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ABSTRACT 

 

RAGHUVEER GOURIBHATLA. Energy loss due to traffic congestion (Under the Direction of 
DR. SRINIVAS S. PULUGURTHA) 

Traffic congestion is a problem related not only to traffic characteristics but also to several 

other factors which are of growing concern to the society. Traffic delays lead to increased fuel 

consumption and there by increased energy loss. This research is aimed at using energy loss as a 

parameter to measure the effect of traffic congestion on a road segment or transportation network. 

Data for the year of 2012 for the City of Charlotte was considered for research and analysis. The 

data was taken from INRIX which contains travel time information for every day of the year and 

for every minute of the day. Three different times of the day were considered for research. They 

are: morning peak hour (8 am - 9 am), off-peak hour (12 pm - 1 pm) and evening peak hour (5 pm 

- 6 pm). The variations in energy loss patterns on a weekday and a weekend day were examined. 

Mathematical equations were used to compute the energy losses from delay. Geographic 

Information Systems (GIS) was explicitly used in this research not only as a query tool but also to 

generate maps to evaluate the energy loss. 

Energy loss maps at link level and Voronoi maps were generated in GIS environment to 

examine spatial variations in energy loss. The energy loss maps at link level were used to visually 

represent energy losses on the road network and also to generate Voronoi maps. These maps have 

the potential to predict energy loss for links with missing data.
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Corridors such as Brookshire freeway and I-485 were observed to experience the highest 

energy loss or traffic congestion during most of the times considered in this research. The energy 

losses were higher towards the downtown/uptown area and decreased as the distance from the 

downtown/uptown area increased. The energy loss due to recurring and non-recurring congestion 

was observed to be the highest during evening peak hour on a weekday and off-peak hour on a 

weekend, respectively. 
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CHAPTER 1: INTRODUCTION 
 
 
1.1.      Introduction to Fuel Consumption and Energy Loss 

Urban areas have seen a rapid growth in population and demand for travel during the past 

few decades. However, the capacity to handle the travel demand has not increased at the same rate. 

Therefore, many urban areas have been observing traffic congestion during morning and evening 

peak hours. Non-recurring events such as crashes, mechanical breakdown of vehicles, special 

events, construction activities and weather further aggravate traffic congestion on roads. 

The traffic congestion results in delays and associated economic losses. Lost time, 

increased fuel consumption, elevated emission levels, crashes, and wear and tear of vehicles and 

transportation infrastructure (example, pavement condition over time) are all related to these 

losses. In particular, increased fuel consumption and energy loss due to traffic congestion has been 

a topic of debate for many years. With depleting energy resources and increasing air quality 

problems, there has been a growing emphasis on solutions and technologies that lead to 

sustainability and enhanced quality of life. Technological advancements range from energy 

efficient and eco-friendly vehicles to use of alternate sources of fuel. Unarguably, understanding 

and quantifying energy loss due to traffic congestion and considering it in the decision-making 

process is equally important. 

 It is evident from figure 1 that the fuel consumption and energy loss have been continuously 

increasing since 1982, with the exception of 2008 possibly due to recession (California’s 

Consumer Energy Center, 2014). In 2011, 2.88 billion gallons of fuel was wasted due to congestion 



2 
 

on the United States roads. This is estimated as equal to 19 gallons of wasted fuel per person 

(California’s Consumer Energy Center, 2014). The average wasted fuel per person has seen a 

400% increase when compared to 0.58 gallons of average wasted fuel per person in 1982 

(California’s Consumer Energy Center, 2014). Transportation sector uses 70% of the total fuel 

consumed every year in the United States. If this trend continues, the fuel wastage is estimated to 

increase further (up to 65%) by 2030 (California’s Consumer Energy Center, 2014).   Therefore, 

it is imperative that solutions to reduce traffic congestion and its indirect effects are identified. 

    

 

 

 

 

 

 

 Statistics indicate that there are 253 million registered vehicles (excluding heavy vehicles) 

in the United States. The average age of the vehicle is 11.4 years (Hirsch, 2014). Based on the 

mass and velocity of the vehicle, the kinetic energy generated by a vehicle is expressed as follows.  

 

 

If a vehicle weighing 3,200 lbs and traveling at an average speed of 30 mph decelerates to 

a stop condition and then accelerates back to a speed of 30 mph, the amount of kinetic energy (or 

FIGURE 1: Total fuel wasted due to congestion from 1982 to 2011. [1] 
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energy, in general) used or dissipated is estimated equal to 250 x 103 joules. If all the 253 million 

vehicles are going through the process of stopping and accelerating back once, then 63 x 1012 

joules of energy is dissipated. If each gallon of gasoline is equivalent to 130 million joules (MJ) 

i.e., 130 x 106 joules of energy (Victor, 2011), the stopping and accelerating of all vehicles once 

will result in 485,000 gallons of wasted fuel. Adding wasted fuel from heavy vehicles may further 

increase the total energy loss. 

An estimated 2.3 billion gallons of fuel is wasted every year due to traffic jams in the 

United States (Federal Highway Administration, July 2014). Work zones contribute to nearly 24% 

of non-recurring delays on freeways (Federal Highway Administration, July 2014) and 10% of 

overall congestion resulting in fuel loss worth $700 million (Schrank et.al., 2011). Studies also 

indicate that non-recurring conditions such as traffic incidents, weather, work zones and special 

events contribute 25-75% of highway congestion (Chin et.al., 2002; Pulugurtha & Pasupuleti, 

2010). This also speaks of the severity of the effect of non-recurring congestion on energy loss. 

It is well documented that traffic congestion varies by time of day and day of week. 

Downtown/uptown areas are relatively more congested than urban, suburban and rural areas. The 

spatio-temporal variations in traffic congestion could have a direct effect on spatio-temporal 

variations in energy loss. Quantifying energy loss in such a context might help practitioners 

allocate the resources and make informed decisions from a sustainability perspective. Therefore, 

there is a need to research on quantifying energy loss associated with recurring and non-recurring 

congestion components and understanding its spatial-temporal variations in a geospatial 

environment. 

Different travel time measures may be used to compute travel delay. The difference 

between average travel time and minimum travel time of a link could be an indicator of delay 
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associated with recurring congestion. On the other hand, the difference between maximum travel 

time (or 95th percentile travel time) and average travel time of a link could be an indicator of delay 

associated with non-recurring congestion. There is a need to examine the applicability of these 

measures to quantify energy loss and assess the role of congestion components on energy loss. 

Data plays an important role in assessing spatio-temporal variations in transportation 

system performance. Real time continuous data collection is possible through the use of on-road 

sensors, traffic cameras, or other technologies. While this opens many pragmatic avenues to assess 

and visualize the performance of transportation network, the data collection is limited to primarily 

major roads leaving considerable gaps for projection of associated problems on minor roads. 

Geospatial tools such as Voronoi maps have the potential to project effects on a link with no data. 

The projections are based on data captured from adjacent links. There is a need to research and 

explore this feature to project and identify zones with higher levels of energy loss for improved 

decision-making. 

1.2.      Research Objective 

 The primary objective of this thesis is to research and quantify energy loss associated with 

recurring and non-recurring congestion components and understand its spatial-temporal variations 

in a geospatial environment. The secondary objective of this thesis is to research and explore the 

applicability of geospatial features such as Voronoi maps to project data for missing links and 

examine spatio-temporal variations in energy loss. 

Data for the City of Charlotte, North Carolina was gathered and used in the analysis. It was 

used to illustrate how energy loss can be used as a parameter to assess the traffic congestion and 

its components. The findings from this research help the transportation system managers and 
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policy makers to make decisions to minimize energy loss and enhance the transportation system 

performance. 

1.3.      Organization of Thesis 

The remainder of this thesis is comprised of five chapters. The second chapter provides a 

review of literature based on past research. The third chapter gives a detailed explanation about 

the data, which includes the different types of data that has been considered for the research and 

the sources of data. The fourth chapter explains elaborately about the methodology adopted in this 

research. This chapter also includes the process of eliminating duplication of data and the basic 

mathematical calculations carried out to compute the energy loss values and also the process of 

integrating the data in GIS environment. The fifth chapter presents an analysis and discussion 

based on model outputs. It also compares and discusses the effect of different variables based on 

maps generated in GIS environment. Conclusions are discussed in Chapter 6.
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CHAPTER 2: LITERATURE REVIEW 
 
 
2.1. Estimation of the Effect of Traffic Congestion 

The overall fuel consumption in urban transportation system, due to changes in average 

speed, was estimated by establishing a linear relationship between fuel consumption per unit 

distance and reciprocal of average trip speed (Evans and Herman, 1976). The effect of adding or 

removing a vehicle from an already congested link or roadway was evaluated and the result was 

used to estimate the extra fuel consumed when a user travels in period of high congestion compared 

to low congestion. The additional fuel wasted was the total fuel wasted by an individual and all 

other drivers in the system due to an increase in congestion (Evans and Herman, 1976). Similarly 

a methodology to predict the additional fuel consumption due to traffic composition was developed 

in the past (Greenwood and Bennett, 1996). It was observed that the driver behavior could be 

estimated based on standard deviation of acceleration noise. Tests were conducted to measure 

acceleration noise for different types of vehicles, varying levels of congestion, and also on high 

and low-standard roads in New Zealand, Malaysia and India. A simulation model was developed 

which could predict the fuel consumed based on acceleration noise in conjunction with a 

mechanistic fuel model (Greenwood and Bennett, 1996). 

 The impact of traffic congestion on air pollution, fuel consumption and energy 

consumption was analyzed based on on-road measurements, emission tests and simulation models. 

Individual vehicle parameters along with speed profiles at different roundabouts and traffic signals
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were also collected and evaluated. All the data was collected in Flemish region and was distilled 

into clusters of data based on locations, traffic situation or driving style (Van et.al., 2004). Fuel 

Consumption and emissions models, which could be used in traffic network modeling, based on 

levels of congestion for mixed traffic streams were developed. The energy and emissions model 

was developed from the three sub-models: traffic stream composition, congestion functions and 

models for vehicle energy and emissions performance (Taylor and Young, 1996). 

Even though the vehicles in central areas have 19% lower fuel efficiency than average due 

to congestion, the local residents’ use 22% less fuel due to their locational advantages (Newman 

and Kenworthy, 1988). The outer suburban vehicles are observed to be 12% more fuel efficient 

than average but use 29% more fuel than average. Thirty two different cities across the world were 

compared to confirm that fuel efficient traffic and fuel efficient cities are always on a tradeoff 

(Newman and Kenworthy, 1988). The trends in fuel consumption and emissions based on the fuel 

economies of vehicles being introduced into the market over the decades were observed. Based on 

the car fleet fuel economies observed from mid 1990s in Europe and from 2003 in the United 

States, a decline or stagnation in the oil demand or the emissions was observed. The rise in fuel 

prices over the years was associated with a reduction in usage of cars and a decline in fuel prices 

was estimated to increase car usage and there by consumption of more gas (Schipper, 2011). 

 The Global Positioning System (GPS) and Geographic Information System (GIS) were 

integrated for collecting on road traffic data using a probe vehicle. It was further integrated with 

engine management system to provide speed, distance traveled, acceleration and fuel consumption 

with location element. A case study of two parallel arterials was conducted, which focused on 

congestion levels and parametric measures of congestion levels (Taylor et.al., 2000). A Decision 

Support System (DSS) integrated with GIS to evaluate different transportation policies was 
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developed, which was aimed at assisting transport administrators to improve efficiency of 

transportation system. The model enabled the users to estimate traffic flow patterns in each link 

and also the energy consumption patterns. The models were integrated in GIS platform, which 

served both as data storage medium as well as a user interface medium. The tool was used to 

evaluate the characteristics of policy in greater Athens area in Greece (Arampatzis et.al., 2004). 

2.2. Optimization Models  

The fuel consumption was reduced through an optimization model that suggests the best 

possible path in terms of lowest fuel consumption, which need not be the shortest path (Ericsson 

et.al., 2006). In addition, real time data (or traffic characteristics) were also taken into account by 

employing probe vehicles running in the network to collect and report traffic disturbances. About 

15 thousand cases were taken into consideration from the City of Lund, Sweden and the fuel 

consumption factor for 22 street classes for peak and off-peak hours was developed. Trips on routes 

with more than five minutes of travel time were extracted from the database. This was integrated 

using ArcGIS and the most fuel efficient route was extracted and compared to regular route and 

also the routes with shortest path and shortest time. About 46% of the route selections by the 

drivers were not the most fuel efficient. These trips could have saved 8.2% of fuel. This shows that 

real time data could be very helpful in congested areas if good proportion of disturbance events 

were identified and reported in time (Ericsson et.al., 2006). The impacts of route choices made by 

users where they opted for the longer but faster routes than the usual routes was investigated. 

Findings showed that the fastest route is not the best from emissions point of view while slower 

routes were more ideal from emissions perspective though they would increase the travel times. 

The study also found erroneous results from emission estimating tools as they did not take into 

account the short term behaviors of vehicles. The study showed that a small portion of the trip 
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involves high engine-load conditions which leads to increased emissions inferring that controlling 

high emitting driver behavior could address the issue (Ahn and Rakha, 2008). A model was 

developed, which apart from considering the shortest path and shortest travel time path, has taken 

into consideration the route with lowest fuel consumption characteristics. For this, not only the 

traffic characteristics but also the geometric features of the roadways were considered where the 

grade of the road was used as a base for calculating or estimating the variation in fuel consumption 

based on the grade. It was found that road grade has a significant effect on fuel consumption and 

emissions of light-duty vehicles both at link level and route level. Comparison of fuel economy 

characteristics on level and hilly terrain showed that the vehicles had 15% to 20% better fuel 

economy on flat roadways or terrain. The study suggested that hilly terrains should be avoided for 

best results for fuel consumption (Barth and Boriboonsomsin, 2009). 

 A framework was developed to improve vehicle fuel consumption efficiency while 

approaching a signalized intersection. The signal phase and timing information that can be sent to 

vehicles through vehicle to infrastructure communication system. The results showed that 

simplified objective functions may result in erroneous function (Rakha and Kamalanathsharma, 

2011).  Also a mathematical model was developed to estimate approach delays at pre-timed, 

signalized and coordinated intersections. A platoon dispersion algorithm was calibrated in 

TRANSYT-7F to develop platoon and secondary flows. The modeling concept was based on 

bandwidth concept which assumes a constant flow and varying flow rates. The models were 

evaluated using Webster’s formula and simulated data in NETSIM for random arrivals. The results 

were found to be comparable to a significant extent (Rouphail, 1988). 

The flow-density curve was analyzed for mixed traffic conditions i.e., manual/ semi-

automated traffic by using flow-density curves for 100% manual and 100% semi-automated traffic. 
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The presence of semi-automated did not affect the travel times of vehicles but with the presence 

of 50% of semi-automated vehicles, a vehicle would travel 10.6% more distance when compared 

to that of manual traffic. Lower delays were observed in stop and go traffic for semi-automated 

scenario (Bose and Loannou, 2002). 

The fuel consumption and emissions for vehicles using diesel and 5% biodiesel blend were 

compared based on data collected for multiple replicates on standardized road trips which were a 

simple urban route, a combined urban/ inter-urban route and urban route with significant traffic. 

Replacing diesel with biodiesel blend increased the NOx emissions by 8-13% and fuel 

consumption by 7-8%. The fuel consumption and emissions were highly dependent on trip cycle 

and also emission and fuel consumption maps were used for description (Ropkins et.al., 2006). 

2.3. Limitations of Past Research 

Overall, past researchers have focused on the fuel efficiencies of vehicles. Most of the 

published efforts have addressed either fuel consumption or emissions as a parameter to assess the 

traffic conditions or have worked towards analyzing the fuel consumption models as their prime 

aim. Some researchers have developed statistical models to evaluate the causes of higher fuel 

consumption by vehicles. A few have also developed mathematical models to derive the fuel 

consumption or emission values for different types of vehicles or at different locations.  

Models were also integrated with platforms such as GIS and GPS to take the analysis 

standards to a higher level. The fuel consumption trends over the years for a particular area were 

also observed to help the policy makers enhance the transportation system. Simulation models 

were also developed for different traffic compositions and the changes in fuel economies and 

emissions were also observed. In some cases optimization models were developed which could 
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reduce the fuel consumption by vehicles and sometimes the shortest and fastest paths in the study 

area were compared with those of the most fuel efficient routes. 

The energy loss has not been explored much in the past. Even when explored, it was only 

shown as an additional result but not the main evaluation parameter. It is evident that the energy 

dissipated from an automobile engine is due to the fuel consumed and the amount of fuel consumed 

is a measure of the traffic volume, travel time, travel speed or traffic congestion on a road. Hence, 

even energy loss also could be very handy in assessing the traffic scenario. 

The fuel economy of a vehicle might depend on various factors such as the type or class of 

vehicle, fuel used, congestion levels etc. and the estimate might not be accurate or might miss 

some details when performing analysis. To avoid any possible bias due to differences in link 

lengths, the energy loss parameter need to be expressed as energy loss per mile per vehicle. This 

parameter can be used to calculate the energy loss for any type of vehicle just by using the 

equivalent factor of the vehicle in terms of passenger car. This method was adopted as the energy 

loss parameter is one which has never been looked upon and it also could be very useful and 

equally good as using fuel consumption or emissions from a vehicle. 
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CHAPTER 3: STUDY AREA AND DATA COLLECTION 
 
 

The City of Charlotte, North Carolina is considered as the study area to illustrate the 

proposed method and derive meaningful interpretations related to spatio-temporal variations in 

energy loss. 

Several datasets are required to conduct this research and achieve the desired objective. 

They are acquired from different data sources. A brief discussion on data and related details is 

presented in this chapter. 

3.1. Travel time Data 

 INRIX (Inrix, 2014) travel time data for Charlotte region in the state of North Carolina, for 

the year 2012, was used for research and quantification of energy loss due to congestion. The 

INRIX data was downloaded from RITIS website in a raw unprocessed format. The raw data file 

has Traffic Message Channel (TMC) code (tmc_code), time-stamp (measurement_tstamp), speed 

(speed), average speed (average_speed), reference speed (reference_speed), travel time 

(travel_time_minutes) and score (confidence_score). Each field in the raw data file is briefly 

described next (Inrix). 

1. Traffic Message Channel (TMC) - defines section identity of the roadway segment.  

2. Speed - current estimated space mean speed for the roadway segment in miles per hour.  

3. Average speed - historical average mean speed for the roadway segment for that hour-of-

the-day and day-of-the-week in miles per hour. 
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4. Reference speed - calculated “free flow” mean speed for roadway segment in miles per 

hour. It is the 85th percentile point of the observed speeds on that segment.  

5. Travel time - current estimated travel time it takes to traverse the roadway segment in 

minutes.  

6. Score - an indicator of data type (30 indicates real-time data; 20 indicates real-time data 

across multiple segments; 10 indicates historical data). 

3.2. Fuel Economy Data 

 The fuel economies for different class of vehicles were taken from the Environmental 

Protection Agency (EPA) website (Environmental Protection Agency, 2015), where the fuel 

economies of passenger cars and light trucks are provided. The data contained fuel economy data 

for different class of vehicles manufactured in different years.  

 As the fuel economy data was given based on the make or the manufactured year of the 

vehicle, the composition of traffic was to be evaluated based on the make of the vehicles. For the 

classification of vehicles, data collected for NCDOT was used to analyze the composition of traffic 

based on make year. This data was collected in five different places of North Carolina to come up 

with a statistically significant dataset that could be a representative of the whole traffic 

composition for the state of North Carolina from which the data collected Charlotte only was used 

for the analysis. 

3.3. GIS File Data  

 Geospatial data sets pertaining to various road links (TMC locations) and street network 

with on-network characteristics such as the number of lanes, type of the roadway, and speed limit 

of each link was obtained from the City of Charlotte Department of Transportation. 
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CHAPTER 4: METHODOLOGY 
 
 
The method adopted to conduct this research involves the following steps.  

1. Compute travel time measures  

2. Estimate travel delay  

3. Calculate average fuel economy for the study area  

4. Compute the energy loss  

5. Integrate with GIS 

6. Generate energy loss and Voronoi maps  

Each of the aforementioned steps is discussed in detail. 

4.1. Compute Travel Time Measures 

 The raw travel time data was first processed to remove null values and other miscalculated 

values. The travel time data processing and mining was then performed using Microsoft SQL 

Server 2012. The minimum travel time, maximum travel time and average travel time were 

computed, for each road link, by time of day and the day of week.  

Traffic patterns are dynamic in nature and change with the time of day and the day of week. 

To address the effect of temporal variations, the travel times for three different hours of the day 

for a weekday (Tuesday) and a weekend day (Saturday) were considered. The hours of the day 

considered include: 8 am to 9 am, 12 pm to 1 pm and 5 pm to 6 pm. The reason for selecting a 

weekday and a weekend day is to observe the trends in energy loss by the day of week. A weekday
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generates more commute trips whereas a weekend generates recreational, social or shopping trips 

and at different hour of the day.  

4.2. Estimate Travel Delay 

 Since the main idea of the thesis was to evaluate the energy loss due to delays in the links, 

the delays were calculated from the available travel times for all the road links. The minimum 

travel time is the time taken for a vehicle to travel along a link under lower traffic volume 

conditions. There is no direct effect on the speed of the vehicle i.e., the vehicle could travel at the 

designated or desired speed of the link. The maximum travel time could come into the picture 

where there was a possibility of non-recurring congestion such as an incident, a special event or 

due to construction work  on a road link, in other words, operating beyond its capacity. The average 

travel time is the time a vehicle might take to maneuver a road link under the regular traffic 

conditions prevailing (also called as recurring congestion). The maximum travel time for each link 

was considered for the analysis as it takes into account the effect of non-recurring congestion 

events such as crash, mechanical breakdown of vehicle, etc. The minimum travel time for each 

link was considered as it represents the best possible travel time during that the selected day of 

week and time of day. It should be noted that these values are averages from 60 travel time samples 

during an hour (one for each minute). Each travel time sample for a minute may be based on travel 

time of one or more vehicles. 

 The energy loss can be quantified by the delay a link observes during different traffic 

conditions. It can be said that the more the delay on a link, the more would be the energy loss. Yet 

again delays could be in two different conditions based on the scenario intended to be considered. 

A delay can be the difference between maximum and average travel times, which portrays non-

recurring congestion. It could also be the difference between the average and minimum travel 
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times, representing recurring congestion. Of the two mentioned delays, the delay obtained from 

average and minimum travel times represents the energy loss due to recurring congestion and can 

be expected by a regular commuter. The delay obtained from the average and maximum travel 

time represents the energy loss due to non-recurring congestion and expected on special event 

days, due to an incident or during construction. 

4.3. Calculate Average Fuel Economy for the Study Area 

To calculate the energy loss, a few other datasets are required. These include the fuel 

economies of vehicles based on the make, model, year manufactured and the traffic composition. 

The fuel economy values were obtained from EPA website for a sample of vehicles. 

A survey was carried out across the City of Charlotte to gather information pertaining to 

the manufacturing year of a sample of vehicles. Over 100 such observations were gathered. As the 

travel time data was used for the year 2012, observations of vehicles with make year after 2012 

were removed from the dataset. Overall, 99 samples were considered and used as a representative 

dataset for the City of Charlotte. This number is comparable to the sample size estimated using the 

following equation (Yamane, 1967) 

𝑛𝑛 =  
𝑁𝑁

1 + 𝑁𝑁(𝑒𝑒)2
 

where, n is the sampling size, 

N is the population (for the City of Charlotte, Mecklenburg County = 990,977), and, 

e (0.1) is the maximum error of estimate. 

 From the EPA website, the fuel economy (highway, city and combined) was identified for 

each vehicle in the sample. The average of all the fuel economies of the sampled vehicles was 

considered as the average fuel economy for the City of Charlotte. Heavy vehicles were not 
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considering in the sampling procedure and in the estimation of fuel economy for the study area. 

The computed average fuel economy of the sampled vehicles is 22.7 mpg. 

4.4. Compute the Energy Loss 

Traffic patterns or scenarios are dynamic in nature and change with the time-of-the-day. 

To address this aspect, the travel times for three different hours of the day were considered; a 

morning peak hour from 8 am to 9 am, an evening peak hour from 5 pm to 6 pm and an off-peak 

hour from 12 pm to 1 pm in the afternoon. The reason for selecting a weekday and a weekend is 

to observe the trends in energy loss patterns across the network as the trips and congestion in the 

links may be different. A weekday generates more of trips for work where as a weekend generates 

recreational, social or shopping trips. Even the volumes of traffic or congestion may be different 

at different hours of the day based on the day of the week. Hence, the three different hours of the 

day for both the weekdays were considered for analysis. Table 1 summarizes days of week and 

time of day selected for analysis. 

TABLE 1: Days of week and time of day selected for analysis 

Day of Week Tuesday Saturday 
Time of Day 8 am – 9 am 8 am – 9 am 

12 pm – 1 pm 12 pm – 1 pm 
5 pm – 6 pm 5 pm – 6 pm 

 

Delays calculated for the road links could be only a few seconds or several minutes or even 

an hour based on the length of the road link. Delays were calculated from the travel times as 

mentioned earlier. The energy loss for each road link was calculated based on the obtained delay 

values. 

The energy loss values for different links would be based on the length of the link, as the 

travel times and in turn the delays are influenced by the link lengths. Hence, representing the 
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energy loss which is directly obtained from the delay values would not give a true picture of the 

congestion scenario on that link. This makes comparing one link with another link for prioritization 

difficult. To address this issue, the energy loss was represented per mile which would standardize 

the values and give a better representation of the scenario. The energy losses were calculated using 

the following equation. 

Energy loss = (((delay x Avg. speed)/ (60 x 28)) x 130)/ length of the link 

Where, delay would be any of the two cases mentioned previously, 

 Avg. speed = length of the link/ average travel time, 

60 was used to calculate the delay in terms of per hour (as the travel times given in 

the INRIX data were in minutes), 

 22.7 is the computed average fuel economy, and, 

130 is the energy dissipated per gallon of gasoline by a car in million joules (Victor, 

November 2011). 

The main reason for selecting the class of vehicle to be passenger car is due to non-

availability of the data of traffic composition in Charlotte by class of vehicles. Further, the fuel 

economies of all classes of vehicles were not available. Even the energy dissipated for one gallon 

of gasoline was given for a passenger car. But since the energy loss patterns for the whole study 

area have been presented in terms of passenger cars, it would not skew the trends or patterns. This 

is also another reason to present the energy loss in terms of passenger car. 

4.5. Integration with GIS  

The basic idea of computing and depicting the energy loss for the road links required delays 

as well as other data such as speed limit of the links and the link lengths. These additional details 

are not available in the INRIX data. Resorting to GIS data would solve the issue as the shapefile 
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containing the road links also had the required details about the links. Integrating the dataset using 

ArcGIS 10.1 software (Environmental Systems Research Institute) also has other advantages apart 

from just joining the datasets; a visual representation of the data in the form of maps showing the 

energy losses for links could be possible which would be more descriptive. It could also be used 

for querying the dataset and also for performing analytical operations. 

Apart from this, ArcGIS also has its own set of spatial and statistical analysis tools. Using 

these tools would add a new perspective to the way of addressing the problem as they have never 

been used before or been addressed in the current context.  

Figure 2 displays the street network for the Charlotte region. Most links on major streets 

are associated with a TMC code. Apart from the TMC codes, the shapefile also contains data such 

as the type of facility of the road link, the speed limit of the road link and also the name of the 

street. This file provides with a platform for visual representation of the data. Other datasets can 

be joined to these shapefiles using the ‘JOIN’ command based on a common ‘field’ between the 

two datasets, which in the current context is ‘TMC code’. 
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By using the “Join” feature, other fields can be joined to the attribute table. This helps to 

query and manage the data based on various variables. As can be observed from Figure 3, the 

number of road links are reduced as TMC codes and travel time are not available for all the links 

in the street network. 

FIGURE 3: Street network for the City of Charlotte 

FIGURE 2: GIS map after combining INRIX and GIS data sets 
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 The delays indicate the extra distance a vehicle could have traveled at the same speed if 

there were no traffic congestions. For example, if the minimum travel time of a link is 1 minute 

traveling at a speed of 60 mph and the average travel time for the same link is 2 minutes, then the 

vehicle might have traveled an extra mile in the delay time at 60 mph. This extra distance is used 

to calculate the fuel consumed by the vehicle based on its fuel economy. The fuel economy values 

were obtained from FHWA website as mentioned previously. This fuel consumed is converted 

into the energy utilized or dissipated to travel the extra distance; which is represented as the energy 

loss due to delay. 

 After the integration of INRIX data with GIS, about 1,949 records were left in the file 

(Figure 3). But these records were pertaining to only 624 TMC links which were divided into small 

segments of links with the same TMC code. As the travel times from the INRIX data were given 

with respect to the total length of the links (for each TMC code), the link length from the resulting 

file had to be summed up to match with travel times to avoid errors. 

4.6. Generate Energy Loss and Voronoi Maps 

 Voronoi maps are developed using ArcGIS 10.1 software (Environmental Systems 

Research Institute) to assess the spatio-temporal variations and identify areas with higher levels of 

energy loss. These maps create small pockets of areas with different values of energy loss. The 

main difference between the network maps and Voronoi maps is that the network maps facilitate 

the user to look at energy loss values only on existing road sections, but not between them or in 

areas enclosed between the roadways. On the other hand, the energy loss values can be determined 

at any point location in the entire network map using Voronoi maps. This facilitates the user to 

better visualize the spatial variations in traffic congestion and energy loss.  
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Generating Voronoi maps also helps fill any gaps. During the process of generating 

Voronoi maps, the software basically interpolates (projects) the energy loss values of different 

road sections to estimate the energy loss in the area without data but enclosed between the two 

roadways. This is particularly useful for collector roads or local roads in the vicinity of major roads 

but without data. However, one disadvantage of the Voronoi maps is that the interpolation may be 

erroneous at locations which have links only on one side of the area. 
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CHAPTER 5: ANALYSIS AND DISCUSSION 
 
 

5.1. Analysis from Observations 

 First, the analysis is based on the observations made from the values that were developed 

by integrating with the INRIX data. The total energy loss for the network on different days of week 

is presented in Table 2. 

TABLE 2: Total energy loss values for the network using minimum travel time 

Day of Week Energy Loss due to recurring 
congestion per hour (MJ) 

Energy Loss due to non-recurring 
congestion per hour (MJ) 

Time of Day 8-9 am 12-1 pm 5-6 pm 8-9 am 12-1 pm 5-6 pm 
Tuesday 535.15 518.81 560.01 2425.34 2160.62 2945.49 
Saturday 422.52 445.27 421.15 1278.35 1886.52 1407.18 

  

The energy loss is greater on a weekday compared to that on a weekend (Table 2). The 

energy loss due to recurring congestion is computed based on the delays from average and 

minimum travel times and energy loss due to non-recurring congestion is based on delays from 

maximum and average travel time. The values of energy losses during a weekday, which was 

considered to be a Tuesday, were low during the off-peak hour or during the afternoon hour and 

was highest during the evening peak hour which more or less represents the traffic volume density 

curve. The traffic congestion during the morning peak hour is more and then reduces during off-

peak hours and then rises again during evening peak hours. 

Table 3 shows a comparison of the energy losses calculated using Average and Minimum 

travel time for one case and Average and 15th percentile travel time for the other to observe how 
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the energy losses would vary in if 15th percentile travel time was considered. However it is quite 

evident from the values that the energy losses are very low when 15th percentile travel time is used. 

This facilitates for a future scope of the study to calibrate the results to fix upon the travel time to 

be used to get realistic values. 

TABLE 3: Total energy loss values for the network using 15th percentile travel time 

Day of Week Energy Loss due to recurring 
congestion per hour (MJ) 

Energy Loss due to recurring 
congestion per hour (MJ) using 15th 

percentile Travel Time 
Time of Day 8-9 am 12-1 pm 5-6 pm 8-9 am 12-1 pm 5-6 pm 

Tuesday 660.1 639.94 690.76 264.53 233.90 299.57 
Saturday 521.17 549.23 519.48 106.91 142.01 119.57 

 

 However, the energy loss values during a weekend are more during the afternoon or off-

peak hour compared to that of morning and evening peak hours. This could be possibly because 

of shopping trips or recreational trips that are generated compared to the office trips on weekdays. 

The energy loss values during a weekday were more compared to that of a weekend due to higher 

traffic congestion during weekdays. 

 The energy losses due to non-recurring congestion are very much higher compared to that 

due to recurring congestion. To further assist with assessment, the ratios of energy losses due to 

non-recurring congestion to energy losses due to recurring congestion was computed and 

compared. The results obtained are shown in Table 4. 

TABLE 4: Ratio of energy losses due to recurring and non-recurring congestion 

Day of the Week Ratio of Energy Losses (non-recurring/ recurring) 
 8-9 am 12-1 pm 5-6 pm 

Tuesday 4.53 4.16 5.26 
Saturday 3.03 4.24 3.34 
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 The values from Table 4 shows that the energy loss due to non-recurring congestion is 

much higher compared to that due to recurring congestion. It also changes with the time of day. 

The ratio (5.26) is the highest during a weekday evening peak hour whereas it is 4.24 during a 

weekend off-peak hour. The effect of an incident on the traffic delays escalates based on the time 

of day. It indicates that the time of day has an effect on delay and, hence, the energy loss. The 

effect of the time of day also depends on the day of week as it can be observed that during a 

weekend, the off-peak hour has the highest ratio and for the same time of day, it’s the lowest during 

a weekday among the three. 

5.2. Analysis from GIS 

 The analysis from GIS consists of maps differentiated based on the day of week; a weekday 

and a weekend. The maps generated have been discussed with weekday first and then followed by 

weekend. Two different types of maps were developed to better understand spatio-temporal 

variations in energy loss. First, the energy loss patterns pertaining to only roadways with available 

information are shown and discussed. Second, Voronoi maps which exhibit pockets of energy loss 

for the whole area are generated and depicted. 

 The primary reason for showing both the maps is because though they are showing energy 

losses they represent the energy losses for different entities. The energy loss maps which are shown 

in the immediate section show energy losses only for the road sections whereas the Voronoi maps 

represent the energy loss for the whole area and can be interpreted at any point in the study area. 

The trends of energy losses across the area will be similar as the Voronoi maps are developed from 

energy loss maps and shows pockets of energy loss. These pockets are similar to that of a digital 

elevation mode (DEM) file in which contours are developed from points with elevations. 
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5.2.1. Analysis from Energy Loss Maps 

Figures 4, 6 and 8 represent the energy loss due to recurring congestion and figures 5, 7 

and 9 represent energy loss due to non-recurring congestion on a weekday for 8 am to 9 am, 12 

pm to 1 pm and 5 pm to 6 pm, respectively. Whereas figures 10, 12 and 14 represent the energy 

loss due to recurring congestion and figures 5, 7 and 9 represent energy loss due to non-recurring 

congestion on a weekend for 8 am to 9 am, 12 pm to 1 pm and 5 pm to 6 pm, respectively. 

The energy loss patterns vary across the network based on the traffic congestion. From 

Figure 4, it is evident that the energy losses are high on road links towards the uptown area when 

compared to the roadways on the outer city limits, as more traffic tends to head towards the uptown 

for work purposes during the morning peak hour. However non-recurring congestion has a totally 

different effect on energy losses which is captured in Figure 5, it shows that the central area or the 

uptown area experiences low to medium energy loss and high energy losses can be observed along 

the outer areas away from uptown. Overall, a very few links experience high energy loss at this 

time of day. Figure 6 shows that, during the off-peak hour of a weekday, the Brookshire freeway 

near the uptown area experiences high energy loss when compared to the outer city areas. This is 

possibly because of short trips made within the uptown area during the lunch hours. The effect of 

non-recurring congestion on energy loss seems to be low during off-peak hour. It can be observed 

from Figure 7 that the energy loss is generally low during off-peak hour with the exception of a 

few links for a weekday. From figure 8, it can be seen that the energy loss patterns are evenly high 

across the street network shown, but the uptown area is experiencing densely packed high energy 

losses on the road sections. The outer areas, however, experience low to medium energy loss. 

Figure 9 shows that the energy losses due to non-recurring congestion during the evening peak 
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hour are low to medium for the entire network, except for a small road section. This road section 

is away from the uptown area and may have observed incidents or had ongoing construction work.  
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FIGURE 4: Energy loss due to recurring congestion during weekday morning peak hour 
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      FIGURE 5: Energy loss due to non-recurring congestion during weekday morning peak hour 
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       FIGURE 6: Energy loss due to recurring congestion during weekday off-peak hour 
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FIGURE 7: Energy loss due to non-recurring congestion during weekday off-peak hour 
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FIGURE 8: Energy loss due to recurring congestion during weekday evening peak hour 
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FIGURE 9: Energy loss due to non-recurring congestion during weekday evening peak hour 
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From Figure 10, it can be observed that, in the uptown area energy losses are mostly in the 

medium level. The outer areas are, however, experiencing low energy losses on weekend in the 

morning hours. It can be also observed that the values are 40% less on weekend when compared 

to weekday. Similarly Figure 11 shows that the energy loss due to non-recurring congestion on 

weekend morning is minimal across the street network. It is obvious that no special events would 

take place in the morning hour and even in case of an incident or ongoing construction work the 

low traffic volumes would counter act their effect. It is quite evident from Figure 12 shows that 

during the off-peak hour, the energy losses are more and the values also suggest that the energy 

loss has increased during off-peak hour from morning peak hour on a weekend. Most of the 

roadways, however, experience low to medium energy losses. It can be observed from Figure 13 

that the energy loss is generally low during off-peak hour on weekend, with the exception of only 

one road section on weekend, which could be because of construction activity or incident. From 

Figure 14, it is evident that the energy loss values during the evening peak hour are more compared 

to morning peak hour on a weekend. The morning and evening scenario or the energy loss patterns 

from the figures are similar but the energy losses in the uptown area are higher during evening 

peak hour. Similar to figures 11 and 13, Figure 15 shows that the effect of non-recurring congestion 

on energy loss at network-level is minimal. However, small sections of links at random locations 

are experiencing medium to high energy losses. This could be possibly because of incidents. 
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FIGURE 10: Energy loss due to recurring congestion during weekend morning peak hour 
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FIGURE 11: Energy loss due to non-recurring congestion during weekend morning peak hour 
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FIGURE 12: Energy loss due to recurring congestion during weekend off-peak hour 
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FIGURE 13: Energy loss due to non-recurring congestion during weekend off-peak hour 
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FIGURE 14: Energy loss due to recurring congestion during weekend evening peak hour 
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FIGURE 15: Energy loss due to non-recurring congestion during weekend evening peak hour 



41 
 

There can be different types of representations using GIS maps to show the energy loss 

pattern across the Charlotte city network. The above method shows the energy loss for the TMC 

links and the values obtained or displayed in the maps pertain to individual TMC links. This 

method helps to differentiate links based on their energy loss values which in-turn represents the 

congestion associated to that roadway or link.  

 From the maps, it can be observed that the time of day i.e., morning, evening and off-peak 

hour and the day of the week i.e., weekday or weekend influence the energy loss patterns on road 

links. In other words, the energy loss values of a roadway changes with the time of day and the 

day of week. The maps above indicate that the effect of non-recurring congestion on the energy 

loss is low during weekdays and weekends as well, most of the TMC links show green color 

indicating low energy loss values. The effect of recurring congestion can be observed to be more 

intense on the links near the uptown area or towards the center of the city and the links existing in 

outer areas of the city are experiencing lower energy losses. 

 The energy loss patterns are same during both weekday and weekend but the intensity of 

energy loss is a bit different with the uptown area experiencing high energy losses during weekdays 

and medium to low energy loss during weekends.  

5.2.2. Analysis from Voronoi Map 

Results based on Voronoi maps are discussed in this section. The reason to develop 

Voronoi maps is to use a more practical approach to better represent the results. These maps are 

developed using GIS which are similar to land use maps but they represent areas with energy loss 

values. These maps create small pockets of areas with different values of energy loss. The main 

difference between the network maps and Voronoi maps is that the network maps facilitate the 
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user to look at energy loss values only on existing road sections or TMC links in the maps but not 

between them or in areas where the roadways do not pass through.  

 Whereas in Voronoi maps, the energy loss values can be determined at any point location 

in the entire network map. This facilitates the user to get to know of the energy loss which also 

indicates the congestion in any zone by just clicking at that point using query in GIS. The GIS 

basically interpolates the values of different links to estimate the energy loss in the area enclosed 

between two links.  

 One disadvantage of these maps is that the interpolation is accurate for areas that are 

enclosed between two links and the results may be erroneous at locations which have links only 

on one side of the area (in which case GIS assumes the same value for that pocket of area which 

might not be accurate). 

Three different parameters were used to develop Voronoi maps. They are the effect of 

regular traffic condition, the effect of an incident and ratio of the effect of incident related and 

regular traffic congestion. 

 The introduction of ratio is primarily to better explain the effect of an incident when 

compared to that of regular traffic in an area. For example, if the energy loss due to regular traffic 

at a designated point in an area is 1 million joules per passenger car per mile and the energy loss 

due to an incident is 4 MJ per passenger car per mile. The ratio at that point would be 4. However, 

if the energy loss due to an incident is considered to be constant and the energy loss due to regular 

traffic is increased, this ratio values goes down. So if an area is already congested due to regular 

traffic flow, there is every chance that the energy loss due to an incident at this point is high.  

 Using the concept of ratio of Voronoi map helps in identifying areas which are facing high 

energy losses in case of an incident. This could be due to various reasons such as the 
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approachability to the section or already congested road network at the location. Further, locations 

with alarmingly high values of ratio are to be of main concern and emphasized when allocating 

resources.  

 Voronoi maps were developed for the three times of the day i.e., morning peak hour, off-

peak hour and evening peak hour for recurring congestion condition, non-recurring congestion and 

ratio of the two. These maps are discussed in detail further along with the maps in this section. 

Figure 16, the uptown area is packed densely with pockets of medium to high energy losses. 

As you move away from the central area of the network, pockets of low energy losses can be 

observed. This could possibly be because of the inflowing traffic towards the uptown area for work 

purposes during the morning peak hour. Whereas, Figure 17 exhibits that the effect of non-

recurring congestion is low in most of the areas during the morning peak hour of a weekday with 

a few medium energy loss pockets. Brookshire freeway is experiencing high energy loss. Figure 

18 shows that though the energy losses are high in various sections of the network, the effect of 

non-recurring congestion when compared to recurring congestion is high for Brookshire freeway. 

Hence, this section would be crucial to look upon for improvements. The rest of the network do 

not show any significant effect of non-recurring congestion when compared to recurring 

congestion. Figure 19 displays high number of red and purple colored pockets in the central area 

during off-peak hours. This implies that the energy losses are high in the uptown area of the 

network. A few high energy loss pockets can also be observed in the north area of the network but 

the sub-urban or the outer areas of the network are experiencing lower energy losses. Figure 20 

for off-peak hour indicates that most of the pockets show low energy loss values as the traffic 

volumes would be less compared to other times of the day considered for the analysis. The same 

road section as in Figure 18 seems to be experiencing more intensified effect due to non-recurring 
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congestion in Figure 21 as well. The traffic congestion at this section, in close proximity to the 

uptown area, builds up at a higher rate for non-recurring congestion. Figure 22 depicts values for 

evening peak hour. As the evening peak hour produces the maximum number of trips in a day and 

is the most congested time of day, many pockets with medium to high energy loss pockets due to 

recurring congestion can be observed in the map. These pockets are spread across the network. 

Figure 23 shows that the energy loss due to non-recurring congestion is low in most of the areas 

during the evening peak hour on a weekday. This shows that in case of an incident or ongoing 

construction activity or during special events the traffic is not relatively much affected when 

compared to regular traffic. From Figure 24 during the evening peak hour, the effect of non-

recurring congestion seems to be high at two road sections, Brookshire freeway and I-485 (South). 

However, most of the area seems to be effected at the same rate as recurring congestion. 



45 
 

 

FIGURE 16: Voronoi map for energy loss due to recurring congestion during weekday morning 
peak hour 
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FIGURE 17: Voronoi map for energy loss due to non-recurring congestion during weekday 
morning peak hour 
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FIGURE 18: Voronoi map for ratio during weekday morning peak hour 
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FIGURE 19: Voronoi map for energy loss due to recurring congestion during weekday for off-
peak hour 
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FIGURE 20: Voronoi map for energy loss due to non-recurring congestion during weekday off-
peak hour 
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FIGURE 21: Voronoi map for Ratio during Weekday Off-peak Hour 
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FIGURE 22: Voronoi map for energy loss due to recurring congestion during weekday evening 
peak hour 
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FIGURE 23: Voronoi map for energy loss due to non-recurring congestion during weekday for 
evening peak hour 
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FIGURE 24: Voronoi map for ratio during weekday evening peak hour 
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In Figure 25, though the energy loss pockets are more dispersed across the network, the 

values seem to have decreased when compared to a weekday, showing around 30 percent reduction 

in values. This could be due to the low traffic volumes and the type of trips generated would be 

different by nature compared to those generated on a weekday. The effect of non-recurring 

congestion during a weekend morning hour (Figure 26) is very minimal as the possibility of special 

events, construction work or an incident at that time is very less. The intensity of effect of non-

recurring congestion compared to recurring congestion from Figure 27 is same as in figures 18, 21 

and 24 for Brookshire freeway near the uptown area. The rest of the area, however, seems to be 

not effected as in the previous cases. Figure 28, the pockets are dispersed and are more 

concentrated towards the central area of the city. This is an expected outcome as it is the afternoon 

hour of weekend. Most of the pockets are medium level indicating that the traffic has an 

intermediate effect on the energy loss values during midday of a weekend. However, as we move 

away from the uptown area the effect seems to be fading. The effect of incidents from Figure 29 

seems to be low during the weekend for off-peak hour as well, except for one road section which 

is experiencing high energy losses possibly due to an incident or construction work. Figure 30 

indicates that the traffic congestion mounts up at a higher scale during an incident when compared 

to regular traffic flow condition on Brookshire freeway and I-485 sections. This implies that 

though these sections seem to be performing well during regular traffic condition, the situation 

worsens with an incident. From Figure 31, random energy packets of medium energy loss can be 

observed which could be due to trips generated during the evening peak hours for various purposes 

like shopping and recreational trips. The core area or the central area, however, seems to be densely 

packed. If Figure 32 is compared to the previous one, most of the high energy loss pockets due to 

regular traffic have now come into the lower energy loss pockets due to incident. This proves that 
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the traffic volume is not alone a deciding factor to be considered to judge the energy losses. 

Interestingly, the regular sections which face high energy loss due to incidents are not highlighted. 

As can be observed Figure 33, Brookshire freeway is affected or the intensity of non-recurring 

congestion on the traffic is high at the same road section during all times of day and also on 

weekday and weekend. All the maps showing ratio seem to be following the same trend for all the 

cases. 
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FIGURE 25: Voronoi map for energy loss due to recurring congestion during weekend morning 
peak hour 



57 
 

 

FIGURE 26: Voronoi map for energy loss due to non-recurring congestion during weekend 
morning peak hour 
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FIGURE 27: Voronoi map for ratio during weekend morning peak hour 
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FIGURE 28: Voronoi map for energy loss due to recurring congestion during weekend off-peak 
hour 
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FIGURE 29: Voronoi map for energy loss due to non-recurring congestion during weekend off-
peak hour 
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FIGURE 30: Voronoi map for ratio during weekend off-peak hour 
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FIGURE 31: Voronoi map for energy loss due to recurring congestion during weekend evening 
peak hour 
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FIGURE 32: Voronoi map for energy loss due to non-recurring congestion during weekend 
evening peak hour 
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FIGURE 33: Voronoi map for ratio during weekend evening peak hour 
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As discussed earlier, the Voronoi maps represent energy loss pockets such as land use maps 

unlike the energy loss maps which were discussed earlier in this report. There were a total of 

eighteen maps with three scenarios for three different time of day for weekday and weekend. 

Figures 16, 19 and 22 represent the energy loss effects due to recurring congestion on a weekday 

and figures 25, 28 and 31 represent the energy loss effects due to recurring congestion on a 

weekend during 8 am to 9 am, 12 pm to 1 pm and 5 pm to 6 pm, respectively. From these figures, 

the energy loss patterns or trends across the network are more or less the same with the uptown 

area experiencing high energy losses. The energy loss effect seem to be fading as we move away 

from the core area towards the outer areas. 

 Figures 17, 20 and 23 represent the energy loss effects due to non-recurring congestion on 

a weekday and figures 26, 29 and 32 represent the energy loss effects due to non-recurring 

congestion on a weekend during 8 am to 9 am, 12 pm to 1 pm and 5 pm to 6 pm, respectively. The 

trends show that non-recurring congestion has very minimal effect on the energy losses across the 

network. Scattered small pockets can be observed with medium to high energy loss during the 

morning peak hour, which are replaced by low energy loss during off-peak hour and also the 

locations of high energy loss pockets have shifted to different road sections. 

 However, during the weekend for the morning peak hour, the energy loss due to non-

recurring congestion cannot be seen to be high at any of the section on the entire network. During 

the off-peak hour, a road section towards the south of the map is experiencing high energy loss. 

This cannot be observed during the evening peak which has small pockets of medium energy loss. 

  Overall, the figures infer that the effect of non-recurring congestion during weekends is 

much lower when compared to weekday. The time of day during which high energy loss can be 

observed changes for weekday and weekend. 
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 The maps exhibiting the effect of non-recurring congestion compared to recurring 

congestion are shown as figures 18, 21 and 24 for weekday and figures 27, 30 and 33 for weekend 

during 8 am to 9 am, 12 pm to 1 pm and 5 pm to 6 pm, respectively. The impact is higher on a 

road section near to the uptown area during all times of the day both on weekend and weekday. 

This shows that the road section needs to be treated to handle traffic during non-recurring 

congestion. Another road section to the south of the network also is experiencing higher impact 

rates due to non-recurring congestion. The time of day varies with the day of week, which is during 

evening peak hour on a weekday and off-peak hour during weekend. 
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CHAPTER 6: CONCLUSIONS 
 
 

 The energy loss pattern for various links in the transportation network was computed using 

both the energy loss maps and the Voronoi maps. Though the main purpose for both the maps is 

the same, their functionality can be differentiated by a small line of variation. The results were 

analyzed based on the values of total energy loss during a time period of the day and day of week.  

The total energy loss for the network varies with the time of day and the day of week. For 

a weekday, the energy loss is the highest during the evening peak hour and is the lowest during 

the off-peak hour, be it under recurring congestion condition or non-recurring congestion 

condition. In other words, the energy loss depends on the traffic volumes that lead to traffic 

congestion. However, the total energy loss of the network during a weekend is highest during the 

off-peak hour and the lowest during evening peak hour due to recurring congestion. However, in 

case of non-recurring congestion, the highest total energy loss is during the evening peak hour and 

the lowest energy loss is during the morning peak hour. 

The downtown / uptown area experience the highest energy loss during all times of the day 

during a weekday. Non-recurring events escalate congestion and lead to increased energy loss. The 

effect of non-recurring congestion on energy loss patterns, over space, is very minimal during a 

weekend. However, the magnitude of energy loss could be substantially very high.  

The method adopted in this thesis could be used to assess spatio-temporal variations in 

energy loss. Voronoi maps seem to adequately project energy loss or similar measures for links 
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with missing data. The practitioners could use findings from this study to target pockets of higher 

energy loss areas and implement solutions or strategies that contribute to sustainability. These 

could range from technological advancements to policy decisions such as congestion pricing, 

restricting the use of fuel inefficient vehicles, limiting the use of heavy vehicles or encouraging 

use of alternate modes of transportation. This study enables the examination of both link level and 

network level characteristics, which facilitates the users to compare and evaluate the importance 

or seriousness of a link or an area. 

The research in this study was conducted at a macro-level. A microscopic level analysis by 

considering vehicle types and driver behavior on energy loss merits an investigation. In addition, 

data could be processed for each hour and day of the year to estimate annual energy loss associated 

with recurring and non-recurring congestion. Assessing the effect of non-recurring congestion 

would require integrating incident data and their clearance times. This merits exploration and an 

investigation. 

 Similar methodology can be used to assess the spatial-temporal variations for any city or 

study area using the adopted method. But it has to be noted that availability of proper data holds a 

key to accurate results. If more wide range of data such as the percentage of heavy vehicles, 

commercial vehicles and the individual percentage of each class of vehicle is available in the data 

an exact value of energy loss at a desired location can be assessed. 

 The computed energy loss is just a representative for the network shown as all the energy 

loss values calculated are considering passenger cars. However it serves as a platform to a vast 

future scope of study. To enumerate, it can be started with calibration of the estimates comparing 

various travel time measures such as minimum travel time, 15th percentile travel time or other 

travel time measures to compute delay due to recurring congestion. Further, this study shows the 
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energy loss estimates for an average weekday and weekend and for only three hours of the day 

(morning peak hour, off-peak hour and evening peak hour). An extensive study can be facilitated 

to develop tools that could show energy loss estimates for any time of the day and any day of year.  
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