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Abstract

—— A E

It is widely accepted that the concentration of people in denser cities — sharing space,
infrastructure, and facilities — offers much greater energy efficiency than the expanded
horizontal city, which requires more land usage as well as higher energy expenditure in
infrastructure and mobility. But the principal has never actually been examined at a detailed
level. Most research in this area to date has focused on the large scale-energy consumption and
populations of cities, rather than communities. The Council on Tall Buildings and Urban Habitat
(CTBUH), in an attempt to investigate this, embarked on a research project in early 2014, in
conjunction with the Illinois Institute of Technology (IIT), entitled “A Study of the Sustainability
Implications of Differing Urban + Suburban Locations in Chicago, which is focused on
demystifying the myths on both sides of the density vs. sprawl debate. The fundamental
objectives of this research project are two-fold; (i) to investigate the true sustainability aspects
of people’s lifestyle through a comparison of Chicago downtown high-rise and suburban low-
rise living, and (i) to develop a methodology for this evaluation for the benefit of other cities
globally. This paper gives a summary of progress to date.

Keywords: Tall Buildings, Sustainability, Infrastructure, LCA, Embodied Energy, Quality of Life
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Background

The US. population has continued to
urbanize. As a share of total population, the
metropolitan population has increased from
69 percent in 1970 to 80 percent in 2000
(Hobbs & Stoops, 2002). Within metropolitan
areas, however, the population has continued
to suburbanize. From 1970 to 2000, the
suburban population slightly more than
doubled, from 52.7 million to 113 million.’
This phenomenon is especially highlighted
in Chicago, where there has been a huge
population shift from city to suburbs over
the last half of 20th century. The population
of the City of Chicago peaked at 3.6 million
in 1950, containing 70 percent of the wider
metropolitan area residents. By 2000, 2.9
million Chicagoans made up only 36 percent
of the wider metropolitan population.?
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1: Source: U.S. Census Bureau. Actually, U.S. Bureau of the Census
does not identify a location as “suburban.” Metropolitan areas

are divided into two classifications: (a) inside central city and (b)
outside central city. Many researchers treat the latter areas as
suburban, and they are so treated in this paper (see Giuliano et al.
2008, Appendix B).

1; ﬁ‘iﬁ*ﬁ 9%@/\ ORER. FxE, XEAURERFEA
X AT E’&%‘M)ﬁ 2K: (a3 A DL X
*ﬂ(b)i&fﬁ*m VASH B o f&? é‘%ﬁ% P KR
FERERIX", A SR Mot 3 B AR K (#E.Glullano etal. 2008,
Appendix B)

2: Source: Metropolitan Decentralization of Chicago. College of
Urban Planning and Public Affairs, University of Illinois at Chicago.
July 2001.
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Figure 1. Conceptual diagram of research methodology. Source: created by authors. 22
E1 BT kA TR, REEE AL, —— VT T 2 /
2.0 4| = Developed Land + 1 7F %
—#— Fuel Use JAHE
These dispersed, automobile-oriented, suburbanized patterns have s Population A S
. . . — 1.8 1 =4 Real Displosable Personal Income
resulted in the consumption of vast quantities of undeveloped land, ) AT X RN //
the necessity for large horizontal infrastructure networks to support, 26
and the undertaking of increasing vehicle miles traveled (VMT), £ / —
. . . . 14
which contribute to increasing energy usage and greenhouse gas o / /_/
(GHG) emissions. Specifically, vehicle travel on U.S. highways has been o,
) . . ) K
increasing at a much faster rate than either population or developed =
1.0 o T T T T T

land for several decades (see Figure 2).

Methodology

The multidisciplinary research project which forms the basis of this
report embraces factors such as the embodied energy of the materials
in the inhabitation; the actual monthly energy consumption of the
home (and the implications of differing power sources — electric, gas,
bio-fuel, district heating, etc.); mobility movements through all modes
of transport — walking, bicycling, automobile, bus, CTA train, Metra, etc;
the embodied and operating energy of the infrastructure to support
inhabitation; and the other direct energy-carbon implications of each
lifestyle. In addition, the research project engages with the single
people, couples and families in the households that will inform this
study to determine issues on the quality of life between dense high-
rise and suburban low-rise living. The general analytical framework and
data analysis methods are summarized in Figure 1.

All the data is being collected primarily through surveys and
questionnaires direct with residents of the households. Specifically, the
questions in the survey include the following sections: demographics
(each household member’s age, gender, race, employment status, etc),
household information (income, ownership status, time of residence,
etc), residential building and unit information (type, year, material, floor
#, GFA, etc.), owned vehicle/bicycle information (type, year and mileage
traveled tracking), travel behavior during a typical week (destination
locations, frequency, travel time, modes of travel, etc.), monthly utility
usage (electric, gas and water including provision of utility bias for a
12-month period), land use characteristics, satisfaction with residential
life, sustainable living behavior investigation, etc. The data set we have
collected so far is approximately 200 households in both high-rise and
low rise-scenarios.

1982 2001

Year 4
Figure 2. Growth in U.S. highway passenger VMT, population, developed land, real disposable
personal income, and energy consumption, indexed to 1982. Source: Transportation
Research Board. 2009. Driving and the Built Environment: The Effects of Compact
Development on Motorized Travel, Energy Use, and CO, Emissions. Special Report 298.
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Figure 3. Site location of the 3 case studies

E3. =AHREFIHERE URLEREA
Case Studies

The initial phase of this study is being undertaken based on two case
studies: a series of residential towers in the City of Chicago as the
urban high-rise case studies, and Oak Park as the suburban low-rise
case studies. Their geographic locations and connected transportation
systems are shown in Figure 3. A phase Il of the project will take place
in other outer commuter suburban areas, such as Naperville, IL.

The three urban high-rise cases include The Legacy at Millennium
Park (250-meter tall, 73-story condominium tower accommodating
357 units), The Aqua Tower (262-meter tall, 86-story mixed-use tower
accommodating 447 apartments, 264 condos and 334 hotel units)
and Commonwealth Plaza (two 77-meter tall, 27-story condominiums
accommodating about 390 units). The research project already
benefits from the solid support of the owners of all these buildings,
who will encourage the maximum involvement of residents. All of
the three urban case studies are located in areas of high density and
various types of public transport.

Oak Park, a district accommodating 51,878° inhabitants located 7 miles
from Chicago city center will form the inner low-rise commuter suburb
case study. Oak Park is considered quite sustainable in many aspects

— constituting a relatively dense mix of single-family homes and
apartment blocks, has a very walkable environment, is plugged into
much of public transport system (especially the mass transit CTA green
and blue lines) that service Chicago, etc.* Since the USA is one of the
most energy-profligate nations when it comes to residential energy
consumption, it is believed that Oak Park as a case study may be more
akin, in agglomerated terms, to European or Asian situations, where
there is good suburban access to public transport, and local amenities.

412 | CTBUH 2014 Shanghai Conference
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3: Data from U.S. Census Bureau. Last updated: Jan 3,2013
3FERF: XEATRER. REEH: 201381430

4: Actually, Oak Park was named the third best neighborhood to live in in the United States by the
American Planning Association in 2010.
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Table T summarizes the basic characteristics across these different
case studies.

Research Fields and Initial Findings

Field 1: Embodied Energy

The embodied energy of a building is the energy consumed during
the manufacturing and construction phases of the building. It
comprises all the energy inputs that are needed to manufacture the
material elements of a building, such as enclosure, flooring, glazing,
roofing, fittings, and fixtures. Embodied energy is divided in two parts:
initial embodied energy, which is utilized in the initial construction of
the building, and recurring embodied energy, which is utilized in the
replacement and maintenance in materials’ life spans.

The research has done an extensive literature review in embodied
energy of high-rise and low-rise buildings. Past research includes
numerous studies on the embodied energy of low-rise buildings based
on a Life Cycle Assessment (LCA). Calculated by different researchers
across real case studies and digital models, the embodied energy varies
with research scope, research methodology, and the case studly itself
(e.g., different buildings use, different structure & exterior walls). Yet, all
the studies approve that the embodied energy accounts for typically

a very small portion, approximately 10%-15%, of the total life-cycle
energy consumption over a 50-year home life (Keoleian, 2001). Actually
this figure is even less if the energy consumption in transportation in
terms of people’s life style is considered. Based on the literature review
conducted, the average value of the embodied energy of low-rise
buildings (1-2 stories) is 750 MJ/sf2.

Compared to low-rise buildings, few published studies determine the
embodied energy of tall buildings due to the projects’complexity and
limited data availability. One of the many criticisms leveled at tall buildings
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M'l_'ne Le.gac);atk Aqua 1;‘;\&“ cc°mm°"wealltgﬁla§ Oig%k Table 1. Basic characteristics across the two different case
;Jg/’;\“%"[‘egggy Aqua ommonwea studies. Source: created by authors. Data Source: CTBUH
—— Urbam Fion i | — Skyscrapercity, 2008 Household Survey and U.S. Census Bureau.
ype rpban Righ-Rise nner LOw-Rise N TE R gz - y: Nl N 3
comnerLowise RLAATRFEEONERRE. K 4 B4, HBE
JE: CTBUHEE R A 0, 20085 % E R EE Ef % E A DA
Completion Years# & 4 2010 2009 1956 71.9% built before 1950 =5,
24.7% built 1950-1999 -
3.4% built after 2000
*These are average figures for the 60603 Zip Code area, which
Height B 250m/ (818ft) | 262 m (859 ft) 77 m (253 ft) <10m/33 ft is the core area of the Chicago Loop
Number of Floors# & % & 73 82 27 1-3 B B R U Y 60603 BT B 2 X E B F (B, WWKEA LA
FRROECHEE.
Number of Unit: 356 747 160 (N)/215 (S, 1 bod
umber of Units . J it . © perapoce **These are average figures for the 60614 Zip Code area, which
Structural Material £ 14 A 4 Concrete Concrete Steel/Concrete Wood frame/stone/brick covers the majority of the Lincoln Part neighborhood.
X B 3 EL it 4Bt F % 2, 1Y -F 34 oF
Location3 & City of Chicago Suburbs ﬂ;%ﬁ(%@ﬁﬁlﬂﬁﬁ60614ﬁﬁ%mﬁﬁé’]$iﬂfﬁ, WRHHE = T
A A [ B KB 4
Loop Lincoln Park Oak Park
Population (2010) 29,283 94,368 51,878
A B (20104F)
Density & & 19,000/sq mi 30,000/sq mi 11,037.9/sqmi
(7,200/ km?) (12,000/ km?) (4,262/ km?)
Distance to Chicago Loop Walkable 4 miles (average) 7-10 miles (average)

Public Transport/A 3£ 25 3 All CTA Lines, All Metra Lines &

Multiple Bus Lines

CTA Red, Purple and
Brown Lines, Metra UP-N
Line & Multiple Bus Lines

Green & Blue CTA lines,
Metra UP-West Line &

Pace Buses

Vehicles Available 68%* 77.8%**
KEHAE

94.3%

Commuting to Work% £ 3£
- Car, truck, or van
- Public transportation
- Walked or bicycle
- Other means or worked
athome
- Mean travel time (min)
H R

17.9%*
15.9%*

60.9%*
5.3%*

41.1%**
40.7%**
9.0%**
9.2%**

19.8 minutes* 30.2 minutes**

64.1%
22.5%
5.4%
8%

31.7 minutes
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is the high quantities of structure and materials required to support, clad
and service them, coupled with energy intensive construction at height
(Oldfield, 2012). Based on the literature review conducted, the average
value of embodied energy of high-rise buildings (15 stories or higher) is

71 MJ/sf2. This early study indicates that a high-rise building requires
more embodied energy than a low-rise building per unit of floor area,
due to the growing quantities of load bearing materials (concrete or steel)
as the building total height increases under increased gravity, wind and
seismic loads, the additional performance requirements of the facade
under additional environmental loading at height, and the need for
increased common MEP services and elevator provision.

However, given that there are more residents per unit floor area
accommodated in high-rise dwellings than low-rise dwellings, high-rise
buildings could actually consume less embodied energy per person
(Norman, et al. and Perkins, et al.). It is expected that the research project
will investigate the embodied energy of low rise and high-rise dwellings
in more detail in order to report back comprehensively on this.

Field 2: Operating Energy

The operating energy of a building is an ongoing and recurrent
expenditure of energy that is consumed to satisfy the demand for
heating, cooling, ventilation, lighting, equipment, appliances etc.
Building operation alone is responsible for 41.7% of all energy consumed
in the United States, and moreover, the U.S. uses 74.9% of its electricity
just to operate buildings. Thus it is very important for society to have a
better understanding of operating energy consumption in both high-
rise and low-rise buildings, especially on a unit and person basis.

Few studies have conducted a comprehensive investigation of the
actual operating energy for tall buildings. According to the U.S.
Department of Energy (DOE)'s Prototype Building Models,® a typical
10-floor high-rise apartment in Chicago” consumes 63.3 MJ/sf? for
annual operating usage, and a typical single-family house in Peoria, IL®
consumes 52.9 MJ/sf2. However, the results of these simplified digital
models need to be verified and adjusted via a full-scale investigation of
actual case studies. This research project will track the actual operating
energy usage including electric, gas and water of each residential

unit across both high-rise and low-rise scenarios via examining the
actual utility bills supplied by residents over a 12-month period. It will
also take into account, in the high-rise case studies, the actual energy
required of the common areas and facilities (lobby, corridors, elevators,
centralized MEP plant services, etc.). All the actual energy data will be
monitored over a 12-month period.

Field 3: Mobility & Transport Movements

Typically, it is believed that people living in the suburbs drive more

than people living in an urban center. The lllinois Department of
Transportation (IDOT) shows that the average household in the Chicago
downtown drove 6,949 miles in 2007, while the average household in
Oak Park drove 13,412 miles. In additional to assessing vehicle miles
traveled (VMT) for automobiles, it is critical to investigate people’s travel
behavior via public transit. According to the Share of Total Mileage

of Travel by Mode by Residents of each Zone in the 2008 Household
Survey,” the total mileage traveled per person by other public
transportation modes can be calculated shown as Table 2. Due to the
limited open data about travel behavior via public travel modes at the
city-scale, these statistics assume that the share of total mileage of travel
by different modes in the downtown area is the same as the Central
Chicago zone, and Oak Park is the same as West Cook zone.
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Characteristics/Study Areas Chicago Loop Oak Park
R 9 5 ThAWE RE
Household Sizef: A% 1.8 24
Vehicle Number per Household 0.67 1.61
B AN SR
Annual VMT (Automobile) per Household 6,949 miles 13,412 miles
& P &R /NRERVMTE
Annual VMT (Automobile) per Person 3,860.6 miles 5588.3 miles
& AFEER/NRERMTE
Annual VMT (Public Transit) per Person
&P SR A XX BHVMIE
CTA/Pace/School Bus/A 8% 760.6 miles 262.7 miles
CTA Train3 ¢k 552.1 miles 424.7 miles
Metra X % 139 miles 357.7 miles

Table 2. Average residential mileage traveled by all the transportation modes

in Chicago Loop and Oak Park . Source: created by authors. Data Source: 2008
Household Survey and U.S. Census Bureau.

R EZ AT GEMEERE S L@y A LT FHTREE. KR
B, HIERR: 2008 XERXEREREEHADRER.

5: Source: Architecture 2030. Data Source: U.S. Energy Information Administration (2012).

5: YRR #A2030. HEAR: £EBEFELEF (2012 .

6:The prototype building models were developed by Pacific Northwest National Laboratory in support

of the U.S. Department of Energy’s (DOE's) Buildin Energ Codes Program.
SRR AT AR HHEAT D00 WEAT BAEAE T, B ATRERERET R,

7:The model was created based on ANSI/ASHRAE/IES Standard 90.1. There is no Chicago-based model,
so we chose the one in Peoria, IL, which is the closest location to Chicago in this series of energy

| del
mw“mi£¥ﬁmmmmm5am@m%«a%ww&m& BT A T,
LRI T PHEPNLARET, 5wk LA~ EARIRARRE T % £ 5 E

8:The model with gas furnace heating system and unheated basement, which is the most common
type of a single-family house i |n the Midwestern region of US, was created based on 2012 International

Ener Conservatlon Code (IEC!
%{ ilﬂ#‘#*ﬁ&@fﬁlﬁﬁﬁ;r@%%'f‘i R Ae 3K I P O DX R R L R

%;saﬂ_) %gﬂonlﬁhﬂﬁﬁﬂﬁ (IECC) 4 2.

9: The Chicago Regional Household Travel Inventory (CRHTI) did a comprehensive study of the
demographic and travel behavior characteristics of residents in the greater Chicago area.

gyéﬂngf%l&%%:ﬁﬁﬁﬁi (CRHT) A A E B M X & RIF R T — TR T A B MZBAT HRAE



Figure 4. Embodied energy (MJ) of transport infrastructure shared per person via four
transportation modes based on the residents’ travel behaviors in the Chicago Loop
and Oak Park. Source: created by authors.
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To further investigate the mobility & transport movements across

both urban patterns, the research questionnaires completed by each
household will track occupant’s transport movements during a typical
period of time, then be extrapolated for a longer period. Data to be
recorded includes: travel distance, journey frequency, mode of travel
(including walking, bicycling, automobile, bus, CTA train, Metra train,
etc), travel time, etc. In addition, car ownership and the implications of
types of cars will be investigated.

Field 4: Infrastructure

Urban infrastructure includes networks of roads, transportation, water,
sewage, communications, power supply, etc. — all the elements that
are required to support inhabitation. This phase of the research will
assess the life-cycle energy (embodied and operating energy) of the
infrastructure in both the urban and suburban setting, and assess the
relative share of infrastructure energy cost per unit in both the high-
rise and low-rise scenarios. This is perhaps the most tricky part of the
research project to assess, and allocate across households accurately.
Thus a large number of assumptions will have to be made, but it is
important to factor in share of infrastructure at some level.

Specifically in transportation systems, recent studies have developed

a comprehensive environmental LCA energy and greenhouse gas
emissions for automobiles, buses, trains, and airplanes in the US,
including vehicles, infrastructure, fuel production and supply chains
(Chester 2008, Chester and Horvath 2009). The components inventoried
in vehicles include manufacturing, operation, maintenance, replacement
and insurance, and the components inventoried in infrastructure include
construction, operation, maintenance, parking, insurance, etc. Based

on the methodological framework and database of the transportation
LCA database (tLCAdD)', as well as the data summarized in Table 2, the
initial research in this phase conducts a LCA of the residential mobility
associated with residents'travel behaviors in two urban scenarios in
Chicago. Specifically, the components inventoried in the embodied
energy of transport infrastructure include the construction and
maintenance of roadway, station, railway track, station parking, etc. The
research shows the embodied energy of infrastructure shared per person
via automobile is far more than all public transportation modes in the
Chicago Loop and Oak Park (see Figure 4). This seems to confirm the
benefits of transit-oriented development (TOD), and also demonstrates
that reducing automobile usage and new roadway construction is a key
point in lowering the embodied energy of infrastructure.
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10: The transportation LCA database (tLCAdb) is a repository of greenhouse gas environmental results
from research developed by Dr. Mikhail Chester, Dr. Arpad Horvath, and colleagues.

10: 24K % 42 & B 81 9HE 2= (ILCAD) £ BiMikhail Chesteri 4. Arpad Horvath 4 & 4t ] 3 —
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Figure 5. Conceptual diagram of Quality of life measuring
methodology. Source: created by authors.
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Field 5: Quality of Life

In this study the Quality of life (QoL) is defined as “individual overall
satisfaction with life” (Foo, 2000), and will be measured using both
objective and subjective indicators via the questionnaires (see

Figure 5). The objective indicators include individual, household, and
land use characteristics, and the subject indicator is the specific aspect
of satisfaction with life. Specifically, the investigation for both land use
characteristics and satisfaction with life will be scaled down to the
following four categories: travel; accessibility to resources; facilities

and opportunities; social interaction; and safety. In addition, the
research will integrate the Satisfaction of the Life Scale™ and the Sense
of Community'? into the subjective measures in order to find more
associations between different factors within QolL.

Toward the Conclusion of the Research

The expected findings are not intended to give a simple answer
concerning which urban living scenario is more sustainable. Instead,
the findings are expected to give us a better understanding of what
factors really do contribute to “sustainability”in an urban/suburban
context, not only including such quantifiable factors as energy/
carbon expenditure, but also including less-quantifiable aspects of
“sustainability”, such as Quality of life. The remaining parts of the
research are expected to be completed within the next year, and the
final output is expected to be released in early 2016. The final report
will be published by CTBUH within its Technical Guide series.
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11: Satisfaction of the Life Scale is a short 5-item instrument designed to measure global cognitive
judgments of satisfaction with one’s life. The scale usually requires only about one minute of a
respondent’s time.

M EHRERE ALK, ATEA-AANEEFRTRER N SHI. IR
EEHBRESEHFE B LARR.

Source (3 3%): Diener, E, Emmons, R. A, Larsen, R. J., & Griffin, S. (1985). The Satisfaction with Life Scale.
Journal of Personality Assessment, 49, 71-75.

12: McMillan & Chavis's (1986) theory (and instrument) is the most broadly validated and widely
utilized in this area in the psychological literature. McMillan & Chavis (1986) define Sense of
Community as “a feeling that members have of belonging, a feeling that members matter to

one another and to the group, and a shared faith that members’ needs will be met through their
commitment to be together.”
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