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Defining Relationships Between Urban Form and 
Travel Energy 
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ABSTRACT 

The objective of this study was to define some of the relationships between urban 
form and transportation energy consumption. Such knowledge should be useful in 
generating and evaluating alternative plans for guiding the future development of 
metropolitan areas. A three-part approach was designed to attain this objective. 
First, a land use/transportation simulation model and a spatial statistics 
software package were obtained in order to make quantitative measures of urban 
form and associated travel requirements. Second, a number of experimental cities 
were designed with simulated travel requirements. Various urban form measures and 
associated travel measures (including transportation energy consumption) of these 
cities were computed by the statistics package and the simulation model. Third, 
these measures were interpreted and analyzed to test the main hypothesis of this 
study: the less centralized the urban form, the greater the travel distances 
between home and various destinations and thus the greater the city's 
transportation energy consumption. 

In this study two computer programs were used to in
vestigate the relationships between urban form and 
energy consumption in passenger transportation: the 
MOD3 simulation model and the Urban Form Statistics 
(UFSTAT) program. The MOD3 model, developed by Pes
kin and Schofer (1), is a large-scale computer pro
gram used to simulate the effects of alternative 
transportation and land use policies, such as those 
aimed at reducing transportation energy consumption. 
By simulating the travel requirements of a particu
lar urban form, the MOD3 model can calculate a vari
ety of transportation performance measures such as 
total vehicle miles traveled, level of congestion, 
transit ridership, and average trip length, and de
termine the total energy requirements resulting from 
work and nonwork passenger travel. 

Transportation 
System 

Land Use Pattern 

Land Use 
Parameters 

Congestion Transit 
Travel 

Total Transportation 
Energy Consumption 

FIGURE 1 Conceptual structure of MOD3 model. 

43 

The conceptual structure of the MOD3 model is 
shown in Figure 1. It consists of four major sub
models: a Lowry-type land use model, a binary legit 
modal choice model, a capacity-restrained equilib
rium assignment model, and a transportation energy 
consumption model. The Lowry-type model locates res
idence and service employment given the structure of 
the transportation network, descriptors of urban 
travel behavior such as travel time and cost, and 
the location of basic employment. Using a gravity 
model concept, the model locates population on the 
basis of accessibility to basic employment. The 
gravity concept causes locations close to employment 
to be more desirable than those more distant, re
sulting in higher densities near employment loca
tions. Service employment locations are based on 
accessibility to population, so the model has to be 
iterated through several cycles before it arrives at 
a spatial distribution of activities that is in 
equilibrium. The Lowry-type model predicts work 
trips by distributing workers to home sites and ser
vice employees to work sites using travel impedance 
factors. The work trip estimate is split between 
automobile and transit based on free-flow travel 
times and the dollar costs of travel. Automobile 
trips are assigned to the highway network using a 
capacity-restrained equilibrium assignment algorithm 

that explicitly considers congestion. The energy 
consumption of each vehicle on each link of the net
work is then summed to compute the total energy re
quired for transportation. This process is repeated 
until an equilibrium between transportation and land 
use is reached, or, in other words, until differences 
between iterations become suitably small. 

The UFSTAT program, initially developed by 
Schneider et al. (~), was designed to calculate 
various urban form measures. UFSTAT computes 57 
urban form measures grouped into six categories: the 
Lorenz curve and derived measures; Bachi measures; 
centrographic and related measures; and potential, 
aggregate travel, and density gradient measures. 
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FIGURE 2 Geographic structure of the hypothetical city. 

Some of these measures describe the degree of con
centration of population, employment, or other at
tributes in an urban area. Others measure the degree 
of dispersion, the mean and standard distance from a 
central point, the directional tendency of the dis
tribution, the shape of the distribution, and the 
slope of the density gradient . The mathematical def
initions of the urban form measures are discussed 
elsewhere (l_) • 

EXPERIMENTAL DESIGN 

A hypothetical test city was used as a base for 
various experiments. The basic attributes of this 
test city were constructed from the urban transpor
tation studies and land use plans of several Ameri
can cities. The selection of a small hypothetical 
city for the experiments was based on several fac
tors. First, by avoiding the complexities of a large 
metropolitan area, data requirements and computa
tional difficulties are reduced considerably. Sec
ond, a smaller city model allows all the policies to 
be simulated in a realistic environment and also 
allows for a thorough analysis of the results. Fi
nally, it is possible to isolate the effects of one 
or more independent variables on a dependent vari
able, thus allowing direct inferences to be made 
about relationships between the two. 

The test city is composed of 52 zones arranged in 
a square 10 mi on each side (see Figure 2). It con
sists of a central business district (CBD) with an 
area of 1 mi• divided into four zones. Three addi
tional rings of zones surround the CBD, resulting in 
a grid pattern. Zone sizes increase progressively 
toward the periphery in a symmetrical manner. The 
population is 100,000 and includes 15,000 employees 
in basic industries (out of a total employment of 
40 ,000) for the base run of the MOD3 model. Given 
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FIGURE 3 Basic employment distribution pattern for the base 
case. 

the location of basic employment, the model allo
cates population and service employment among the 
zones. Figures 3, 4, and 5 show the locations of 
basic and total employment and population, respec
tively, for the base case. It should be noted that, 
by virtue of the city structure and the assumptions 
in the model, the base-case city is quite cen
tralizedi that is, over 50 percent of the population 
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FIGURE 4 Total employment distribution pattern for the base 
case. 
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FIGURE 5 Population distribution pattern for the base case. 

and total employment are located in the CBD and its 
fringe. This is because 63 percent of the basic em
ployment is also located in this area. 

The street network was initially defined as ar
terial streets that form a grid network. Local 
access and collector-distributor streets are not 
modeled. Highway link intersections meet at zone 
centroids. With 184 one-way inter zonal links, the 
link-to-node ratio is 3. 538 and the total one-way 
roadway length is approximately 233 mi. Free-flow 
capacities, free-flow speed, and the overall highway 
link structure are depicted in Figure 6. The transit 
network is a set of radial bus routes focused on the 
CBD. As shown in Figure 7, all zones, including the 
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FIGURE 6 Link capacity and speed. 
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FIGURE 7 Transit network. 
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CBD, are served by at least one of the six bus 
routes, and each route begins and ends in an outly
ing residential area of the city. One would expect 
that the modal share of transit in the downtown area 
would be much higher than that of the outlying areas 
because the CBD has better service in terms of walk
ing time to, and wait time at, a transit stop. 

In order to simulate the experimental cities and 
obtain useful results with limited resources, three 
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design principles were established in this study: 
(a) all urban forms were to have a 20 percent incre
ment of basic employment growth, (b) three types of 
urban growth patterns (concentration, dispersion, 
and polynucleation) were to be examined, and (c) no 
other changes in input variables other than the 
location of basic employment were to be made. With 
these design principles, 18 experiments were formu
lated and simulated to obtain the data needed to 
examine the relationships between the urban form and 
transportation requirement measures. These experi
ments were classified according to three urban form 
groups, each containing six different forms. All 18 
experiments were compared with the spatial attri
butes of the base case to derive measures of spatial 
change in the population distributions. 
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The first set of experiments was in the concen
trated urban form category. As shown in Figure 8, it 
included six urban forms, numbered 201 to 206. In 
general, all additional basic employment, a total of 
3, 000 new jobs, was assigned to the CBD and CBD
f r inge zones to create a strongly centralized city. 
The primary difference between the experiments in 
this group was the quantity of new jobs assigned to 
each "growth" zone. The second set of experiments, 
numbered 301 to 306, was designed to define several 
dispersed urban forms. The distinguishing charac
ter is tic of these experiments was that the addi
tional basic jobs were allocated to zones beyond the 
CBD and the first ring of zones. Figure 9 shows the 
location and number of new jobs assigned to each 
zone. The last set of experiments was conducted to 
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FIGURE 8 Location of additional basic employment in six concentrated cities. 
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FIGURE 9 Location of additional basic employment in six dispersed cities. 

define several polynucleated urban forms, each of 
which had several relatively high-density clusters 
of activity. As can be seen in Figure 10, four 
growth centers were selected for experiments 401, 
402, 405, and 406: two centers for experiment 403: 
and eight centers for experiment 404. These growth 
centers included a high concentration of retail and 
service activities located within a relatively com
pact land area, blended with high-density residen
tial development and certain kinds of basic in
dustries. 

ANALYSIS OF THE RELATIONSHIPS BETWEEN URBAN FORM AND 
TRANSPORTATION ENERGY CONSUMPTION 

This section describes some functional relationships 
between urban form and transportation energy con
sumption that are based on the measures derived from 
the experimental cities. Hypothetically, the more 

compact an urban form is in terms of population dis
tribution, the less travel energy requirements it 
will have. This hypothesis is based on the assump
tion that as the degree of urban spatial concentra
tion increases, various urban activities locate 
closer together, resulting in a decrease of automo
bile vehicle miles of travel and average trip 
length. This in turn results in a decrease of trans
portation energy consumption. 

A simple linear regression model was used to test 
this hypothesis. Total energy consumption is the 
dependent variable and each urban form measure is an 
independent variable. The urban form measures used 
in the regression analysis are the Gini coefficient, 
standard distance, potential measure, aggregate 
travel measure, and population density in CBD. 

There are two reasons why simple regression 
rather than multiple regression was used in this 
analysis. First, the small sample size would have 
resulted in a marked decrease in statistical power 
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FIGURE 10 Location of additional basic employment in six polynucleated cities. 

if several independent variables had been used. In 
this research, only 18 cases were designed to simu
late different types of urban form. Second, the high 
level of intercorrelation among the urban form mea
sures would prevent multiple linear regression from 
discovering the relative importance of each measure. 
It was important to avoid this multicollinearity 
problem. 

The results of the regression analyses relating 
total energy consumption to each of the five urban 
form measures are shown in Table 1. Looking at the 
correlation coefficients (r), it can be seen that 
total energy consumption is highly and inversely 
related to the measures of spatial concentration 
such as the Gini coefficient, potential measure, and 
population density in CBD. Energy consumption is 
also highly and positively related to spatial dis-

TABLE 1 Regression Results of Transpurlalion Energ-y 
Consumption Versus Urban Form Measures 

Regression Equation 

ENERGY; 21,602 - 15,158 GIN! 
ENERGY; 19,695 - 158 RELOC 
ENERGY; 2,896 + 2,798 MEANDIST 
ENERGY; 6,482 + 357 DISTVAR 
ENERGY; 1,349 + 2,7 I I STAN DIST 
ENERGY; 19,392- 0.108 POTENT 
ENERGY; 2,868 + 0.23 AGGREG 
ENERGY; 16,180- 0.693 DENSITY 
ENERGY; 19,641+14,230 GRADIENT 

-0.87 
-0.85 
0.88 
0. 89 
0.89 

-0. 85 
0.89 

-0.86 
0.88 

,2 

0.76 
0.73 
0.78 
0.79 
0.79 
0.73 
0.79 
0.75 
0.78 

Note: Variables are defined as follows: ENERGY= total energy consump
llon by automobile for 1111 t rip purposes: ln 106 Btu~ G,IN t -ao C ini roe.fOcicmf, 
1n:LOC ~ roa lloc•l lon lndox, M£ANO IST m moan d l.stanco, OISTVA R ~ dl.
tmcc vnria.nce. STANlllST :u • ta. rad a.rd dlihm~ POTENT -= porooti 1 mc1.1urc1 

ACGkt::G = og.pt(J'Otc u iwe.I mauure, DENSITY • popula.11011 dcrisHy In CBO, 
and GRADIENT= density gradient. · 
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pers i on meas ures s uch a s the s tandard dis tance and 
aggregate t r a vel measure . The coeff icients o f deter
mination (r 2

) range from 0.73 t o 0.79 , i nd ica ting 
that 73 to 79 percent of the variance in total 
energy consumption among the 18 cases can be 
explained by any one of the urban form measures. 

Figure 11 is a s catterplot of the total transpor
tation energy requ ired in each exper imen tal city in 
relation to the Gini coefficient. As would be 
expected, there is a wide variation in transporta
tion energy consumption for different urban forms. 
The 300-level cities, which are characterized by 
decentralized urban spatial patterns, have energy 
consumption levels much larger than the compact 200-
level cities, with the polynucleated urban patterns 
of the 400-level cities falling in between. For 
example, experiments 201 through 204, which have 
higher Gini coefficients, occupy the more energy
efficient locations in the trade-off space. By con
trast, experiments 302 through 306, which have lower 
coefficients, occupy the upper left-hand portion of 
the space, representing high energy consumption. 
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FIGURE 11 Transportation energy consumption versus Gini 
coefficient. 

It is interesting to ·observe that, with the 
exce ption of the 402 city, the po lynucleated cities 
do not vary much in terms of energy c onsumption, 
although their s patial concen tration measures show a 
wide range of variation. Another interesting obser
vation is that experiments 403 and 405, which are 
not very conce n trated , are mor e ene rgy-efficient 
than experiments 205 and 206 , which are highly 
concentrated . This suggests that polynuc lea t e d urban 
pat t e rns are comparable with some concentra t ed ur ban 
forms in terms o f energy c onsumption . This result 
was expect ed bec a use h igher conce n trations of activ
ity i n t he cit y cen ter create traffic conge stion, 
which increases the gasoli ne consumed per miie . 

Figure 12 is a p lot o f to tal e ne rgy consumption 
as a function o f t 'he standard distance . The plot 
clear l y shows tha t there is a positive relationship 
between energy consumption and t h is spatial diaper
s ion measure . A longer stan dard distanc e produces a 
greate r level of transpor t ation energy consumption . 
Although t he disper s i o n measur e does not take urban 
travel behav ior in t o account , it suggests t hat a 
spatial dispersion measure can be used as a macro
scale indi c a t or of the level of transportation 
e ne rgy c onsumption i n an urban area . Tbe rationale 
f or th is argu.ment is tha·t if the population dis tri
b ution patter n is dispersed around the CBD , longer 
trips are made and more transporta tion energy is 
consumed. 

Figure 13 is a plot of energy consumption and the 
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FIGURE 12 Transportation energy consumption versus standard 
distance. 

106 BTU 
EMF.RIH 303 

12450.+ .... 402 
- 2306 
-

30
1302 

'1 283 .• 

10700.+ 

.. 
205 .. 

206 

• 204 202 
:U 

203 

201 • 
+---------•-------- - +---------+---------+---------•POTF.NT 

67440. 69602. 71764. 73926. 76088. 782~0. 

FIGURE 13 Transportation energy consumption versus 
potential. 

poten tial measure of the CBD , a measure of a~gregate 

a ccessibility. The gene r al trend shows the t wo 
va r iabl es t o be inversely correlated , i ndicating 
t hat higher accessibility levels in the inne r city 
reduce energy requiremen ts . As expec ted, the d is
persed 30 0-level citie s require more energy , whe r eas 
the concen trated 200-level ci t ies are more energy
efficient . The polycentric (4 00-level) cities faU 
in between . An exce ption is the 402 case , which is 
probably due to an e dge effect caused by the bound
arie s of the city. 

The relationships between t o t al e nergy consump
t ion and the aggr egate travel measure are plotted in 
F igure 14. The positive relations h ip is quite si.m
ilar to that of the standard dis t a nce . It is eviden t 
t ha t i ncreases in passenger travel from eac h zone t o 
the CBD increase the t r anspor tation energy r equire
ments. The clustering p a ttern of each city g r oup is 
similar to t hose shown in the pr evious plots . 

Figure 15 shows total ener gy consumption plotted 
in relation to the population density i n the CBD . 
This plot c l early shows that urban for ms wi th h igher 
popuiation densitie s in the city core require l ower 
levels of t r anspor tation energy . Tbis observation 
agrees with the results of some previous research 
that examined the. impact of u r ban spatial structure 
on t r ansportation energy consumption , using popula
tion density as an urban form measure (4 , 5 ) . 

In summary , the regression results Indicate that 
the concentrated urban form i s the most energy
efficien t and t he dispersed urban form is t he least 
energy-efficient , with the polynuc leated fo rm fall-
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FIGURE 15 Transportation energy consumption versus 
population density. 

ing in between. However, some polynucleated urban 
forms show lower transportation energy consumption 
measures than some concentrated urban forms, al
though the former is more spatially dispersed and 
less well served by transit in its outlying growth 
centers. A close examination reveals that the con
centrated urban forms contain highly congested high
way links in and around the CBD, resulting in high 
energy consumption. 

CONCLUSIONS 

The first conclusion is that the urban form measures 
used in this study are useful techniques for defin
ing the major characteristics of an urban spatial 
structure. These measures clearly described the 
degree of concentration or dispersion and the shape 
of the urban form for all the experimental cities. 
None of these results was counterintuitive. This 
implies that planners and decision makers can use 
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these measures as macroanalytical tools to obtain an 
overall sense of the spatial characteristics of 
various urban form concepts. 

The second major conclusion of the study is that 
most of the urban form measures are highly corre
lated with transportation energy consumption. Over
all, the regression results indicate that higher 
concentrations of population in the center of the 
city, better access to the center, and higher popu
lation densities can reduce transportation energy 
consumption. This suggests that marked reductions in 
transportation energy requirements can be made by 
altering urban spatial structure. However, conges
tion will increase substantially, necessitating 
large investments in expanded facilities and ser
vices. 

The third conclusion of the study concerns the 
comparison of concentrated urban and polynucleated 
urban forms in terms of their transportation energy 
consumption requirements. The urban form measures 
indicated that the polynucleated urban form was more 
dispersed, less accessible, and less dense in the 
CBD than the concentrated urban form. Nevertheless, 
it was evident that transportation in some polynu
cleated cities was more energy efficient than in 
some concentrated cities due to the high congestion 
lP.vel of downtown access ctrcctc. The implication of 
this observation is that there is a great potential 
to reduce energy consumption by encouraging present 
polycentr ic urban form trends and policies. It is 
clear that the horizontal spread of cities must be 
controlled if energy consumption is to remain con
stant or be reduced. Compact urban forms consisting 
of major suburban employment centers with a rela
tively dense residential area surrounding them 
appear to be both feasible and desirable urban con
figurations for an energy-short future. 
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