tables 3.26 and 3.27. It should 

be noted that the network wide noise cost is quite higher than the cost value based on 

one roadway section. Our results and the results of the other studies in the literature are 

in the same range, but do not quite match as it is seen in Table 3.25. Although our 

assumptions made on several variables are not in full agreement with theirs; however, 

the difference, we believe, is more in the method of cost calculation. Our average cost 

value is calculated based on a network; on the other hand Levinson et al (1996) and 

Haling and Cohen (1996) estimates the cost for a section of roadway with a constant 

daily traffic volume. This gap in the cost range disappears in Tables 3.26 and 3.27, 

where the costs are calculated for a road segment, with constant traffic volumes.  

 

 

 

 

 

                                                                 
28 Note that in the derivation of equation (70) with respect to volume, Q, the Leq term in the function 
depends on Q, both by Q itself and by speed, V (See equation (67). Hence, the derivation has to be done 
accordingly.  
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Table 3.26 Average Costs per VMT at 50-1500 ft range for Several Residential 
Densities 

Distance Range = 50ft – 1500 ft 
 Residential Density: 1 Residential Density: 2 

Volume (veh/hr) 
1000 
2000 
3000 
4000 
5000 
6000 
7000 

Average Cost ($) 
0.00905 
0.00561 
0.00416 
0.00334 
0.00281 
0.00244 
0.00216 

Average Cost ($) 
0.018100 
0.011200 
0.008320 
0.006686 
0.005627 
0.004878 
0.004319 

 Residential Density: 3 Residential Density: 4 
     1000 

2000 
3000 
4000 
5000 
6000 

0.00362 
0.02242 
0.01663 
0.01337 
0.01125 
0.00956 

7000 

0.02715 
0.01682 
0.01248 
0.01003 
0.00844 
0.00732 
0.00648 0.00864 

 

Table 3.27 Average Noise Costs per VMT at 50-3500 ft range for Several Residential 
Densities29 

Distance Range = 50ft – 3500 ft 
 Residential Density: 1 Residential Density: 2 

Volume (veh/hr) 

1000 
2000 
3000 
4000 
5000 
6000 
7000 

Average Cost ($) 
0.01566 
0.0104 
0.0079 
0.0065 
0.0055 
0.0048 
0.0043 

Average Cost ($) 
0.03133 
0.02081 
0.01588 
0.01297 
0.01104 
0.00965 
0.00860 

 Residential Density: 3 Residential Density: 4 
1000 

2000 
3000 
4000 
5000 
6000 
7000 

0.04699 
0.03121 
0.02381 
0.01946 
0.01656 
0.01448 
0.01290 

0.06266 
0.04161 
0.03175 
0.02595 
0.02208 
0.01930 
0.01720 

 

 

 

 

                                                                 
29 Both in tables 3.26 and 3.27, the average speed is taken as 35 mph and the heavy vehicle percentage 
is 10 %. 
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4 MARGINAL COST ESTIMATION 

The objective of this project is to develop a comprehensive methodology to estimate the 

total and marginal costs of highway transportation in NJ. In this study, the possible cost 

categories are determined and their cost functions are estimated using NJ specific data.  

 

Full marginal cost estimation is the major goal of this study. Basically, we want to 

determine the cost of an additional trip in the highway system. This information can be 

used to determine the effective pricing policy and to compare different policy decisions. 

 

Although the idea of working with marginal costs has been stressed for years, most of 

the studies in the literature are mainly focused on average costs rather than marginal 

costs. There are a limited number of studies in the literature that try to handle all the 

cost categories with dynamic cost estimation methods. Furthermore, even a fewer 

number of them are dealing with the marginal cost estimation (Levinson et al, 1996, 

Mayeres et al 1996, Mun, 1994). However, it seems that the way we conceive the 

marginal cost concept and the solutions presented in these studies as to how to 

calculate marginal costs for a highway network are not in full agreement. 

 

In most of the studies, marginal costs are estimated in per distance basis. However, in 

our study, we preferred to develop the cost functions based on number of trips due to 

the need for using final output measures as opposed to intermediate output measures 

as defined in Berechman and Genevieve (1984). This is the first discord. The reason 

why we choose per trip as an output measure to represent marginal costs is explained 

in detail in our project report. Here, our question is not about the definition of the output, 

but instead, about how to apply the marginal cost rule for the entire traffic network. This 

is the second and we believe, the most significant discord, and it will be explained in the 

following section. 

 

The following section is a summary of our discussions on how to determine the marginal 

costs for a traffic network. We will first present the basic definition and explanation of 

marginal cost. Using numerical examples, we will apply the marginal cost concept on 
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sample networks and motivate the definition of the problem using the outcomes of these 

examples. 

 

4.1 Problem Definition 

 

4.1.1 Marginal Cost Definition 

Marginal Cost is defined as the cost of an additional unit of output. In highway 

transportation, this output can be miles, vehicles or trips. While producing an extra unit 

of this output, a cost associated with it arises. For the sake of simplicity, let us assume 

that the cost of traveling varies with the traffic volume while the other factors remain 

constant.  

 

Figure 4.1 Highway Link 

 

In an isolated roadway shown in Figure 4.1 that connects nodes A and B, the travel cost 

of one user is given as f(Q). The total cost of travel on this highway is thus Q.f(Q).The 

total marginal cost of travel in this roadway can be derived as follows. Suppose, we 

send an extra unit number of trip, ε, between A and B. The demand between the zones 

then becomes Q + ε and the total marginal cost of traveling on this roadway one extra 

unit increase in the output can be calculated as, 

 

 

Equation (71) corresponds to the derivative of the total cost function at Q.   

 

 

 

In the literature, marginal cost is calculated using a cost function specific to a segment 

of roadway and the summation of this quantity for the entire network is presented as the 
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total marginal cost of the system (Levinson et al, 1996; Mayeres et al, 1996). For 

example, if the link that connects zone A and B is 5 miles long, the marginal cost is 

given in a “per miles traveled” form as MCA-B/5. Then, this value is multiplied by the total 

miles traveled in the network, and the result is presented as the “total marginal cost.” 

We believe that this method is untroublesome and informative, yet not the best method 

to estimate the marginal cost in a network-wide context. Furthermore, depending on the 

shape of the cost function, it can overestimate marginal costs, thus it will no longer 

remain informative.  

 

4.1.2 Network-Wide Marginal Cost Estimation 

In the network-wide case, the marginal cost concept presented above is not fully 

applicable, since user decisions come into picture. In Figure 4.1, there is only a single 

route between two nodes, and the users must use this route to travel from A to B. 

However, in the network case, when there is more than one choice, the user is inclined 

to choose the most attractive route to travel. In other words, s/he selects the route that 

maximizes his/her utility. This decision process is accomplished without the cooperation 

with the other users. Drivers individually choose their routes in the network based on the 

maximum utility criteria (or minimum cost, if we assume that all the users are identical) 

and as a result, the system reaches a point, where no user can reduce his/her travel 

cost by switching routes. This point is called as the user equilibrium.   

 

This user equilibrium phenomenon can be represented as follows (Oppenheim, 1995). 

 

 

 

 

Where, Dr,s,k is travel cost, (r, s) are origin-destination pairs, and k stands for the 

possible routes between each origin-destination, and k* stands for the minimum cost 

route. This statement implies the fact that travel demand on k will be greater than 0, 

only if k is the minimum cost route. So, in the sample network shown in Figure 4.2, 

where nodes A and B are connected by two routes, if both of the routes are utilized, 
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according to the definition in equation (73), the costs of traveling on these routes have 

to be equal, since both routes must be the minimum cost routes.  

 

  

 

  

  

  

Example 1 

 

Suppose the travelers choose their routes based on travel time costs, and travel 

function on each link on the sample network shown in Figure 4.2 is linear, given as 

follows. 

 

 

If we apply equation (74), the flows on each link can be generalized as: 

 

 

 

 

 

And the total cost of the system is calculated as ... )f(QQ)f(Q QTC jjii +=  

 

If the demand of flow from zone A to zone B is 10 trips, and a= 1, k = 21 and m = 15, Qi 

will be equal to 2 vehicles and Qj equal to 8 vehicles. In this case each route is the 

minimum cost route and the cost of travel on each route is equal to 23. The total cost is 

46. 

 

If the demand is 5 trips, then nobody uses the link i (Although Qi is calculated as  -0.5, 

the lower bound of the flow is constraint to zero). This is a user-equilibrium condition as 
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well, since even if all the users drive on link j, they all minimize their cost of travel, which 

is equal to 20.5. 

 

 

 

 

 

 

 

 

 

Figure 4.2   Sample Network 

 

It is noteworthy to mention that although we deal with full costs of travel in general, in 

this example traffic assignment, users are assumed to choose their routes based on 

solely travel time costs. Since the ultimate idea of traveling is to reach desired 

destinations as quickly as possible, only time costs is included in utility maximization 

process. Besides, the entire idea of marginal cost pricing is to charge the costs that 

each user imposes on the rest of the traffic. In other words, marginal cost pricing 

assumes that users realize only the direct costs that they experience. In short, within the 

direct costs, time cost is the criterion of utility maximization.       

 

As mentioned earlier, marginal cost is the cost associated with an additional unit of 

output in the system. Thus, in the sample network shown in Figure 4.2, the additional 

unit appears in the number of demand from zone A to zone B; not in the number of 

vehicles traveling on each link. Whenever an extra unit of demand is introduced in the 

system, the equilibrium conditions explained in the example 1 will no longer be valid. 

The system becomes, so called, unstable. In other words, users will intuitively realize 

that the route that they are traveling on is no longer the minimum cost route in terms of 

travel time. Hence, they will modify their traveling patterns until the system reaches its 

equilibrium state again. We call this phase as the Equilibrium II. Obviously, as the flows 
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on each link take on different values, link travel time costs change. Thus, the marginal 

cost of the system given in the numerical example 1, can be calculated as the difference 

in the total costs of the Equilibrium I and the Equilibrium II.  

 

Example 2 

 

Let us denote the additional demand between zones A and B by ε.   

When the system reaches the user equilibrium again, the equation (75) becomes: 

 

 

 

 

Thus, the marginal cost of the additional demand, ε is calculated as: 

 

 

 

 

This value can be defined as the system marginal cost (SMC). If we were to calculate 

the marginal cost link by link as it has been done in the literature, it would yield the 

following marginal costs for each link for a unit increase ε in their traffic volumes. 

 

           

 

 

 

So, the system marginal cost of the system becomes, 
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Figure 4.3  Sample Network 

 

The SMC obtained in equation (80) is not equal to the SMC given by equation (77). 

Basically, the reason why the two marginal costs differ from each other appears in the 

traffic assignment concept. That is to say, when a unit of demand is introduced to the 

network, each route shares this additional unit proportionally. Obviously, the amount 

added to each route is smaller than the total amount added to the system. Therefore, 

whenever the marginal cost of each link is calculated as in equations (78) and (79), it is 

assumed that each link is loaded with the same amount as the unit demand added to 

the system. 

 

Moreover, the distinction between the two marginal costs varies depending on the 

shape of the cost function and the size of the network. At the network level, the user 

equilibrium can be stated in the following form (Sheffi, 1985): 
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fkrs=Flow on route k, connecting O-D pair r-s, 

ta= Travel time on link a, 

xa=Flow on link a, 

drs
a,k= Indicator variable: drs

a,k=1, if link a is on path k between O-D pair r-s, : drs
a,k=0, 

otherwise. 

 

Obviously, when a real network with many O-D pairs and routes are considered, 

calculation of the network-wide marginal cost is not as straightforward as in the example 

network, due to the following reasons. 

• Do we have to add an extra demand between every origin destination pair? 

• Or do we have to pick one O-D pair and add the extra unit of demand 

between this pair? If the answer is “yes,” then which pair? 

• What is the effect of this extra unit of demand to the overall network 

equilibrium? In reality, does the addition of one extra flow (demand) to a large 

network effect the overall equilibrium condition?  

To simplify these issues, we propose a new methodology to estimate the system 

marginal cost within a reasonable accuracy range in a network setup. Our proposed 

solution to this problem is presented in the following section. 

 

4.2 Proposed Solution 

In this proposed solution, we assume that the additional flow in the system does not 

disturb the existing flow patterns in the network. We propose to add the additional flow 

between a selected O-D pair, on its shortest route, and calculate the marginal cost 

accordingly. Henceforth, we call this marginal cost as one-route marginal cost (ORMC). 

We are aware of the fact that the resulting value is not the same as the actual SMC. 

Given the relatively small network and the size of the additional demand, namely the 

extratip between a given O-D pair, we can assume that our methodology will be a valid 

one. For example, in the example 2, at Equilibrium I both routes are utilized, thus either 

one can be chosen as the shortest route. Suppose that after Equilibrium I, the extra 

demand ε is added on route i. Then ORMC is calculated as a.Q+m. If the additional 

demand is assigned on link j, ORMC becomes a.Q+k. On the other hand the actual 
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system marginal cost is a.Q + (m+k)/2. Depending on the value of k, ORMC could be 

greater or less than the actual value. In other words, ORMC ? SMC, for m ? k. This is 

true for a network of large size with non-linear cost functions. However, ORMC could be 

greater or less than the SMC, depending on the size of a real network and the shape of 

the travel time function. 

 

The idea of estimating network-wide marginal costs was first introduced by Jara-Diaz et 

al. (1992), in the context of freight network in Chile. As shown in Figure 4.5, our 

methodology for estimating network marginal costs is similar to this in the sense that it 

deals with marginal costs along the shortest routes for individual O-D pairs in the 

network. We also group O-D pairs according to several qualitative factors.  Jara-Diaz et 

al (1992) listed several quantitative and qualitative factors that affect the marginal cost 

of transportation. These factors are operational factors related to O-D pairs: (i) level and 

variance of demand flow, (ii) traffic conditions, (iii) factors induced by movements 

between other O-D pairs; and physical factors related to O-D pair: (iv) topography, (v) 

climate and (vi) characteristics of the corresponding right-of-way. Jara-Diaz et al (1992), 

instead of including all these factors in the marginal cost function –which would not be 

practical-, accounts only the quantitative factors, such as distance, volume and the 

influence of the other O-D pairs in the cost formula. They group the observations based 

on the qualitative factors and develop separate marginal cost functions for each group. 

Although Jara-Diaz et al (1992) deals with freight transportation, the idea of decreasing 

the number of qualitative variables in the cost formula by separating the observations is 

what has been neglected in the literature and quite applicable to our case. 

 

As mentioned above, marginal cost quantity varies with “where” and “when” the 

additional trip is introduced: It is quite obvious geographic conditions cannot be 

influencing factors for NJ in the marginal cost calculations due to the fact that NJ is 

geographically a small state. As far as the data availability is concerned, the notable 

factors are:  

1. Distance between O-D pairs  
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2. Functional Type percentage of the shortest routes between O-D pairs (interstate, 

freeway, arterial, etc.), 

3. Residential Density of the areas where the shortest routes are located (CBD, 

urban, suburban or rural),     

4. Time of the day (peak hours or off-peak hours).  

Thus, we propose to calculate ORMC for several O-D pairs and to group them 

according to the factors listed above by using the loaded Northern NJ highway network 

file provided by NJDOT. The average value of each group is assumed to closely 

represent the actual SMC.  

 

The Northern NJ highway network is shown in Figure 4.4. It consists of 5,418 nodes –

1,451 of which are zonal nodes- and a total of 15,387 links connecting them. Shortest 

paths between each zone are determined by a computer program coded in Avenue 

language30 based on Pape and Moore shortest path algorithm. Each link in the loaded 

network has link properties, such as distance, functional type of the highway, residential 

density, travel time, county name, traffic volume, etc. Thus, every time a shortest route 

between two zones is determined, its desired characteristics will also be extracted by 

the program. As for the time of the day, we already the loaded network for peak and off-

peak hour traffic volumes; hence we just need to repeat the same process for these two 

time intervals.  

 

The developed computer code is capable of determining the shortest routes from one 

zone to the rest of the zones in one run. So as to complete the entire network we need 

to run the same program with different origin zones for 1451 times. However, 

considering the size of the network, this process would take quite a long time.31 Hence, 

we decided to select several origin zones from each county in northern NJ32. 

The flowchart of this process is shown in Figure 4.5. 

                                                                 
30 Avenue is an object oriented programming language used to create user interface for ArcView GIS.  
31 Along with the main nodes (zones) there are 3,967 intermediate nodes in the network file. These 
intermediate nodes slow down the run time considerably. 
32In one run, 1,450 shortest routes and their corresponding ORMC values are determined. We decided to 
select one origin from each county. Since northern NJ includes 13 counties, our network analysis results 
18,850 different ORMC values in total, which we think, would suffice for our study. 
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Figure 4.4 Northern NJ Highway Network 
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Figure 4.5 ORMC calculation process 
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5. RESULTS OF THE MARGINAL COST ESTIMATION ANALYSIS & 
CONCLUSIONS 

 
For one-route marginal cost (ORMC) estimations explained in Section 2 of this paper, 

we selected one origin in each county in Northern NJ. ORMC values are calculated for 

the shortest routes between these selected O-D pairs. In this process, we employed the 

marginal cost functions developed for each cost category as presented in Section 3. 

The generalized cost formula used in ORMC calculations is given below. 

 

 

 

Where,  

FMC: Full Marginal Cost ($/trip) 

MCopr: Marginal vehicle operating cost ($/trip/mile), 

MCcong: Marginal Congestion cost ($/trip), 

MCacc: Marginal Accident cost ($/trip), 

MCinf: Marginal Infrastructure cost ($/trip) 

MCair: Marginal Air pollution cost ($/trip) 

MCnoise: Marginal Noise Cost ($/trip) 

(r, s): Origin-Destination pair 

k: Number of links between origin destination pairs, on the shortest route. 

d: Trip distance (miles) 

While calculating ORMC values for each shortest route between O-D pairs, the 

necessary information about these routes is also extracted i.e. distance, urbanization 

degree, and highway functional type percentages. In total, we have 18,850 ORMC 

values with their corresponding attributes. As mentioned earlier, ORMC values have a 

cost range based on the value of time (VOT) assumptions.  We assumed a VOT range 

of 40%-170% of the average hourly wage in NJ.  This enables us to have a better 

understanding of full marginal cost under various time values. The analysis is repeated 

for off-peak period to observe the change in the marginal cost values.   
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In Figure 5.1, ORMC values are plotted with respect to trip distance for both peak and 

off-peak hours, assuming a VOT of $7.6/hr. As expected, peak-hour values are greater 

than off-peak hour values, and the difference becomes significant as trip distance 

increases. Thus, the addition of longer trips due to urban sprawl can be expected to 

have increasingly higher impacts in terms of full marginal costs imposed by them.   

 
Figure 5.1 ORMC Distribution with respect to trip distance for peak and off-peak hours 
(VOT=$7.6) 

 
Figure 5.2 ORMC Distribution with respect to trip distance for peak and off-peak hours 
(VOT=$32.3) 
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Figure 5.2 shows ORMC distribution with respect to trip distance when VOT is equal to 

$32.3, which is assumed an upper bound. It is clear that the difference in ORMC values 

for peak and off-peak hours are greater than those of Figure 5.1. This result can be 

supported by the fact that congestion cost is more sensitive to VOT assumptions during 

peak hours than off-peak hours.  Moreover, congestion costs appear to be the major 

driving component of the overall costs.  Thus, it is important to emphasize the effects of 

congestion reduction measures in terms of overall costs.   

 

In order to observe the effect of highway functional type and urbanization degree on 

ORMC values, we need to hold the trip distance constant. We assume that for the same 

trip distance, the difference in ORMC values is attributed solely to highway functional 

type and urbanization degree.  First, we analyze the effect of highway functional type on 

ORMC value for a given trip distance. In this study, highway functional types are 

categorized as interstate-freeway-expressway, principal arterial, arterial and local-

collector. The analysis shows that the change in ORMC values with respect to highway 

functional type percentages does not have a general pattern irrespective of trip 

distances. For relatively short distances (i.e. 0-10 miles) the routes that have higher 

local-collector highway percentages on a given route tend to have smaller ORMC 

values.  

 

Figure 5.3 and 5.4 depict the effect of local-collector percentage of the shortest routes 

on ORMC values during peak and off-peak hours for trip distance of 2 miles. It is seen 

that during peak and off-peak hours, as the local-collector highway type percentage 

increases, ORMC value decreases. The same patterns that are obtained in Figures 5.3 

and 5.4 hold for trip distances only up to 10 miles.   

 

Figure 5.5 and 5.6 depict the variation of ORMC with respect to arterial highway 

functional type percentage for a trip distance of 2 miles. Unlike local-collector highways 

it is observed that as the arterial highway percentage on a route increases, ORMC 

value increases as well.  However, ORMC distribution with respect to arterial road 
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percentage as shown in Figure 5.5 and 5.6 holds for trip distances up to 3 miles. For trip 

lengths between 3 and 10 miles, ORMC values tend to decrease as arterial percentage 

increases.  

 

Since short trips do not generally use interstate-freeways-expressways, the effects of 

this category on ORMC distribution cannot be analyzed for these short trip distances. 

As for principal arterials, sufficient information can be gathered for trip distances longer 

than 3 miles. In Figure 5.7, it is shown that within the same trip distance range (3-10 

miles), ORMC value increases with increasing principal arterial percentage on a route.  

 

The reason why ORMC distribution patterns change within 0-10 mile range is that, as 

trip distance increases the usage percentages of each highway functional type changes 

as well.  Namely, up to 3 miles, the road types used are mainly local-collectors and 

arterials. It is obvious that local roads are more convenient than arterials for shorter 

trips.  Whereas, above 3 miles, utilization of principal arterials becomes significant; and 

ORMC value increases due to more congestion along these routes. Finally, after 10 

miles, arterial and local-collector type of highways are not as significantly utilized as 

interstate-freeway-expressways and principal arterials.  
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Figure 5.3 ORMC Distribution with respect to highway functional type percentage 
during peak hours for 2-mile trip distance (VOT=$7.6) 
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Marginal Cost vs. Local-Collector Highway Functional Type

0

0.5

1

1.5

2

2.5

10 15 17 19 22 27 30 36 45
Local-Collector %

M
ar

g
in

al
 C

o
st

 (
$/

tr
ip

)

 
Figure 5.4 ORMC Distribution with respect to highway functional type percentage 
during off-peak hours for 2-mile trip distance (VOT=$7.6) 
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Figure 5.5 ORMC Distribution with respect to highway functional type percentage 
during peak hours for 2-mile trip distance (VOT=$7.6) 
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Marginal Cost vs. Minor Arterial Highway Functional Type
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Figure 5.6 ORMC Distribution with respect to highway functional type percentage 
during off-peak hours for 2-mile trip distance (VOT=$7.6) 

 
 
 
 

Marginal Cost vs. Principal Arterial Highway Functional Type 
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Figure 5.7 ORMC Distribution with respect to highway functional type percentage during 
peak hours for 7-mile trip distance (VOT=$7.6) 
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Next, we analyze ORMC distribution with respect to the percentage of highway 

functional type for longer trips distances. In this section, we only present the analysis 

performed for 25-miles trip distance.  However it should be noted that similar patterns 

are observed for all trip distances longer than 10 miles.  

 

Figure 5.8 depicts the ORMC distribution with respect to interstate-freeway-expressway 

percentages for peak period. It is seen that ORMC values tend to decrease as 

interstate-freeway-expressway percentage increases. The same pattern holds during 

off-peak periods as well. Figure 5.9 depicts ORMC distribution with respect to principal 

arterial percentage. The same pattern we get in Figure 5.7 is still valid for 25-mile trip 

range. As the trip distance becomes more than approximately 50 miles, interstate-

freeway-expressway comprises most of the route distance. This fact restricts the 

analyses of ORMC distribution with respect to principal arterial and interstate-freeway-

expressway percentage. From Figure 5.8 we can conclude that for longer trips, the 

routes with higher interstate-freeway-expressway percentages results in reduced 

ORMC values. Finally, based on Figures 5.7 and 5.9, we can state that principal 

arterials are more congested than any other highway functional types in Northern NJ. 

 

Finally, we attempt to correlate the variation in ORMC values and urbanization degree 

using the data generated. Figure 5.9 depicts the ORMC variation with respect to 

urbanization percentage over a given trip distance. Similar analyses are done for all the 

trip distance ranges both for peak and off-peak periods.  However, ORMC variations 

with respect to urbanization degree do not follow a typical pattern. Thus, we can 

conclude that urbanization degree around highways does not necessarily imply an 

increasing congestion level.  
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Figure 5.8 ORMC Distribution with respect to highway functional type percentage 
during peak hours for 25-mile trip distance (VOT=$7.6) 
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Figure 5.9 ORMC Distribution with respect to highway functional type percentage 
during peak hours for 25-mile trip distance (VOT=$7.6) 
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Marginal Cost vs. Urbanization Degree
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Figure 5.10 ORMC Distribution with respect to urbanization degree during peak hours 
for 40 miles trip distance (VOT=$7.6) 
 

 

5.1 Conclusions and Possible Usage for Policy Makers 

In this study, highway transportation cost models are developed using NJ specific data. 

For each cost category, marginal cost functions are derived.  A new methodology to 

estimate network –wide full marginal costs is presented.  This methodology is applied to 

determine the full marginal cost of highway transportation in Northern NJ. The variation 

in marginal cost value due to trip distance, urbanization degree and highway functional 

type are analyzed.  Each set of observations is done for different VOT assumptions, and 

time periods (peak and off-peak hours). 

 

It is concluded that the difference in the marginal cost value for peak and off-peak hours 

become more significant with the longer trip distances due to the increase in congestion 

costs.  Also, marginal costs are observed to decrease as the percentage of the trip 

distance on freeway and expressway type highways increases. It is also observed that 

along the routes that have a higher percentage of principal arterials, marginal costs tend 
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to increase.  Finally, it is concluded that urbanization around the highways has no 

significant effect on the marginal costs. 

 

These results can be used by policy makers to assess the effectiveness of the overall 

transportation system33.  For example, the fact that congestion costs are shown to be 

the major contributor to the overall transportation cost, policy makers can use these 

results to focus on congestion reduction measures. Moreover, the finding that longer 

trips have considerably higher costs mainly due to congestion can be used to justify the 

development of policies that will reduce the future growth of such trips.  However, it 

should be noted that the results presented in this study are specific to NJ area. Also, the 

marginal cost values are sensitive to other assumptions that are not included in this 

study. For example, travel time function used to calculate congestion costs could affect 

marginal cost values significantly.  In this study the Bureau of Public Road’s (BPR) 

travel time function is utilized. The variation in the cost values can be observed using 

different travel time functions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                 
33 Detailed analysis of the results and its policy implications are given in Ozbay et al (2001). 
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Figure A.1 Loaded Northern NJ Highway Network File (Screenshot) 
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REVIEW:Travel Time Functions for Bottleneck Conditions 

Mun (1994) developed a congestion time function using a bottleneck model (Figure 

A.2). In this study, formation and the movement of the queue behind the bottleneck is  

based on the theory of kinematic waves. 

 

Figure A.2 Bottleneck Structure (Mun, 1994) 
 

From Figure A.2, it is clear that, if Q(t) < Cb, then incoming traffic volume will be equal to 

outgoing traffic. Then, the speed and the density of the traffic will be V1(Q(t)) and 

K1(Q(t)), respectively. Otherwise, incoming traffic will accumulate at the bottleneck and 

form a queue. Within the queue, vehicles move with speed equals to the speed of 

outgoing traffic, which is V2(Cb). (Here V2 stands for the speed in the hyper-congested 

conditions.) As soon as Q(t) exceeds Cb,  queue propagates upstream, with a speed of 

G(t), where,  

 

 

Because, this formula is only valid when Q(t) is greater than Cb this propagation speed 

is negative. Also, the length of the queue can be expressed as: 

 

 

 

Where, ta is the time when incoming traffic begins to exceed Cb. 

Travel time, T(t) through the bottleneck is presented as,  
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Where, L is the length of the road. Time spent in the traffic jam is divided into two 

stages. The first term in the right hand side of the Equation (A.3) defines the time 

elapsed to pass the queue and the second terms defines the time to pass the rest of the 

road.    

 

The total value of time loss in congestion during the time interval [ta, t] is calculated by 

multiplying the time by the monetary value that travelers place on their time. 

 

Cost imposed on the other users by an additional vehicle is calculated by taking the 

derivative of the time loss of one vehicle in congestion with respect to Q (demand is 

assumed to be constant) and multiplying by the value of time, VOT: 

  

 

 

Where the function is positive and increases as the queue length, J(t), propagates 

through upstream. 

 

Also, Small (1992), develops a congestion function that can be used in our analyses. 

This model too is a representation of a traffic flow over a bottleneck and quite similar to 

the study presented above. However, Small (1992) presents only the time elapsed in 

the queue.  

 

If we use the same notation that was used in Mun (1994) derivation of the time function 

is as follows: 

 

 

The difference in the length of the queue with respect to time is given by34: 

 

                                                                 
34 Here, length of the queue is represented by number of vehicles.   
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ta is the time when upstream volume exceeds the downstream capacity. Equation (A.7) 

shows that, after the downstream capacity is exceeded and a queue begins to form, it 

will continue to propagate and at some point upstream volume decreases and falls 

below Cb.. At time tq, total rate of difference between the two capacities becomes to 

zero. Total waiting time when a vehicle enters the queue at time u is given as follows:   

 

 

 

We skip the required mathematical operations for the integration, time elapsed in the 

queue is presented below, assuming incoming volume independent of t, that is constant 

during the congestion period. 

 

 

 

For the traffic flow, Q, the cost imposed on the other vehicles by adding one more 

vehicle during congestion will be: 

  

 

 

Numerical Example: 

 Now, in order to compare the two congestion-costs models, we would like to give a 

numerical example of bottleneck congestion. 

  Suppose, in Figure A.2, we have the values for the road type as: 

Ca = 2490 veh/hr 

Cb = 2000 veh/hr 

L = 10 miles 

v = $10/hr  
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Peak Period = 30 minutes 

 

In order to find the cost curves, a spreadsheet model is developed in Excel.   

 

Following the functions presented by Mun (1994), we obtained total and marginal cost 

values for each Q. Speed function for the calculations is chosen as follows: 

 

 

 

 

 

 

In order to calculate the total and marginal costs, we need to determine the values of 

some functions, which are used in equation (A.3) and (A.4).  
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For each value of incoming traffic flow, the results of the above functions are obtained 

and added in the equation (A.3) and (A.4). Final graph, depicting the relation between 

v.Q.dT/dQ - Q is given in Figure A.3, which only considers the time loss in the queue. 
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For the same Q values, we plotted the cost function presented by Small (1992). As it is 

mentioned earlier, Mun (1994) calculates the time spent both in the queue and in the 

rest of the trip. On the other hand, Small (1992) takes only the time lost over the 

congestion into account. So, in order to compare the results of these two studies, only 

congestion cost in Mun (1994) is plotted. The results of these two studies are shown in 

Figure A.4. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3 Cost imposed on the other drivers by an additional vehicle 

 

 

 

 

 

 

 

 

 

 

  

Figure A.4 Comparison of the presented studies 
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Table B.1 Available Accident Data Sample35  
 

Accident Classification Total of Occupant  Total pedestrians County  Road Type  

Fatality Injury Prop. Damage Killed  Injured Killed Injured 

Interstate 3 335 474 3 527 0 3 

State Highway 18 2523 4302 21 3843 6 62 

State, Interstate Authority 6 415 868 6 620 0 8 

State Park 0 0 0 0 0 0 0 

County 17 4147 7518 17 6075 6 267 

County Auth.   0 0 0 0 0 0 0 

Municipal 10 1784 5314 10 2494 3 162 

Private Prop. 0 0 0 0 0 0 0 

 

 

Bergen  

US Govt.  0 0 0 0 0 0 0 

 

 

 

 

 

                                                                 
35 The number of Injury and Fatality accidents is also accounted as Property Damage accident in the database. Thus, in order to prevent double 
counting in our calculations, the number of injury accidents is subtracted from the property damage accidents. 
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Regression Analysis Results of Equations (26-34) 

 

Arterial-Collector-Local 

• Property Damage 

 Value Std Error t-value Pr(>|t|) 
Intercept -14.5713593 3.7181325 -3.9189995 0.0010059 
V 2.1937020 0.4227752 5.1888142 0.0000618 
M 0.4592719 0.3478166 1.3204427 0.2032319 
 

• Fatality 

 
 Value Std Error t-value Pr(>|t|) 
Intercept -10.0932013 3.5973562 -2.8057275 0.0116923 

V 0.7357170 0.4090422 1.7986337 0.0888677 
M 0.8944874 0.3365185 2.6580631 0.0160136 
 

• Injury  

 

 Value Std Error t-value Pr(>|t|) 
Intercept -18.9431089 3.0681922 -6.1740294 0.0000079 
V 2.5084228 0.3488729 7.1900767 0.0000011 
M 0.7366063 0.2870173 2.5664179 0.0194209 
 

 
Freeway-Expressway 

• Property Damage 

 
 Value Std Error t-value Pr(>|t|) 

Intercept -4.2736708 2.4322297 -1.7571000 0.1007378 
V 0.9508149 0.2380007 3.9950085 0.0013290 
M 0.2317325 0.1872448 1.2375911 0.2362228 
 

• Fatality 

 Value Std Error t-value Pr(>|t|) 

Intercept 2.0477055 2.6486026 0.7731267 0.4523041 
V -0.1435267 0.2591734 -0.5537863 0.5884614 
M 0.6553298 0.2039023 3.2139405 0.0062450 
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• Injury 

 

 Value Std Error t-value Pr(>|t|) 
Intercept -1.6870587 1.7661067 -0.9552417 0.3556600 
V 0.6837359 0.1728187 3.9563777 0.0014337 

M 0.5006556 0.1359635 3.6822804 0.0024622 
 

 

Interstate 

 

• Property Damage 

 

 Value Std Error t-value Pr(>|t|) 
Intercept -10.3347427 6.5261305 -1.5835942 0.1341384 
V 1.0924191 0.6044511 1.8072909 0.0908122 
M 0.9043475 0.1919855 4.7104977 0.0002789 
 

 

• Fatality 

 

 Value Std Error t-value Pr(>|t|) 
Intercept -9.4625019 10.3321285 -0.9158328 0.3813093 
V 0.8065721 0.9156946 0.8808309 0.3990844 
M 0.3315728 0.5500556 0.6027988 0.5600638 
 

 

• Injury 
 

 Value Std Error t-value Pr(>|t|) 
Intercept -21.8931489 6.5055933 -3.3652809 0.0042500 
V 2.0963109 0.6025490 3.4790715 0.0033650 
M 0.9765562 0.1913814 5.1026709 0.0001299 
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Model Year Mileage  Cost Model Year Mileage  Cost Model Year Mileage  Cost Model Year Mileage  Cost 

1990 160000 1,695 1991 81000 2740 1993 160000 2540 1994 83000 4015 

90 150000 1,720 91 80000 2765 93 159000 2590 94 81000 4065 

90 140000 1,745 91 79000 2840 93 158000 2590 94 80000 4065 

90 130000 1795 91 75000 2890 93 157000 2590 94 79000 4190 

90 125000 1870 91 73000 2915 93 149000 2640 94 75000 4340 

90 120000 1870 91 71000 2940 93 139000 2690 94 73000 4415 

90 115000 1945 91 69000 3015 93 129000 2790 94 71000 4490 

90 110000 1945 91 67000 3015 93 119000 2890 94 69000 4615 

90 105000 2070 91 64000 3065 93 109000 2990 94 68000 4615 

90 97000 2145 91 59000 3115 93 99000 3215 94 64000 4715 

90 95000 2195 91 57000 3115 93 97000 3215 94 59000 4915 

90 93000 2220 91 54000 3140 93 95000 3215 94 57000 4915 

90 91000 2245 91 52000 3140 93 93000 3315 94 54000 4990 

90 89000 2295 91 50000 3140 93 91000 3315 94 52000 4990 

90 87000 2320 91 48000 3140 93 89000 3415 94 50000 4990 

90 85000 2370 91 45000 3140 93 87000 3465 94 48000 5090 

90 83000 2370 91 43000 3140 93 85000 3515 94 45000 5090 

90 81000 2395 92 160000 2290 93 83000 3590 94 43000 5165 

90 80000 2420 92 159000 2340 93 81000 3640 94 40000 5165 

90 78000 2445 92 158000 2340 93 80000 3640 94 30000 5165 

90 75000 2495 92 152000 2340 93 79000 3765 94 25000 5165 

90 73000 2520 92 149000 2390 93 75000 3840 95 15000 5165 

90 71000 2520 92 142000 2390 93 73000 3890 95 160000 3640 

90 69000 2570 92 132000 2415 93 71000 3915 95 159000 3715 

90 68000 2580 92 122000 2490 93 69000 4015 95 158000 3715 

90 64000 2595 92 112000 2590 93 68000 4015 95 157000 3715 

90 59000 2645 92 99000 2815 93 64000 4065 95 149000 3765 

90 57000 2645 92 97000 2840 93 59000 4215 95 139000 3865 

90 54000 2670 92 95000 2890 93 57000 4215 95 129000 3915 

Vehicle Depreciation Cost Data (Source: Kelley Blue Book Online Database) 
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Model Year Mileage  Cost Model Year Mileage  Cost Model Year Mileage  Cost Model Year Mileage  Cost 

1990 52000 2670 1992 93000 2915 1993 54000 4265 1995 119000 4015 

90 50000 2670 92 91000 2940 93 52000 4265 95 109000 4165 

90 48000 2670 92 89000 3015 93 50000 4265 95 99000 4290 

90 45000 2670 92 87000 3065 93 48000 4340 95 97000 4290 

90 43000 2670 92 85000 3115 93 45000 4340 95 95000 4290 

91 160000 1790 92 83000 3165 93 43000 4390 95 93000 4365 

91 150000 1840 92 81000 3215 94 160000 2890 95 91000 4365 

91 140000 1865 92 80000 3240 94 159000 2965 95 89000 4540 

91 130000 1915 92 79000 3315 94 158000 2965 95 87000 4540 

91 125000 1990 92 75000 3390 94 157000 2965 95 85000 4540 

91 120000 1990 92 73000 3415 94 149000 3040 95 83000 4640 

91 115000 2215 92 71000 3440 94 139000 3115 95 81000 4640 

91 110000 2215 92 69000 3515 94 129000 3165 95 80000 4640 

91 105000 2290 92 68000 3515 94 119000 3290 95 79000 4790 

91 100000 2290 92 64000 3565 94 109000 3390 95 75000 4915 

91 97000 2390 92 59000 3615 94 99000 3615 95 73000 4965 

91 95000 2415 92 57000 3615 94 97000 3615 95 71000 5040 

91 93000 2465 92 54000 3665 94 95000 3615 95 69000 5190 

91 91000 2490 92 52000 3665 94 93000 3740 95 68000 5215 

91 89000 2565 92 50000 3665 94 91000 3740 95 64000 5340 

91 87000 2615 92 48000 3665 94 89000 3840 95 59000 5540 

91 85000 2665 92 45000 3665 94 87000 3890 95 57000 5590 

91 83000 2715 92 43000 3665 94 85000 3940 95 54000 5615 
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