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Abstract

This paper proposes a framework for understanding the energy consumption differences between tall and low-rise buildings.
Energy usage data from 706 office buildings in New York illustrates expected correlations from the framework. Notable
correlations include: taller buildings tend to use more energy until a plateau at 30~39 floors; tall buildings in Manhattan use
20% more energy than low-rise buildings in Manhattan, while tall buildings outside Manhattan use 4% more energy than low-
rise buildings outside Manhattan. Additional correlations are discussed, among which is the trend that the Energy Star program
in New York City assigns higher ratings to tall buildings with higher EUIs than low-rise buildings with the same EUI. Since
Energy Star is based on regressions of existing buildings, the Energy Star ratings suggest taller buildings have higher EUIs than

shorter buildings, which is confirmed by the New York City energy benchmarking data.
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1. Introduction

It has been declared, “The age of skyscrapers is at an
end. It must now be considered an experimental building
typology that has failed. With the arrival of the global
economic slump in 2007/08, so began the end of the age
of tall buildings.” (Roaf et al., 2009). However, with the
increasing migration of people into cities, tall buildings
live on. More specifically, 108 buildings with designed
heights of at least 300 m are scheduled for construction
within the next 5 years (CTBUH, 2013). While tall build-
ings evoke many debates about sustainability and resource
use, this paper will focus primarily on the energy con-
sumption of tall buildings using New York city data pub-
lically available through energy benchmarking. Energy
use disclosure laws are growing in the United States where
nine cities and two states require energy use disclosure for
large buildings. These large datasets illuminate potential
energy consumption differences between tall and low-rise
buildings.

We first propose a framework for understanding the
energy consumption differences between tall and low-rise
buildings. This framework is then mapped onto city-wide
energy consumption data from New York City to discuss
differences between tall and low-rise buildings. Finally,
correlations between the data and framework are high-
lighted as well as additional noteworthy trends.
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2. Tall Building Energy Consumption
Framework

A framework for understanding key differences between
the energy consumption of tall and low-rise buildings is
proposed. While each component of this framework easily
merits a paper of its own, they are only briefly discussed
here before the framework is used to describe energy
benchmarking data from New York City.

2.1. Elevator energy

Although the energy consumption of elevators is typi-
cally negligible in commercial buildings, it is often signi-
ficant in tall buildings. Depending on height, climate, and
program, elevators can consume anywhere from 5~15%
of the total building energy in tall buildings (Al-Sharif,
1996; Sachs, 2005; Liu et al., 2010). Tall buildings have
higher elevator energy consumptions compared to low-rise
buildings, because elevators travel further distances in tall
buildings and generally travel at faster speeds.

2.2. Infiltration

Although many energy modelers use constant infiltration
rates, they are undoubtedly a function of external condi-
tions (Emmerich and Parsily, 2011). Ng et al. explored
this difference by modeling various types of buildings with
both an EnergyPlus model that assumed a constant infil-
tration rate and a CONTAM model that calculated infil-
tration rates based on dynamic pressure differences, which
accounted for changes in external and internal conditions
(Ng et al., 2013). They found a 200 and 600% increase in
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total infiltration sensible loads for cooling and heating
respectively from using the constant EnergyPlus model to
the dynamic CONTAM model, reinforcing the well ac-
cepted notion that infiltration rates highly depend on ex-
ternal conditions (Ng et al., 2013). Furthermore, when
considering only the effect of wind, they found up to an
800% increase in infiltration rate from 0.1 hr'! at 2 m/s
wind speeds to 0.8 hr' at 8 m/s (Ng et al., 2013).

2.3. Solar gains

Tall buildings are exposed to significant solar radiation
because trees and even other buildings rarely cast sha-
dows upon them. In suburban settings, one expects rela-
tively comparable solar exposure per m? of facade between
a low-rise and tall building because surrounding buildings
will offer little shading, though the effect of trees must be
considered. In dense urban settings, one expects a more
significant difference because low-rise buildings can be
significantly, if not entirely, shaded while tall buildings
rise above the shadows. While this increased solar expo-
sure to tall buildings in cities increases cooling energy in
the summer, one might argue it decreases heating energy
in the winter. However, Ellis and Torcellini found a 9.0%
net increase in heating and cooling energy due to dec-
reased shading in simulations of the first floor and top
floor (at 284 m) of the Freedom Tower (Ellis and Tor-
cellini, 2005). Another related effect is the increased solar
gains from reflections off surrounding buildings to tall
buildings. This secondary effect is not as substantial as
the decreased shading of tall buildings, but these increased
reflective solar gains led to a 2.6% increase in heating
and cooling energy from the first floor to the top floor of
the Freedom Tower (Ellis and Torcellini, 2005).

2.4. Mean radiant loss

For similar reasons tall buildings are exposed to more
solar radiation than low-rise buildings in urban environ-
ments, they are also exposed to more of the sky from in-
creased sky view factors (SVF). Higher SVFs increase
infrared radiation to the sky, which increases heat loss
during cold winter nights. Low-rise buildings in urban en-
vironments predominately radiate to surrounding buildings
at much higher temperatures than the sky, resulting in less
heat loss. While infrared radiation to the sky increases
heating energy during the winter, it helps lower cooling
energy in the summer.

2.5. HVAC pumping

Both the increased solar gains and mean radiant impact
HVAC loads, which are important for tall buildings’ energy
consumption (Ali and Armstrong, 2010; Yeang, 1999).
Another factor that can increase HVAC energy in tall
buildings is the increased pumping distance required for
all the mechanical equipment. Larger distances require
larger pressures to overcome, which in turn requires more
pumping energy. Additionally, buildings over 35~40 stories

typically incur efficiency losses due to heat exchangers in
pressure breaks, which are necessary because the chilled-
water loop must be divided into two or more separate
loops above 35~40 stories to avoid high pressures that can
compromise conventional fittings and valves. The heat
exchangers in these relays increase the chilled water sup-
ply temperature 1~2°C.

2.6. U values

Glazing and fagade assembly U-values increase with
elevation because of increased external wind speeds.
Aware of this significant influence of local wind velo-
cities on U-values, the National Fenestration Reporting
Council has specified a standard exterior wind condition
of 5.5m/s for U-value calculations (NFRC, 2010). The
commonly used wind profile relationship suggested by
ASHRAE predicts local wind velocities as an exponential
function of elevation (ASHRAE, 2009). In a dense urban
environment, a local wind speed of 5.50 m/s at an ele-
vation of 10 m is predicted to lead to local velocities of
11.6 m/s at an elevation of 300 m (ASHRAE, 2009). These
increased wind speeds at higher elevations decrease the
boundary layer along the fagade and lead to greater heat
transfer rates between the building and environment as
the floor elevation increases.

2.7. Air properties and quality at different elevations
In addition to changing wind speeds with elevation,
other important environmental factors also change. Air
temperature drops with elevation, exposing the facade to
different outdoor conditions at different elevations (Leung
and Weismantle, 2008). An average difference of 1.85°C
between 1.5m and 284 m elevations of the Freedom
Tower in New York City have been predicted to decrease
heating and cooling energy for upper floors by 2.4%
annually (Ellis and Torcellini, 2005). This temperature
gradient’s effect on annual heating and cooling highly
depends on the specific climate under consideration. As
cities continue to grow, removing ground-level pollutants
through city-scale ventilation becomes more important.
Tall buildings help increase the standard deviation of
building heights in a city and have been shown to inc-
rease pedestrian purging rates and lower ground-level
pollutants by increasing both the horizontal and vertical
mean flows (Hang and Li, 2010). Aerosols reduce the
transmittance of air by absorbing some solar energy
(Calinoiu et al., 2013). Calinoiu et al. found a 20% reduc-
tion in solar energy for high levels of aerosol (Calinoiu et
al., 2013). Water vapor has a significant impact on in-
frared radiation and is known to decrease with altitude
(Calinoiu et al., 2013; Egan 1994). Although average
variations in water content with altitude are outside the
scope of this paper, two sources of measured New York
data confirm what is expected. The National Oceanic and
Atmospheric Administration observed a decrease in dew
point depression from 3 to 2.4°C with an elevation gain
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from 8 to 173 m (NOAA, 2013). The University of Wyo-
ming observed a decrease in water mixing ratio of 18%
from 10.07 g/kg at 37 m to 8.18 g/kg at 200 m in Upton
New York (The University of Wyoming, 2013).

3. New York City Benchmarking Data

In 2009 New York City was the first city in the United
States to require large buildings, with gross areas greater
than 50,000 %, to publically release energy consumption
data by passing New York City Local Law 84. The data
analyzed in this paper was collected by the City of New
York in 2012 and released in September of 2013 (The
City of New York, 2013). Unfortunately, the city does not
release any direct measure of building height in their
energy benchmarking data. However, the New York City
Department of City Planning collects immense data on all
buildings and lots in New York through the Primary Land
Use Tax Lot Output (PLUTO), including the number of
floors of each building (NYCDCP, 2013). They do not col-
lect total elevation, but the total number of floors offers
a fairly uniform measure of building height (NYCDCEP,
2013). The PLUTO data used in this study was collected
between February and May 2013 (NYCDCP, 2013).

The data has been cleaned to remove any building with
incomplete data or large outliers, which likely were the
result of poor data. While many confounding factors im-
pact building energy consumption, some care is taken to
eliminate as many factors as possible. Since all of the
data is collected in New York over the same year, the
same weather conditions applied to all the buildings. To
remove the confounding factor of building use, only office
buildings are considered, which are defined as buildings
with at least 80% of their total area used as office space.
The total number of buildings that meet all these criteria
and are thus used in this study is 706. Energy usage is
measured using energy usage intensity (EUI) in the units
of kBtu/ft*/yr, which is calculated by dividing the entire
building site energy in one year by the total floor area.

As shown in Fig. 1, shorter buildings consume less

energy on average than taller buildings. While the EUI of
buildings from 0~29 floors steadily increases with eleva-
tion, a distinct jump is observed at 30~39 floors, after
which a plateau is reached for taller buildings. The ave-
rage EUI of buildings with 10~19 floors increases by 33%
as compared to buildings with 30~39 floors. An increase
in twenty floors leads to 33% more energy consumption.
With the same increase of twenty floors from 30~39 to
50+ floors, the average EUI actually slightly decreases by
3% after reaching the plateau at 30~39 floors. This plateau
is consistent with the proposed framework. Above 30~40
floors, the lost chilled-water efficiency from introducing
a heat exchanger in a pressure break is already incurred.
Sky view factors will also typically not increase with ele-
vation past 30~39 floors, since most buildings of that
height are already exposed to a large sky. Wind speeds
also do not increase as rapidly at higher elevations. Ac-
cording to ASHRAE, a local wind speed of 5.5 m/s at 40
m (approximately the 10™ floor) increases by 27% to 7.0
m/s at 120 m (the 30" floor), while the 7.0 m/s local speed
at 120 m only increases by 12% to 7.8 m/s at 200 m (the
50™ floor) (ASHRAE 2009). Aerosol levels and moisture
content similarly vary less at higher elevations, as they
are further away from the pollutant and moisture sources
at ground level. While these factors alone do not fully
account for the observed trend, they very likely contribute
to an explanation. Another factor that may lead to higher
EUIs in taller buildings is the fact that many financial ins-
titutions with energy dense trading floors and even onsite
datacenters typically occupy tall buildings. The fifty five
story Bank of American Tower is a well known example
of how financial institutions can require large plug loads
that significantly impact the total building energy use
(Calhoun and Torbert, 2013). Further investigation is re-
quired to confirm how systematic these large plug loads
are in financial institutions and if the financial institutions
in New York City occupy tall buildings.

The 2013 report released by New York City shows newer
office buildings consume more energy than older ones
(New York City, 2013). This same trend is reproduced in
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Figure 1. Average EUI in [kBtw/ft*/yr] of all New York office buildings reported by The City of New York as a function

of total number of floors.
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Figure 2. Average EUI in kBtu/ft’/yr of all office buildings with 80% or more office area as a function of various cons-
truction eras in New York subdivided by buildings below and above twenty five floors.

this study for office buildings lower than twenty five
floors, as shown in Fig. 2. However, buildings taller than
twenty five floors do not follow this trend and those
constructed after 1970 have actually, on average, been
consuming less energy than those constructed between
1930~1970.

One might think renovations to older buildings would
decrease their EUL. The effect of renovations on EUI is
shown in Fig. 3. Without renovations, a similar trend to
Fig. 2 is observed, though low-rise buildings built bet-
ween 1931~1970 consume slightly more energy than post
1970 buildings. However, taller buildings that have been
majorly renovated diverge from this trend. All renovated
buildings taller than twenty five floors, have nearly the
same EUI. Furthermore, on average, they consume more
energy after renovations. The largest increase in EUI with
renovations, 19%, is observed for buildings with twenty
five or more floors built before 1930. One possible expla-
nation for the increased EUI is that the renovated space
could have attracted more energy intensive tenants.

Multiple components in the proposed framework not
only depend on building height, but also the surrounding

built environment. Specifically, the mean radiant loss, in-
creased U-value, solar shading, and infiltration highly de-
pend on the surrounding built environment. This effect is
investigated in the current study by comparing trends in
Manhattan to trends in the other four boroughs of New
York: Brooklyn, Queens, the Bronx, and Staten Island.
Anyone who has visited Manhattan and any other borough
immediately understands the tremendous difference bet-
ween the relative skylines. A quantitative comparison also
helps convey the difference. According to the PLUTO
data, the average number of floors for all buildings (not
just office) in Manhattan is just over six floors, while the
average number of floors in the other boroughs is roughly
two floors (NYCDCP, 2013). When considering the office
buildings considered in this study, the difference is even
larger. Outside of Manhattan, the average height of office
buildings is eight floors while the average height is just
over twenty one in Manhattan. Consequently low-rise
buildings in Manhattan have smaller view factors to the
sky, are shaded, and experience lower external wind
speeds (thus lower U-values and less infiltration) because
of the denser concentration of taller buildings in Manhattan
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Figure 3. Average EUI in kBtu/ft*/yr of office buildings with and without renovations as a function of various construction
eras in New York subdivided by buildings below and above twenty five floors.
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Figure 4. Average EUI of office buildings in Manhattan and outside Manhattan subdivided by buildings with less than

and greater than twenty floors.

as compared to other boroughs. Thus, one would expect
the difference in EUI between tall and low-rise buildings
to be greater in Manhattan. Since many office buildings
in Manhattan are concentrated near each other, the ave-
rage height of Manhattan office buildings in this study
(roughly 20 floors) is used as the dividing point between
tall and low-rise buildings in Fig. 4.

As expected in the proposed framework, buildings taller
than twenty floors outside Manhattan consume nearly the
same amount of energy as low-rise buildings, in part, be-
cause of the lower concentration of tall surrounding buil-
dings. In Manhattan, however, there is nearly a 20% inc-
rease in energy consumption for buildings above twenty
floors. These increases of 20% in Manhattan and only a
marginal increase outside of Manhattan are in line with

the proposed framework. Low-rise and tall buildings out-
side Manhattan have more similar view factors, wind
speeds, and solar shading than low-rise and tall buildings
surrounded by tall buildings in Manhattan.

Plotting the EUI as a function of Energy Star rating as
shown in Fig. 5 shows a desirable trend for the U.S.
Environmental Protection Agency (EPA) that created the
program: higher Energy Star ratings are correlated with
lower EUIs in New York’s office buildings. The program
benchmarks the energy efficiency of a specific building
against other similar buildings and rates the building on a
scale from one to one hundred, with one hundred indica-
ting a high level of comparable energy efficiency. In addi-
tion to suggesting higher Energy Star ratings are, on ave-
rage, identifying more energy efficient buildings, a linear
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Figure 5. EUI in kBtu/ft2/yr plotted as a function of Energy Star Rating for various building heights with linear regressions
fitted to each bin of heights. Symbol and linear fit legends are shown in the figure for each of the six bins.
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regression suggests a difference between taller and low-
rise buildings. Each subsequently taller bin has a higher
average EUI for the same Energy Star rating. Each bin
follows this trend except building with 30~39 floors,
which deserves further investigation. Another noteworthy
characteristic is the similar slope of every linear regres-
sion except two bins, 30~39 and greater than 50 floors.
These similar slopes suggest the average decrease in EUI
with Energy Star Rating is fairly uniform across most
building heights. One plausible explanation for the diver-
gence from these similar slopes in the taller buildings is
the lack of benchmarking data for large buildings, which
is discussed below. More data and further investigation
will illuminate stronger conclusions.

An Energy Star context discussion is important to un-
derstand the results of the regression between the New
York Buildings and Energy Star rating. The relationship
used to determine the Energy Star rating for office build-
ings includes the following variables: natural log of gross
area; number of computers per 1,000 square feet; natural
log of weekly operating hours; natural log of the number
of workers per 1,000 ft?; heating degree days times per-
cent of the building that is heated; cooling degree days
times percent of the building that is cooled (United States,
2013). Note that there is no direct measure of building
height, although the gross area could serve as a type of
surrogate measure.

Furthermore, note there are also limitations in gross area
for the Energy Star algorithm. It is based on regressions
of the 2003 Commercial Building Energy Consumption
Survey (CBECS) data that predict the energy use of a
property. It should be noted that of the 4,859 buildings in
CBECS, 95% are less than 50,000 ft* and 90% are two-
stories or less (United States, 2003). Much of the data are
low rise buildings and data above one million ft* were
determined as inappropriate (EPMI, 2003). Every office
building of the 706 considered in this study is larger than
50,000 ft* and fifty have more than one million ft*. These
results suggest more buildings above 50,000 ft* should be
used in the Energy Star rating process and buildings lar-
ger than 1 million ft* are in fact need to be included in the
regression. These larger buildings are often the highest
energy consumers in buildings and deserve better bench-
marking data for Energy Star ratings.

4. Conclusions

This paper proposes a framework for understanding the
energy consumption differences between tall and low-rise
buildings. The major components of this framework are:
elevator energy, infiltration, solar shading, mean radiant
loss, HVAC pump energy, U-values, and air quality. Energy
usage data from 706 office buildings in New York illus-
trates expected correlations from the framework. Notable
correlations include: taller buildings tend to use more
energy until a plateau at 30~39 floors; tall buildings in

Manhattan use 20% more energy than low-rise buildings,
while tall buildings outside Manhattan only use 4% more
energy. Additional correlations show older New York buil-
dings have lower EUISs, renovations to New York office
buildings have led to higher EUIs — up to 19% for tall pre
1930s buildings — and that the Energy Star program in
New York assigns higher ratings to tall buildings with
higher EUIs than low-rise buildings with the same rating.
Since Energy Star is based on regressions of existing buil-
dings, the Energy Star ratings suggest taller buildings have
higher EUIs than shorter buildings, which is confirmed
by the New York City energy benchmarking data.
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