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Abstract 

The focus of Industrial engineering has always been efficiency. While industrial engineering has contributed 
significantly to the improvement of productivity and quality of life, the objective function in the models used in 
industrial engineering normally measures of efficiency of products or processes. However, the efficiencies of 
products or services are normally indirect measures of quality of life. Therefore, this paper will illustrate some 
discrepancies between what we measure and what we need in some aspects of energy efficiency. In manufacturing, 
transportation, and services, energy efficiency has improved tremendously using the current measures in food 
processing, in fuel efficiency of cars and trucks, or in heating and air conditioning. However, the total energy 
consumption per capita in developed countries remains high. The improvement in products and processes may not 
be reflected in serving human needs. For example, while car fuel efficiency has improved many times in the last 
100 years, commuting times become longer and longer. Commuting time is directly related to our livelihood in 
modern cities, as measured in some basic elements of Maslow's hierarchy of human needs. This paper intends to 
draw attention to the measure or objective function in optimizations through the perspectives of energy efficiency. 
We first gather information on improvements in energy efficiency in cars, food supply chains, and heating and air 
conditioning systems in commonly accepted measures. We will then contrast them with the improvements in 
satisfying human needs. The evidence reveals interesting food for thought for industrial engineering and for 
engineering and science in general. In addition, we developed an energy efficiency measure for commuting that is 
directly linked to our needs, demonstrated its usage with some examples, and provided ideas for future research. 
We hope our measure on energy efficiency in commuting would lead to new measures or objectives for industrial 
engineers in product design, manufacturing, transportation, process design, and city planning.  

Keywords: Energy efficiency, human needs, commute, industrial engineering, energy consumption, commuting 
time. 

1. Introduction* 

Industrial Engineering always focuses on efficiency, 
and improvements in efficiency contribute significantly 
to the improvement of productivity and quality of life. 
However, efficiency measures are often associated with 
products or processes, such as cars or air conditioning. 
Therefore, when the production capacity was scarce, the 
efficiency measures of products or process lined up well 
with the efficiency of serving human needs. However, 
when the production capacity is in excess or abundance, 
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as in many parts of the developed and emerging 
economies, the product- or process-based efficiency 
measures may no longer line up well with the efficiency 
of serving human needs. 
 
In this paper, we consider the energy efficiency as an 
example in which the product or process efficiency may 
not be directly linked to the efficiency of serving human 
needs. The rapid improvement in human lives is due in 
large part by the increased ability of converting stored 
energy into useful power by human beings. Before the 
large-scale use of stored energy, many human needs 
were not satisfied.  
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Energy Efficiency and IE 

Human needs and wants are complex. They can be short 
term or long term, physiological or psychological, and 
such needs can conflict with each other. Maslow’s 
pyramid of human needs, proposed in 19434 and 
updated in 19705, is well known and has been discussed 
and quoted extensively. We will use elements in 
Maslow’s pyramid as a starting point in this paper.  
 
In Maslow’s pyramid of human needs, the most basic 
needs are physiological, such as air, water and food. If 
the physiological needs are met, the need for safety 
emerges. In short term, the safety includes protection 
from danger, including anything from weather to 
assault. In the long term, safety includes livelihood, a 
means of securing the necessities of life - a job for most 
city dwellers. Once safety needs are met, people need 
belongings and love: friends, family, organizations, and 
social circles. The next level in the pyramid is esteem, 
which people need for reputation, attention, status, 
recognition, and a sense of achievement. Those who 
have achieved a high level of esteem may engage self-
actualization or self-fulfillment, as do dedicated artists, 
athletes, educators, activists, or philanthropists.  
 
Today, the immediate physiological needs of the middle 
class in developed countries and emerging economies 
are met by high productivity in society, which also 
provides excellent service to short term safety needs 
such as shelter from weather and assault. However, high 
productivity can actually have a negative impact on long 
term physiological needs such as health because of over 
eating and lack of physical activities.  
 
Livelihood: One major factor that affects livelihood is 
the commute to work. Thanks in part to job 
specialization, many people have to commute to work, 
and that commute needs energy.  Even biking consumes 
energy in the bike supply chain and in peddling. 
However, energy consumption in peddling is also 
generally good for most people in the city for long term 
health as long as the duration is acceptable and safe.  
 
Currently, the most relevant measure for energy 
efficiency related to commute is fuel efficiency in cars. 
In next section, we will show that the improvement in 
fuel efficiency in cars has not always translated into 
satisfying some aspects of commuting needs.  
 
Food: Industrialization improved energy efficiency in 
food production per calorie or other nutritional units, 
and in transportation per unit weight per unit distance. 
However, the increased production and transportation 

capacity also increased volume and distance and added 
many intermediate steps in processing, transport and 
refrigeration. Many aspects of these steps negatively 
impact the service to human’s long-term needs, such as 
health. However, the increased production and 
transportation capacity also increased volume and 
distance and added many intermediate steps in 
processing, transport and refrigeration. Many aspects of 
these steps negatively impact the service to human’s 
long term needs, such as health.  
 
Another safety needs is shelter. Modern commercial 
buildings provide heating and air conditioning to protect 
humans from bad weather and to provide an 
environment conducive to higher productivity. Over the 
years, the building codes have helped to regulate the 
improvement of insulation, new lighting systems have 
helped to reduce energy consumption per unit of light 
generated, and new heating, ventilation and air 
conditioning rating systems have helped to improve 
energy efficiency with their respective measures. 
However, energy consumption in commercial buildings 
per employee and per unit space has not decreased.  
 
In this research, we explore what efficiency measures or 
objective functions can directly link energy 
consumption and human needs in some specific areas.  

3. Energy Efficiency in Cars  

Engineers and scientists have made great improvements 
in car efficiencies. Table 1 compares the Ford Model T 
with the Ford Fiesta 2014 model, the closest car in size 
with to the Model T. In about 100 years, the fuel 
consumption, weight, and top speed almost doubled, 
respectively. Each parameter requires more energy to 
achieve. The total increase in efficiency, combining all 
three parameters, can be considered to have improved 
over 8 times! 
 
Table 1. Comparison of Ford Model T and Ford Fiesta. 

 

 
Ford

Model T 
Ford Fiesta 

2014 
Approximate
Improvement

L / 100 KM 11.2 - 18.1 6.0 - 8.1 ~2 
Weight (KG) 544 1,192 ~2 
Top speed 64 – 72 145 ~2 

 
Even in the last 30 years, the improvement in car fuel 
efficiency is still significant, thanks to microprocessors 
and new technologies. A comparison of the Honda 
Accord between 1983 and 2014 is shown in Table 2. 
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The overall improvement can be considered more than 
doubled.  
 
Table 2. Comparison of Honda Accord: 1983 vs. 2014. 

 

  1983  2014 
Approximate 
Improvement 

L / 100 KM  11.3 7.8 45% 
Weight (KG)  955 1,614 70% 

Speed  N/A N/A >1* 
 
* No meaningful values can be used. However, the 
speed limit in 1983 was 55 miles per hour in the United 
States. In 2014, most highway speeds are much higher. 
Because of this, better acceleration, and higher 
horsepower of cars, the actual top speed is much higher 
in 2014 than in 1983. 
 
The US EPA reports significant improvement in the fuel 
efficiency of production weighted passenger cars for 
nearly 40 years6, shown in Figure 2.  
 

 

Fig. 2. Fuel efficiency improvement 1975 – 2013, 
USEPA 2013 Report. 

 
Similar efficiency improvements are also achieved in 
light trucks and sport utility vehicles.  
 
Most people would agree that commuting is a chore, but 
because it is necessary for livelihood, it is one of the 
most important usages of cars. USDOT conducted a 
national household travel survey in 20097, which shows 
that people drive instead of walking or using public 
transportation mostly to reduce time or increase safety. 
However, studies in Germany show another result: that 

life satisfaction decreases with increased commuting 
time8. Since commuting often occurs during rush hour, 
the commuting time and energy consumption should 
both be higher than 28% of the distance travelled. Here, 
the efficiency that directly links energy to human needs 
is time savings in commuting. Therefore, objectives for 
energy efficiency in commuting should be to reduce the 
time.  
 
How much fuel efficiency improvement translates into 
improvement of commuting time in last 35 years? 
Figure 3 shows the commuting times based on surveys 
conducted by the US Census in 20099 and the USDOT 
survey7. In both data sets, the commuting times have 
become longer. 
 

 

Fig. 3. Commuting time changes from 1977 – 2012. 
 
A study based on a survey of 982 residents in 
Guangzhou, China10 shows that the percentage of 
people who are satisfied with using private automobiles 
and individual transport (walking or bicycling) were 
51.52% and 73.86% in 2007. The commuting times are 
30.2 and 38.9 minutes. According to China's New-
Urbanization Report 2012, published by the sustainable 
development strategy research group under the Chinese 
Academy of Social Sciences, the commuting time by 
car in Guangzhou has increased to 48 minutes. 
Interestingly Guangzhou won the ITDP 2011 
Sustainable Transport Award.  
 
There are many reasons for the lack of improvement in 
using energy to reduce commuting time as a particular 
human needs: urbanization, city sprawling, zoning, 
population increase, economic development, etc. 

0,0

5,0

10,0

15,0

20,0

25,0

30,0

19
7
5

19
7
7

19
7
9

19
8
1

19
8
3

19
8
5

19
8
7

19
8
9

19
9
1

19
9
3

19
9
5

19
9
7

19
9
9

20
0
1

20
0
3

20
0
5

20
0
7

20
0
9

20
1
1

20
1
3

MPG L/100 KM

0,00

5,00

10,00

15,00

20,00

25,00

30,00

1977 1982 1987 1992 1997 2002 2007 2012

Census USDOT

Published by Atlantis Press 
Copyright: the authors 

42



However, can
to reduce com
use commut
transportation
 
Ironically, on
acceleration. 
stop and go 
acceleration 
differences in
cars do not ac
would not acc
average flow
efficiency m
acceleration,,
longer comm
 
Economically
10 years in 
household in
increased in
commuting a
their other ne
 
How have 
security, ano
Hierarchy? S
fatality rates
IRTAD Annu
and injury rat
been reduced
more people
States, the hi
travelled dec
201112. See 
injuries in th
to 201213. T
vehicle design

n we start to t
mmuting time
ting time as 
n system and p

ne of the impro
However, ind
 traffic durin
of some cars
n successive 
ccelerate well
celerate fast. S

w. Therefore, 
measures on c
, which lead t

muting time.  

y, the cost of 
many parts 

ncome in de
n constant 
also deprives 
eeds.  

improvements
other importan
ecurity related
s, injury rate
ual Report 20
te in most of 

d significantly
e drive great
ighway fatalit
creased over 
Figure 4. Th
e United Stat

The report at
n, law enforce

think about ho
e? Should indu

optimization
process design

ovements in c
dustrial engine
ng rush hour
s increases th

cars because
l and 2) some 
Such variation

the EPA's 
cars to acco
to more fuel c

fuel has abou
of the world
eveloped cou
dollars. Thi
consumers' a

s in transpo
nt human ne
d to transporta
es, accident 
01011 shows 
the 29 memb

y from 1970 t
ter distances. 
ty rate per 10

90 percent 
he trend in 
tes has fallen 
ttributes the 
ement, etc. 

ow to use ener
ustrial engine
n objectives 
n?  

cars and SUVs
eers know that
r, the improv

he relative spe
e 1) some oth

cautious driv
n leads to slow
change in f
mmodate bet

consumption a

ut doubled in l
d. However, 
untries has n
is means t
ability to sati

ortation affec
ed in Maslow
ation can inclu
rates, etc. T
that the fatal

ber countries h
to 2009, even

In the Uni
00 million mi

from 1921 
non-fatal traf
50% from 19
decline rate 

rgy 
eers 

in 

s is 
t in 
ved 
eed 
her 

vers 
wer 
fuel 
tter 
and 

last 
the 
not 
that 
isfy 

cted 
w’s 
ude 
The 
lity 
has 

n as 
ited 
iles 

to 
ffic 
988 

to 

F

 
Ho
1.3
90
co
roa
 

F

 

4.

En
in 
sal
(re
sig
an
20
ca
sy

 
 

1

1

1

1

Fig. 4. Vehicle
ve

owever, aroun
3 million fata
0% of the cas
ountries13. The
ad users in dif

ig. 5 Percenta

Energy Effi

nergy for our p
agriculture, 

les, service
efrigeration, c
gnificant comp
nd 14.4% in 2
002, even wh
apita is reduc
ystem increas

0

2

4

6

8

10

12

14

16

19
2
1

19
2
6

19
3
1

19
3
6

19
4
1

Fatality

e highway fata
ehicle million 

nd the world, 
alities and 50
sualties are in
e percentages
fferent countr

age of fatalitie
road u

iciency in Foo

physiological
processing, 

es (restaura
cooking). Ene
pared to total 

2002 in the U
hen the total
ced by 1.8 %
sed by 16%

19
4
1

19
4
6

19
5
1

19
5
6

19
6
1

19
6
6

 100 VMKM trave

Energy 

ality and injur
KM traveled.

crashes on ro
 million injur
n low- and m
s of fatalities
ies are shown

es by different 
users. 

od Supply Ch

 need for food
packaging, t

ants), and 
ergy use in fo

energy use: 1
United States. 
l energy con

%, the energy
%, shown in

19
7
1

19
7
6

19
8
1

19
8
6

19
9
1

19
9
6

elled Inju

Efficiency and IE

ry rate in 100 
. 

oad led to over
ries, of which

middle-income
s by types o
n in Figure 5.

categories of 

hain 

d is consumed
transportation

households
ood systems is
12.2% in 1997
From 1997 to

nsumption per
y in the food
n Table 414

0

50

100

150

200

19
9
6

20
0
1

20
0
6

20
1
1

ry / 100 VMT

E 

 

r 
h 
e 
f 

 

f 

d 
n, 
s 
s 
7 
o 
r 
d 
4. 

Published by Atlantis Press 
Copyright: the authors 

43



Chen Zhou 

Table 3. Ener
 

Total energy 

Total energy 

Energy in foo

 
Figure 6 sho
2002 in energ
in t
 

Fig. 6. US en

 
 
The biggest i
in processing
of processed
transportation
food and serv
than fresh-co
consumption 
(better) or m
increases in 
consumption,
US, and in t
abundance, n
control thems
reduce portio
consumption,
problems, sho

rgy use chang

 

per capita  

in food system

od as % of tota

ows the magn
gy use in diff
the 

nergy consum
the food s

increases in en
g and food ser
d and packa
n, storage, refr
viced food are
oked food at 
in household

more refrigera
agriculture an
, which ironic
terms of calo

not scarcity. M
selves to cons
on size, etc. 
, which is 
own in Figure

e between 199

1997 

Base line 

m   Base line 

al   12.2% 

nitude, change
ferent categor
annual 

mption and cha
supply chain. 

nergy consum
rvices. Increas
aged food r
frigeration, etc
e also conside
home. The in

ds might mea
ation (less nu
nd transportat
cally is also a
ories, the prob

Most people co
sume less, to 

The increas
directly rel

e 715.  

97 and 2002.

Change by 20

‐1.

+16.

14.

es from 1997
ries and chang

percenta

ange by stage 

mption have be
sed consumpt
aises costs 
c., and process
ered less healt

ncrease in ener
an more cook
utritious). Lar
tion mean m

a problem. In 
blem in food
onstantly have
forgo dessert,
e shows high
lated to hea

002

8% 

4% 

4%

7 to 
ges 

age.   

 

in 

een 
ion 
for 
sed 
thy 
rgy 

king 
rge 
ore 
the 

d is 
e to 
, to 
her 
alth 

F
o
is
i

 
Pe
wh
foo
wh
ne
M
en
dir
me
 

5.

Co
co
sa
liv
EP
(D
mo
co
co
So
En
No
rep
cu
sh
 

1

1

2

2

3

3

4

Fig. 7. The per
obese, and extr
s National Hea
s National He

eople are also
hich are more
od chain. The
hich is a long
egatively impa

Maslow’s pyra
nergy used in
rectly reflec
easures. 

Energy Effi

ommercial bu
onditioning, li
fety from hea

velihood. All 
PAct legislati

DOE) was give
ost recent edit

ode), the ASH
ompared to th
ociety of Heat
ngineers). DO
orthwest Nati
port shows th

umulative ene
hown in Table 

0

5

10

15

20

25

30

35

40

N
H
ES
 I

1
96

0‐
1
96
2

N
H
A
N
ES
 I

1
97

1‐
1
97
4

Overwe

rcentages of p
remely obese
alth Examinat

ealth and Nutr

o eating food
e energy inten
ese are not in
term physiolo
act love and 
amid of hum
n this fundam
cted in com

iciency in Co

uildings use p
ighting, IT sy
at and cold an

are basic hu
ion, the U.S
en a task to de
tion of a natio

HRAE Standar
he prior edit
ting, Refriger
OE assigned 
onal Laborato

hat over the 24
ergy reductio
316. 

N
H
A
N
ES
 II

1
97

6‐
1
98
0

N
H
A
N
ES
 II
I

19
8
8
‐1
99
4

N
H
A
N
ES

1
99

9‐
2
00
0

eight Ob

people that are
from 1960 to 
tion Survey, a
ition Examina

d higher in th
nsive than fo

n the best inte
ogical need, an
esteem at hig

man needs. H
mental human
mmon energ

mmercial Bu

power in hea
ystems, etc. T
nd a better en
uman needs. 

S. Departmen
etermine whet
onal model co
rd 90.1, woul
tion (ASHRA
ating and Air

the task to
ory to conduc
4-year period,
on is approxi

N
H
A
N
ES

2
00

1‐
2
00
2

N
H
A
N
ES

2
00

3‐
2
00
4

N
H
A
N
ES

2
00

5
2
00
6

bese Extr

e overweight, 
2010. NHES 

and NHANES 
ation Survey.

he food chain
od low in the
rest of health
nd obesity can
gher levels o
However, the
n need is no
gy efficiency

uildings 

ating and air
These provide
nvironment for

In the 1992
nt of Energy
ther or not the

ode (a building
d save energy

AE: American
r Conditioning
o the Pacific
t a study. The
 the estimated
imately 28%

2
00

5‐
2
00
6

N
H
A
N
ES

2
00

7‐
2
00
8

N
H
A
N
ES

2
00

9‐
2
01
0

emely obese

 

n, 
e 

h, 
n 
f 
e 
t 
y 

-
e 
r 
2 
y 
e 
g 
y 
n 
g 
c 
e 
d 

%, 

Published by Atlantis Press 
Copyright: the authors 

44



Table 4. Th
en

 
Buildi

90.1

90.1

90.1

90.1

Cum

 
 
The building 
is related to w
windows pro
popular now.
energy-efficie
than 20%, wh
or triple-pane
shown in Figu

Fig. 8. The in
 
The efficienc
Seasonal Ene
Conditioning
(AHRI). The
sold went fro
199717, show
approximatel
building code
or triple-pan
significant sa
electricity us
1990 and the
commercial 
consumption 

he improved b
nergy savings 

ng code 

1‐1980 

1‐1989 

1‐1999 

1‐2004 

ulative 

code specifie
windows. Dou
ovide better in
. The EIA rep
ent single-pan
hile the use of
e windows rea
ure 8. 

ncreasing use 

cy of air condi
ergy Efficienc
, Heating 

e average SEE
om just above
wn in Figure 

y 30% savin
e, including in
ne windows,
avings in ener
sage increase
en decreased 
use, shown 
per square 

building code 
from 1980 – 2

% Energy Re

es many facto
uble-pane and 
nsulation and 
port shows tha
ne windows a
f more energy
ached approx

of double or t

itioning system
cy Ratings (SE
and Refrige
ER rating of 
e 7 to almost 
9. This shou
ngs in electr
ncreased usag
, one would
rgy. However
d about 60%
15% from 1
in Figure 
meter and 

and estimated
2004. 

eductions

Base line 

‐15 

‐4 

‐11.9 

‐28.1%

rs, one of wh
even triple-pa
are much m

at the use of l
are down to l
y efficient dou
ximately 80%,

triple-pane gla

ms is defined 
EER) by the A
eration Instit

air condition
11 from 1978

uld translate in
ricity. With 
ge of the dou
d expect m
r, the resident

% from 1982 
991 to 1997. 
10, the ener

per employ

d 

hich 
ane 
ore 
less 
less 
uble 
, as 

 

ass. 

by 
Air 
tute 
ners 
8 to 
nto 
the 

uble 
ore 
tial 

to 
In 

rgy 
yee 

red
rem
 

F

 

 
On
co
co
Ho
on
bu
rec
ele
1%
20
the

1

1

1

1

1

duced some 
mained stagna

Fig. 9. The inc

Fig. 10. The

ne possible
ommercial bui
onsumption b
owever, until 
nly approxim
uildings19. The
cent years du
ectricity in da
% of the total
01120. Still, the
e entire energy

0

2

4

6

8

10

12

1978 1980

Average S

0

200

400

600

800

1000

1200

1400

1979 19

MegaJ

from 1979 
ant. 

crease of SEE
use

e energy use p
emplo

reason for 
ildings could 
by computer
2003, the en
ately 4% of
e percentage m
ue to data cen
ata centers dou
l and was est
e percentage i
y picture yet. 

1981 1982 198

EER AC Units Sold

983 1986 1989

oule/sq meter

Energy 

to 198618, t

ER numbers an
d. 

per square met
oyee. 

lack of imp
be the incre

rs and IT 
ergy use in c

f the total in
may have incr
nters. The est
ubled from 20
timated to dou
is not big eno

84 1987 1990 1

Electricity for AC

9 1992 1995

MegaJoul

Efficiency and IE

then basically

nd electricity 

ter and per 

provement in
ase of energy
infrastructure

computers was
n commercia
reased in more
imated use o

000 to 2005 to
uble again by
ugh to change

0

2

4

6

8

10

12

14

16

18

1993 1997

C (Gigawatt‐year)

1999 2003

e/employee

E 

y 

 

 

n 
y 
e. 
s 

al 
e 
f 
o 
y 
e 

Published by Atlantis Press 
Copyright: the authors 

45



Chen Zhou 

6. Summary of Observations 

Over the years, various sectors of industry have made 
significant improvements in energy efficiency on 
products and processes in traditional measures. 
However, the EIA data in Figure 11 shows that the 
energy consumption per capita has not decreased much. 
The data from 1949 to 2010 are based on the EIA 
Annual Energy Review Report, 201121. The data from 
2011 to 2014 are based on the EIA Annual Energy 
Outlook 201422. Until 2008, there was no significant 
decrease. From 2009 to 2011, the per capita 
consumption decreased, partially due to high energy 
costs and the recession. Since 2012, the per capita 
energy consumption has been stagnant. This lack of 
improvement occurs in parallel with the significant 
reduction in energy intensive manufacturing activities in 
the United States (concrete, metals, plastic, etc.). Of 
course, as society changes, energy demand changes. For 
example, air-conditioning is much more common now 
than 60 years ago, and energy consumption in IT 
systems, home appliances, etc. are higher. However, 
how much does this help issues of human need?  
 

 

Fig. 11. Energy consumption per capital from 1949 to 
2014. 

 
In car making, food supply chains, and HAVC systems, 
the industries in silos can achieve significant 
improvement in energy efficiency. However, if 
measured against specific human needs, such as 
reduction in commuting times, in highway fatality rates, 
in good working conditions, or in health provided by 
food systems, how much improvement have we 
achieved? Which country, city, or community is doing 
better? It seems to be useful to add measures that close 
the loop from the energy source toward human needs. 
These measures can be used as objective functions for 
Industrial Engineers to design and operate systems that 

improve energy efficiency toward our needs. We will 
attempt to show examples below. 

7. The use of Commuting Time as Energy 
Efficiency Objective 

Commuting is a basic needs for livelihood and a long 
term safety issue in modern life. Commuting constitutes 
28% of automobile travel in distance in the United 
States7. Normal walking speed can only cover about 5 
kilometers in an hour, a big chunk of one’s disposable 
time in a day, and so unacceptable to most people. 
Therefore, some faster mode of transportation is 
necessary: bicycles, motorcycles, buses, trains, and cars. 
These means require different levels of energy and offer 
different commuting times and levels of security.  
 
Most commuters travel by car in order to save time and 
increase safety. The Toronto Board of Trade23 considers 
commuting time so important that it uses the category 
consistently on its scorecard of competing cities. Other 
cities also report commuting time and safety as an 
important quantitative metric. Many reports also list the 
importance of energy consumption. However, no one 
considered the use of energy as an input to save 
commuting time or safety. The energy efficiency in 
commuting time can be modeled as an input-output 
system, as shown in Figure 12. The input is the energy 
consumption E for commuting. The output is 
commuting time reduction. One way to define 
commuting time reduction is to use the time reduction 
from walking to work for a given distance. A simpler 
definition is to use the inverse of commuting time as the 
output. 

Fig. 12. The relationship between energy input and 
commuting time output. Mathematically, this is 
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E The energy consumption in commuting. For a 
community, one can take the average. The unit can 
be GJ/trip. It can include both operating energy and 
embedded energy in the infrastructure and 
equipment. 

T Commuting time in minutes or seconds. The first is 
more customary in commuting, and the second is the 
commonly used scientific unit.  

t A constant exponent assigned to weigh the other 
factors, such as area of the region or population 
density. The simplest form is t = 1. 

 
This macro level energy efficiency measure depends on 
many factors, such as mode of transportation, road 
network, city planning, terrain, population density and 
area.  

 
We demonstrate the usefulness of this measure with 
cities that are either passenger car or public transport 
centric. Since this measure is new, it is challenging to 
find the data toward this measure. We managed to get 
data sufficient to achieve rough estimates of energy 
consumption in operations, meaning excluding the 
energy consumption in constructions. Our results should 
provide useful insight into the energy efficiency of 
public transportation versus private automobiles. The 
operating energy efficiencies in commuting time for the 
cities in which passenger cars dominate the commute 
are shown in Table 5. They are listed in the descending 
order of percentage of passenger car commuters. 

 
Table 5. Passenger car energy efficiency in commuting time in select cities. 

 % Auto  L/100 KM  Comm Time  Speed KM/hr Speed KM/min L/min GJ/min Occu‐pency  GJ/trip ETcommute

US  90.0%  8.11  22.9  46.5 0.774 0.0628 0.0022 1.13  0.0442 0.990

Dallas  95.6%  8.11  26.5  43.1 0.719 0.0583 0.0020 1.13  0.0476 0.793

LA  89.2%  8.11  28.1  43.1 0.719 0.0583 0.0020 1.13  0.0504 0.708

Seattle  85.6%  8.11  27.5  43.1 0.719 0.0583 0.0020 1.13  0.0494 0.736

Chicago  83.7%  8.11  30.7  43.1 0.719 0.0583 0.0020 1.13  0.0551 0.591

Toronto  71.2%  8.11  40.0  43.1 0.719 0.0583 0.0020 1.21  0.0671 0.373

Montreal  70.5%  8.11  38.0  43.1 0.719 0.0583 0.0020 1.21  0.0637 0.413

Sydney  67.0%  8.11  33.0  43.1 0.719 0.0583 0.0020 1.10  0.0627 0.469

 
In Table 5, the columns % Auto and Comm Time are 
from the Toronto Board of Trade23. The commuting 
time in the entire US is from the USDOT National 
Household Travel survey of 20097. Fuel efficiency is 
converted from 29 miles per gallon (MPG) from the 
CAFÉ 2009 total fleet data reported in NHTSA NVS-
220 (2013)24. The travel speed and travel time in the US 
are based on the USDOT Survey7. All other cities are 
based on the same report using MSA (Metropolitan 
Statistical Area) data for a population of more than 3 

million. Occupancy data for US cities is also from the 
NHTSA report. The occupancy data for Toronto, 
Montreal are from McLeod25. The Occupancy and 
Comm Time for Sydney are from the Bureau of 
Transport Statistics of New South Wales26. 
 
The second group includes the three cities with the 
highest percentage of commuters using public transport, 
listed in the Toronto Board of Trade23. 

 
Table 6. Public transport energy efficiency in commuting time in select cities. 

City 
% Non 
Auto 

Total Energy 
GWh/yr 

Total Energy 
GJ/Yr 

Passengers/day, in 
1000 

GJ/passenger 
trip 

Comm 
Time min 

ETcommute 

Hong Kong  89.2%  1,344  4,300 0.00892  37.6 2.94

Paris  73.7%  9,548,184 12,000 0.00218  30.0 5.22

London  59.8%  1,163  3,033 0.00111  37.0 2.44
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In Table 6, the column % Non-Auto is from the Toronto 
Board of Trade22. The Total Energy and Passengers/day 
in Hong Kong is from the MTR Sustainability Report 
Summary27. The Total Energy and Passengers in Paris 
are from the Paris Transport Authority report28. The 
Total Energy and Passengers/day in London are from 
Facts and Figures29. The Comm Time for Hong Kong 
and London are from the Toronto Board of Trade 
report22. The commuting time in Paris is from a 
comprehensive survey report30. The travel time in Hong 
Kong is from Tse and Chan31. 
 
The report30 includes more specifics. The commuting 
time of 30 minutes used in the table is for suburban 
commuters, probably more comparable to the situation 
in Hong Kong and London. In the city center, the 
commuting time is 17 minutes, which will almost 

double its efficiency. Commuting in the suburbs is 
dominated by automobiles and therefore not included. 
The total energy given was 41,878 thousand ton oil 
equivalent (ktoe). We assume that was the electricity 
consumed. The main power source in France is nuclear. 
To be consistent, we applied the coal fired power 
generation efficiency calculated for HK or London at 
34%32, which was approximately the average in the US 
coal fired power plant.  
 
We also computed operating energy efficiency for the 
bus rapid transit (BRT) public transport system in 
Bogota, Colombia. Since the procedure of estimation is 
similar to those of private cars: using fuel efficiency, 
occupancy, and travel time, it does not fit in either table 
above. Therefore, we included the results separately in 
Table 7. 

 
Table 7. Public commuting energy efficiencies in Bogota Colombia. 

  % Non 
Auto 

L/100 
KM 

Commute 
time 

Speed 
KM/hr 

Lit/min  GJ/min  Occupency  GJ/trip  ETcommute 

Bogota  81%  24.0  44.6  26.7  0.1068  0.0037  60  0.0028  8.11 

 
The % Non-Auto is from the ESMAP Report33. The 
L/100 KM is based on manufacturer published fuel 
efficiency for the 48-seat Volvo bus, which is 
commonly used. The commuting time is estimated 
based on two sources. The first is the commuting time 
reduction of 21 minutes from the World Urban Forum34, 
and the second is the commuting time reduction of 32% 
from the Energy Efficient cities Initiative35. Based on 
these two data points, we estimated the prior commuting 
time was 21 / 0.32 = 65.6 and the new time is 44.6 
minutes.  The peak hour occupancy is 9835. We used a 
more conservative number of 60 in the calculation. 
ESMAP also reported that the average speed is 26.7 KM 
per hour. The system serves over 1.65 million 
passengers a day in which 15% of the passengers 
previously traveled by private car36. The reduction in 
cars should also reduce the car commuting time from 
42.7 min. McCarney estimated that the overall 
commuting time dropped by 21 minutes for all 
commuters34.  
 
The reason that the efficiency in Bogota is so much 
higher than other public transport systems is its very 
high occupancy rate. The data for Bogota is during the 

peak time, while the data for Hong Kong, Paris and 
London are for anytime.  
 
Energy efficiency in commuting time can be improved 
two ways: 1) by energy savings or 2) by time savings. 
Energy efficiency can be used to compare cities based 
on competitiveness and city design and to compare 
cities based on different years to show improvement or 
different systems to show advantages. The measure can 
also be used for individuals to show their personal 
energy conservation and satisfaction. Although the data 
were crude estimates, the drastic differences allow us to 
draw the conclusion that public transportation is much 
more energy efficient than private cars in operational 
energy efficiency in commuting times. The average 
efficiency of the seven auto-centric cities is 0.58. The 
coefficient of variation, or the ratio of standard 
deviation and mean, is 0.29. The average and coefficient 
of variation for public transport systems in the four 
cities is 4.68 and 0.32, almost an order of magnitude 
higher than auto commuting!  
 
We did not consider the embedded energy in cars, 
roads, tunnels, tracks, and other infrastructure. 
However, it is reasonable to argue that the energy 
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consumption of infrastructure for bus systems, or even 
rail systems, should not be higher than the passenger car 
infrastructure.  
 
There are other factors such as comfort. The 
attractiveness of passenger cars is that not only is it a 
transporter, it is also a shelter that provides comfort, 
privacy, and entertainment, although few would 
consider being stuck in traffic as much comfort or 
entertainment. None the less, it is difficult to resist the 
temptation for cars. However, we also need to consider 
how much more energy is consumed to achieve this 
marginal comfort and entertainment.  
 
Another measure of the transportation system is safety. 
Hong Kong's MTR system reported its safety record in 
2008, 2009 and 2010, shown in Table 837. The data 
suggests an extremely high level of safety. In the US, 
the highway fatalities in 2009 reached 33,963. If we 
normalize using the population of the US and Hong 
Kong, this will be 779, only about 2.3% of the fatalities 
in US! We did not find reliable data in other cities. In 
2009, the CDC estimated traffic injuries at 2.3 million 
(CDC, 2009), and using NHTSA’s report of 2,932,374 
million vehicle miles (NHTSA, 2010), we can estimate 
0.49 per million KM - a very impressive number. 
However, in Hong Kong, using 34.05 per 100 million 
passenger journeys and 10 KM per journey, the injuries 
in Hong Kong are 0.03405 per million KM, only 7% of 
the US injury level! 
 
Table 8. The fatalities and injuries in Hong Kong public 

transportation system. 
 

  
Transporter 

Type  2008  2009 2010

Fatality, number 
per year 

Bus  0  1 0

Heavy rail  1  0 0

Light rail  0  3 1

Total  1  4 1

Injuries (requires 
hospitalization) 
per 100 million 
passenger 
journeys) 

Bus  7.53  11.16 7.51

Heavy rail  8.4  7.56 7.94

Light rail  12.34  15.33 12.3

Total  28.27  34.05 27.75
 
The BRT in Bogota, along with other policies, also 
increased safety in Bogota. Road injuries were reduced 

by 15%, and the fatalities by 40% from 1999 to 2006 
(Cohen, 2008).  
 
Similar efficiency measures can be developed for safety 
as for commuting time. However, we could not find 
good data for the other cities studied. Further data and 
study should suggest better measures. 
 

8. Energy Efficiency in Food and Buildings 

Food is one of the most important fundamental 
physiological needs. It is also most intimidating: as the 
saying goes: “we are what we eat.” Food directly 
impacts our health and wellbeing. However, food is also 
very complex, impacted by culture, history, geopolitical 
systems, etc. A simpler dimension in food can be calorie 
and other nutritional intake. Some minimum amount of 
food energy is needed to sustain life; more is needed for 
health and livelihood. However, too many food calories 
deteriorate our long-term health, which is a basic need. 
Interestingly, in the middle class around the world 
today, the majority of people worry more about taking 
in too many calories than not enough. Too much calorie 
intake leads to health problems, the opposite of human 
need. This suggests that there exists an “optimum” 
value of calorie intake.  
 
Therefore, the energy efficiency in food supply chains 
can be fundamentally different from energy efficiency 
in commuting: too much production of food can be bad, 
while the shorter the commuting time, the better.  
 
Housing is also complex, impacted by culture, history, 
and geopolitical systems. A simpler measure can be 
size. House size may also depict similar properties as 
food. Individuals often want a particular size or other 
characteristic directly related to energy. A house too 
large requires too much maintenance and can negatively 
impact how often you interact with loved ones who 
occupy the same home. Similarly, too much heating or 
air conditioning makes a house too hot or too cold. 
Therefore, energy efficiency in housing shares similar 
characteristics with those in food supply, the topics for 
future research.   

9. Summary 

This paper points out that the great improvements in 
energy efficiency in cars, housing, and food supply 
chains may not always translate into improvement in 
energy efficiency to satisfy human needs. We 
substantiate this observation with evidence from 
commuting, food, and housing.  
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We proposed a specific measure of energy efficiency on 
commuting time and compared between different cities 
and between passenger cars and public transport. The 
energy efficiency in commuting time can be a powerful 
measure to compare performance in different years to 
show improvement, among different cities to encourage 
competition, in different systems to show advantages of 
system design, or by individuals to justify personal 
choices. Specific measures such as fuel efficiency, 
heating and air conditioning, and food labeling have 
yielded energy conservation in silos. We hope this 
measure would further the cause of energy conservation 
by channeling the valuable energy into what we humans 
need. For example, this measure can be used to provide 
a more objective and concrete measure for the ITDP 
Annual Sustainable Transport Award. It will direct the 
cities to put the fund to where it really matters.  
 
We also provide suggestions on energy efficiency for 
commuting security and some characteristics for food 
and housing. These are more difficult and will be the 
topics of future research.  
 
We hope this paper will provide food for thought on 
energy efficiency and spark new development, new 
measures, and new policy to focus on more direct 
measures that address how energy efficiency relates to 
human needs, as reflected in Maslow’s Hierarchy of 
Human Needs. Once the basic physiological needs are 
satisfied, human beings seek higher level needs such as 
security, love, friendship, esteem, reputation, and 
personal satisfaction. Some of these may not need much 
energy. Nowadays, there are high income people who 
proudly drive fuel efficient cars and have small, energy 
efficient homes to gain esteem or personal satisfaction. 
Many people volunteer to help others. Therefore, the 
objective functions for engineers and others should 
adapt to this change in the resource-scarce and 
productivity-abundant society throughout many parts of 
the world. Today, scarce resources such as air and water 
are free, while the products from abundant production 
systems are expensive, which will lead to unsustainable 
systems. Industrial Engineers can make great 
contributions using analytics to link the use of scarce 
resources to human needs. 
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