
INTRODUCTION
The Environmental Impacts of Buildings
The 4.8 million commercial buildings and 116 mil-
lion residential buildings in the US have substantial
environmental impacts (US Department of Com-
merce 2000; US Energy Information Administration
2003a). Research indicates that building construc-
tion, operation, and demolition account for 15% to
45% of all environmental impacts in the US (Levin et
al. 1995; US Environmental Protection Agency
2001). Moreover, these impacts will become more
significant as the number of buildings increases, and
a number of sources estimate that the built environ-
ment may double by the year 2030 (Rees 1999;
Cortese 2003; Nelson 2004).

Estimated building impacts include 55% of timber
consumption, 27% of plastics use, 12% of iron and
steel applications, 30% of raw material consumption,
40% of atmospheric pollution, 25% of solid waste,

24% of all water use, 20% of effluent, substantial in-
door air quality issues, 37% of all energy, and 68% of
all electricity use (Lenssen and Roodman 1995; New-
ton et al. 2001). Moreover, as of 2004, power plants—
the main source of energy for buildings—were respon-
sible for 69% of the nation’s sulfur emissions, 22% of
the nitrogen oxides, 33% of stationary mercury emis-
sions, and 39% of all carbon dioxide (Goodman and
Walker 2006). Mazria (2003) estimates that the built
environment may be responsible for as much as 48%
of US carbon dioxide emissions.

To meet these electricity demands, water is also
withdrawn and consumed. In 2000, the US Geologi-
cal Service estimated that 52% of all surface water
withdrawals and 39% of total fresh water withdrawals
were used for thermoelectric power generation (US
Geological Service 2000). Water consumption re-
sulting from energy use, while a smaller percentage
than actual water withdrawals, is estimated at over
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six billion gallons of water per day (US National En-
ergy Technology Laboratory 2007). Given estimates
that 40 states are expected to experience water short-
ages by 2050, these are not insignificant data (US
House Committee on Transportation and Infra-
structure 2003).

Among all building-related environmental im-
pacts, those related to building energy use are the
focus of this research for a number of reasons. First,
energy-related environmental impacts are very much
on the minds of the general public, decision makers,
and the investment community alike (Adler 2006;
The New York Times 2006; Ceres 2007). Accordingly,
progress on these issues should be accurately repre-
sented with the LEED label. For example, the Carbon
Disclosure Project has organized 284 institutional in-
vestors, with assets over $41 trillion, in an effort to ask
the world’s largest 2400 companies what they are
doing about their greenhouse gas emissions (Carbon
Disclosure Project 2007). Other examples include the
prominent AIA 2030 Challenge and the adoption of
the US Mayors Climate Protection Agreement by over
600 mayors (Mayors Climate Protection Center
2007). Second, it can be argued that energy impacts
merit more attention than other building impact cat-
egories when one considers 1) their relative contribu-
tion to environmental problems, 2) the severity of the
impacts, 3) the scale of the impact in space and time,
and 4) the number of environmental problems to
which energy use is related. Third, energy impacts,
with fairly well established emissions factors, are rela-
tively easy to quantify. Lastly, the Energy & Atmos-
phere section of LEED has more points than other
categories, and points in other categories also create to
overall building energy use.

For the purposes of this study, energy-related envi-
ronmental impacts refer to power plant and/or on-
site combustion-related air emission, waste genera-
tion, and water consumption attributable to building
energy use. These focus on operational energy use
(e.g., for heating and cooling) not embodied energy
consumption (e.g., upstream energy consumption in
material extraction and transportation of products)
because the latter constitutes a relatively small per-
centage of a building’s life cycle energy use (Lazarus
2003; International Energy Agency 2004). Impacts
here should be thought of as environmental loadings
(e.g., CO2 emissions) rather than subsequent effects

(e.g., an increase in global temperatures). Dispersion
modeling to and within media, assimilation into the
environment (e.g., biochemical transformation), as
well as organismal uptake and corresponding health
effects (i.e., risk assessment) are outside the scope of
this research. Moreover, the focus is on regional and
global impacts rather than site-related energy use im-
pacts (e.g., carbon monoxide).

The Importance of LEED
The US Green Building Council (USGBC), with
more than 10,000 member organizations, and its
LEED green building rating program were designed
to reduce the environmental and health impacts of
buildings by stimulating market change. LEED saw
significant growth between 2001 and 2005—on aver-
age the number of LEED buildings increased by over
50% each year. As of February 2007, over 800 mil-
lion square feet of new buildings had been certified or
registered in 50 US states and 13 countries. In the
US, at least 17 federal agencies, 18 state agencies, and
59 cities encourage developers to construct LEED
buildings with legislative mandates or various incen-
tive packages (US Green Building Council 2007). To
expand the USGBC’s influence, other green building
programs now on the market include LEED for
Commercial Interiors, LEED for Homes, LEED for
Core and Shell, LEED for Existing Buildings, and
LEED for Schools. The LEED for Neighborhood
Development is also in pilot phase. With a presence
in more than 13 countries, market adoption of these
programs is likely to magnify the opportunities for
LEED to influence a growing portion of the $5 tril-
lion global construction industry. 

The major owners and developers of buildings
listed previously are using the LEED green building
rating program as a benchmark. As such, LEED has
become a tool for public policies affecting billions of
dollars in current and future construction. Part of the
decision to use LEED is based on a presumption that
a LEED-certified building is a building with reduced
energy use and lower corresponding environmental
impacts. That is, these institutions are either implic-
itly or explicitly using LEED as an environmental
management tool, not just as a brand in the market as
it was originally intended. 

For example, the City of Seattle’s Sustainable
Building Policy, a part of the City’s Environmental
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Management Program, specifies the use of LEED as a
way to gauge progress towards a City goal of im-
proved environmental performance (City of Seattle
2007). The Director of Sustainable Design at the US
GSA—perhaps the largest public owner of real estate
in the US—has stated that LEED “is used as a meas-
ure of [the GSA’s] accomplishment towards [the
GSA’s] sustainability goals” (Bowen 2005). Accord-
ingly, it is increasingly important that the LEED label
have accuracy and precision, and attention must be
paid to the variability which exists in environmental
impacts—in this case, from energy use—caused by
these buildings. 

Variability in Environmental Impacts Due 
to LEED Building Energy Use
Select sources of variation in energy-related environ-
mental impacts from LEED buildings include:

1. the fuel mix at power plants and on electrical
grids, 

2. the general level of efficiency and pollution con-
trol at power plant electricity generation and
on-site furnace/boiler efficiency,

3. the specific LEED credits obtained (or high per-
formance design features included), 

4. the difference in modeled versus actual energy
use, 

5. the type of renewable energies used on site or
purchased from off-site sources, 

6. the use of energy costs, instead of British Ther-
mal Units (BTU’s), as the unit for calculating
energy efficiency improvements in LEED, 

7. building type,
8. climate, 
9. the use of the American Society for Heating,

Refrigeration, and Air-conditioning Engineers
(ASHRAE) standard 90.1 as the benchmark for
measuring energy efficiency improvements, and

10. transportation-related emissions.

Parameters #1 to #8 will be addressed either ex-
plicitly or implicitly in this research. Consider below
a few examples of variation in these parameters. 

For #1 and #2, the Benchmarking Air Emissions re-
port (Goodman and Walker 2006) shows that sulfur
dioxide emissions from power plants can vary from 0
to 16 lbs per MWh (megawatt-hour), nitrogen oxides
from 0 to 7 lbs per MWh, and carbon dioxide from 0

to 2370 lbs per MWh. Similarly, the US EPA’s Power
Profiler illustrates how fuel mixes vary considerably by
grid; for example, the coal portion of overall energy
sources ranges from 17% in Massachusetts to 53% in
North Carolina to 91% in Kentucky (US EPA 2006).
In addition, 15% of nitrogen oxides and 65% of sul-
fur dioxides in fossil fuel power plants does not un-
dergo pollution control (Goodman and Walker 2006).

For #3, the differences in type and number of
LEED credits obtained for LEED-certified buildings
leads to variation in impacts, i.e., not all LEED build-
ings obtain the same LEED points. For example,
when looking at the USGBC’s LEED point tally—a
national database of 390 LEED-certified buildings as
of June 2006—only 7.7% of those projects obtained
Energy and Atmosphere (EA) credit 2.3, which re-
quires a building to obtain 15% of its energy from re-
newable sources. Similarly, only 41% of these build-
ings earned EA credit 6, which requires a building to
offset more than 50% of its electricity with green en-
ergy purchases, a.k.a., Renewable Energy Credits or
REC’s (USGBC 2006).

For #4, it is important to note that the variation
between modeled and actual energy use can vary con-
siderably. A study of 21 first-generation LEED build-
ings showed that the actual energy use divided by
modeled energy use varied by 18% to 225%, even
though the mean was 99% (Diamond 2006). As of
February 2007, the New Buildings Institute is com-
pleting a much more detailed analysis of this relation-
ship in LEED buildings (Frankel 2007). This varia-
tion can be caused by varying occupancy behavior,
imprecision in energy modeling, and the data used to
determine the typical meteorological year (TMY) in
an energy model (e.g., airport versus downtown loca-
tions for weather monitoring stations and the impact
of the urban heat island effect).

For #5, consider that environmental impacts from
renewable energy sources, even those certified by the
Center for Resource Solution’s Green-e program to
meet LEED’s requirements are not all equal (Power
Scorecard 2006). In addition, the timing of conven-
tional energy offsets from renewable energy genera-
tion has also been found to be important (Stauffer
2004). More broadly, the time of year, time of day,
and general level of subscription in a region con-
tribute to variations in emissions away from the aver-
age for a state or a given grid. However, these types of
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variables are not addressed in this research largely be-
cause of the lack of widespread data for this level of
detail.

For #6, note that the use of energy costs as the unit
for calculating energy efficiency in LEED can also
cause confusion. While the cost of energy is more im-
portant to many building owners than the kilowatt-
hours (kWh) or BTU’s consumed, its use in calculat-
ing energy efficiency gains in baseline versus LEED
buildings results in misrepresentations of the actual
environmental impacts of these buildings. This can be
attributed to variations in energy costs by fuel type
and by region (Scheuer and Keoleian 2002). Using
data from NREL research on select high performance
buildings, it can be shown that a building’s energy cost
savings divided by a building’s reduction in energy use
can vary from 65%–200% (Torcellini et al. 2006).

Finally, regarding #7 and #8, the importance of
climate and building type in affecting energy use is
fairly well known, if not always apparent to all parties
interested in a building’s environmental footprint. In
terms of impacts due to climate, Energy Star and the
US Energy Information Administration’s Commercial
Building Energy Consumption Survey (CBECS) data
demonstrate that an average restaurant in climate zone
2 (e.g., Idaho) will use approximately 250 kBTU per
square foot per year compared to 134 kBTU per
square foot per year in climate zone 4 (e.g., North
Carolina). As for the impact of a building type, con-
sider a health care facility using 270 kBTU per square
foot per year compared to 93 per square foot per year
for an office and 77 kBTU per square foot per year for
a school, though all are in the same climate zone—in
this case, climate zone 1 (e.g., Maine) (US Energy
Information Administration 2003b).

The issues raised above suggest that there may be
significant variation in the energy-related environ-
mental impacts from buildings that all fall within the
same LEED certification level—Certified, Silver,
Gold, or Platinum. While this may be assumed to be
the case, it has never been well quantified, and a high
degree of variation may be deemed unacceptable by
stakeholders. For example, would it be acceptable if
these sources of variation caused a LEED Certified
building with superior energy efficiency to result in
lower carbon or mercury emissions than a LEED
Platinum building which focused little on energy im-
provements? 

There is little doubt that LEED has stimulated
significant market change towards a growing number
of buildings with lower environmental impacts.
However, while LEED was not designed to serve as a
scientific assessment of the environmental impacts of
buildings, due to a lack of other standards and easy-
to-use tools, it functions as such by default. LEED
has likely accomplished the goal of reducing some of
the variability in the impacts of green buildings by
providing more standard definitions. It is also proba-
ble that the environmental impacts of buildings are
closely related to LEED certification levels. However,
it is unclear to what degree these are related. If the
LEED system is designed properly, there should be 1)
minimal variation among impacts from buildings of
the same type (e.g., educational) within each LEED
certification level—i.e., low “within group variation,”
and 2) minimum overlap of environmental impact
distributions (i.e., probability distribution functions)
from buildings among the four different LEED certi-
fication levels—high “between group variation.”

POINT OF DEPARTURE
Literature
There are many green building rating systems in ad-
dition to LEED, but few have been evaluated as to
their ability to truly differentiate between the envi-
ronmental impacts of different buildings. Other such
programs or initiatives which have been developed
and/or are in current use include Building Environ-
mental Performance Assessment Criteria (BEPAC) in
Canada; the US EPA Energy Star Program; Building
Research Establishment Environmental Assessment
Method (BREEAM) in the UK; the internationally
oriented Green Building Challenge (GBC) and its
GBTool; EcoProfile in Norway; HQE in France; Eco-
Effect in Sweden; Green Globes in Canada, the UK,
and the US; and CASBEE in Japan, in addition to
many regional programs such as Earthcraft and Built
Green. It is likely that all of these programs could
benefit from the type of analysis conducted in this re-
search to ensure that program stakeholders get the
benefits (e.g., reduction in environmental impacts)
that many expect through certification.

Assessments of these programs to date have fo-
cused on the goals, intended users, and building life
cycle phases (Bosch et al. 2003). Crawley and Aho
(1999), Todd et al. (2001), Cole (2005), and Boecker
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et al., (2006) provide similar comparisons of the more
popular green building programs, though several have
matured since this comparison. More rigorous evalu-
ations of these types of programs are rare and needed
(Bosch et al., 2003). Quantitative analyses of LEED
typically focus on cost, and these have provided the
beginnings of much needed data to aid decision-mak-
ers on investment and policy questions related to
green building (Kats 2003; Matthiessen 2004; Stegall
2004; Steven Winter Associates 2004). Others have
criticized LEED, noting the drastic cost differences
for obtaining points (Stein and Reiss 2004; Frangos
2005), the ease of obtaining LEED certification and
its high costs (Frangos 2005), its slow adoption and
the limitations of ASHRAE as an energy benchmark
(Eley 2001; Udall and Schendler 2005), the tendency
for LEED to encourage point-chasing over integrated
design for the most cost-effective high performance
buildings (Eijadi et al. 2002; Stein and Reiss 2004),
and the importance of regional context in determin-
ing the benefits from certain designs, such as “cool
roofs” (Akbari et al. 1998; Eijadi et al. 2002). 

Other literature has focused on the relationship
between modeled and actual energy use in LEED and
related high performance buildings (Pless and Tor-
cellini 2004; Scofield 2004; Diamond et al. 2006),
the stringency of energy requirements in LEED (Eley
2001), the level of effort required to achieve various
LEED points (Eijadi et al. 2002), the need for
weighting of LEED points with respect to environ-
mental benefits (Eijadi et al. 2002), the effectiveness
of energy strategies to earn LEED points (Werthan
and Navvab 2006), the potential inadvertent environ-
mental consequences of relying on LEED (Bray and
Natasha 2006), the relationship between a building’s
ENERGY STAR Score and its level of electricity sav-
ings compared to code (Johnson 2002), and decision
support for selecting building energy strategies (Chal-
ifoux 2006; Pulaski et al. 2006). 

However, very little research has been conducted
on the relationship between a LEED certification and
a building’s environmental impact. Other programs
and tools address regional variances and select build-
ing-related emissions (typically just carbon dioxide),
though these programs are more focused on research
rather than certifying new buildings, and the ease of
use of the resulting tools has also been questioned
(Cole 1998; Crawley and Aho 1999). The Green

Building Challenge Tool makes an important step in
this direction by suggesting the use of certain indica-
tors of impacts from a green building, such as nor-
malized greenhouse gas emissions, total material con-
sumption, and overall potable water use (Lindsey
2007). UK’s BREEAM program also awards projects
which reduce their contributions to global carbon
dioxide emissions. Related research has been con-
ducted on the importance of regional fuel mix in af-
fecting greenhouse gas emissions in Canadian homes
(Sheltair Group 1999); the effects of grid fuel mix
and hourly generation from PV panels in determin-
ing the level of avoided emissions (Stauffer 2004); the
use of life cycle analysis (LCA) to assess environmen-
tal impacts from a LEED building (Scheuer and Ke-
oleian 2002); the cost-effectiveness of LEED energy
and water credits in LEED (Azerbegi 2000); and the
impact of various building designs on air emissions,
design costs, life-cycle costs and grid reliance for en-
ergy supply (BNIM Architects et al. 2002). 

The Current Study
LEED currently measures an energy strategy (e.g., en-
ergy efficiency) rather than an energy goal (e.g., a
quantitative measure of reduced emissions). A focus
on environmental loadings—that is, air emissions,
waste generation and water consumption—in the
current analysis is a major deviation from and pro-
posed revision to the current LEED program. We
suggest that these loadings may serve as a factor for
weighting and aggregating impacts resulting from the
built environment instead of cost per point as is fre-
quently suggested. This paper will focus on a broader
array of impacts than those typically considered in re-
lated studies. For example, a 500-Megawatt, coal-
fired power plant produces an average of 318,000
tons of fly ash and scrubber slurry each year, and 75%
of this is landfilled (Union of Concerned Scientists
2005). These impacts do not normally receive the
same attention as a plant’s air emissions. Or consider
the argument in favor of nuclear energy in a world of
increasing concern about global climate change,
which may neglect the significance of high and low
level nuclear waste generated. Furthermore, the im-
pact estimations in this research rely on the most
up-to-date emission factor data for buildings (Deru
and Torcellini 2006). In addition, to understand
the magnification effect of potentially inaccurate
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representations of the environmental footprint of
high performance buildings created by the policies of
a single decision-making body (e.g., a state, city, gov-
ernmental agency, or campus) which mandates or
provides incentives to developers and owners to use
LEED, the simulated impacts will also be summed
across a larger portfolio of buildings. Lastly, to quan-
tify these impacts, this research applies a methodol-
ogy rarely used in this field—Monte Carlo analysis
and probabilistic modeling. 

METHODS
To quantify the environmental impacts from energy
use in buildings, it would have been best to take ac-
tual measurements from many buildings in many re-
gions of the country. However, this was not feasible
for the current study. Instead, probabilistic models
were created to simulate the energy-related environ-
mental impacts of LEED buildings based on the
LEED points received by those buildings. It is not
suggested that probabilistic simulation be used to
model or measure individual building energy use—
for these, approved energy modeling software and ac-
tual measurements are the preferred methods. 

Monte Carlo analysis, performed with the Crystal
Ball software package, was used to simulate these im-
pacts. Monte Carlo analysis is a probabilistic analyti-
cal method frequently used in risk assessment, cost-
benefit analysis, and other fields where decisions
based on uncertain variables are involved. The advan-
tage of analyses run in a stochastic manner such as
this versus those created in a deterministic model is
the ability to produce a picture of the variation in en-
vironmental impacts across different buildings in a
category instead of simply a discrete, average value.
This is possible because Monte Carlo simulations
allow a user to represent variables in a model or algo-
rithm with ranges rather than point estimate or aver-
age values (e.g., the variation in solid waste generated
by buildings lies between 0.3 and 430 pounds per
MWh of electricity used per year with an average of
210 pounds per MWh per year). In addition, a sto-
chastic analysis allows for 1) an analysis of the vari-
ability distributions underlying predictions (e.g.,
based on 1,000 scenarios, there is a 90% chance that
the particulate matter emissions caused by a specific
20,000-square foot building’s energy use is 70 pounds
per year or less), 2) sensitivity analysis (e.g., variation

in the emissions factor for sulfur dioxides is responsi-
ble for ~60% of the variability among the sulfur diox-
ide emissions of LEED office buildings), and 3) sim-
ulation comparison (e.g., distributions of impacts
from 1,000 modeled LEED Silver buildings can be
laid over similar distributions for 1,000 simulated
LEED Gold buildings on the same axis to see
whether these distributions overlap or are signifi-
cantly different). 

Normal, triangular, gamma, beta and other distri-
butions were used for each building parameter, de-
pending on the availability of data points for each.
For example, a triangular distribution was used for
the average energy use intensity (EUI), i.e., kBTU per
square foot per year, for education buildings because
the mean, minimum, and maximum values were the
only reliable data obtainable, primarily through the
US Energy Information Administration’s CBECS
database. Where more detailed data were available for
a parameter, more detailed variability distributions
were developed. 

See Table 1 for a summary of model types. These
three building categories represent the buildings
which most commonly use LEED. In terms of total
energy consumption by building type in the US,
these building types are all in the top five (US Energy
Information Administration 2003c).

Additional model variations addressed the differ-
ence between modeled and actual energy use; fixed
versus variable air emission, waste generation, and
water consumption factors; the relevance of green en-
ergy purchases in reducing emissions; and the impor-
tance of scale, that is, how the small variations in im-
pacts on a per square foot basis are magnified when
cities or campuses make policies based on LEED. In
total, over 180,000 simulated environmental impacts
for buildings were generated and analyzed. 

Each probabilistic model consists of algorithms
that convert building data and features to estimates of
environmental impact. Figure 1 summarizes these re-
lationships. Each simulated impact is based on differ-
ent model parameter inputs taken from the distribu-
tions for energy efficiency, renewable energy, and
emissions factors, among other variables. These im-
pacts are calculated on a “per square foot per year”
basis. The models used here incorporate 14 of the
total 64 categorical total LEED points or approxi-
mately 22% of all credits. The 14 points reflected in
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the current study are EA credit 1 “Optimize Energy
Performance” worth 10 points, EA credit 2 “Renew-
able Energy” worth 3 points, and EA credit 6 “Green
Power” worth 1 point. (Note that in LEED calcula-
tion methods, the on-site renewable energy compo-
nent is counted in EA credit 1 to represent a reduc-

tion in grid energy use.) Empirical data on the per-
centage of LEED buildings which obtain each credit
were drawn from the USGBC’s point tally, the na-
tional database of LEED-certified buildings. 

More detail on these algorithms is highlighted in
the series below. Note that most numerical entries are

Volume 2, Number 4 157

TABLE 1. Characteristics of models used to simulate environmental impacts.

Sample Size LEED # of # of Simulated # of Simulated 
Building of Actual Certification Environmental LEED buldings Impacts 
Type LEED Buildings Levels Modeled * Impacts Modeled ** Per Model Per Model

All buildings 390 Base case, Certified, 9 1,000 45,000
Silver, Gold, Platinum

Only educational 33 Base case, Certified, 9 1,000 45,000
buildings Silver, Gold

Only office and 235 Base case, Certified, 9 1,000 45,000
institutional buildings Silver, Gold, Platinum

Only residential 17 Base case, 9 1,000 45,000
buildings Certified

* Models were not created when the sample size was too small.
** These will be explained later.

Existing US building energy use 
(CBECS)

Off-site electricity generation (kWh’s) On-site energy generation (BTU’s)

Back out non-regulated energy (e.g., plug loads)

Apply efficiency of new, AHSRAE 90.1-1999-compliant buildings

Apply LEED building‘s energy efficiency (EA 1) and use of on-site 
renewable energy (EA 2)

Multiply net LEED building energy use by air emission, waste generation 
and water consumption factors for nine environmental impacts

Combine air emission, waste generation and water consumption off-site 
and on-site sources modeled LEED building

Assess the variation in impacts visually and statistically

Add unadjusted non-regulated loads back in and apply LEED building’s 
purchase of green energy (EA 6)
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Add unadjusted non-regulated loads back in and apply LEED building’s 
purchase of green energy (EA 6)
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and water consumption factors for nine environmental impacts

Combine air emission, waste generation and water consumption off-site 
and on-site sources modeled LEED building

Assess the variation in impacts visually and statistically

Add unadjusted non-regulated loads back in and apply LEED building’s 
purchase of green energy (EA 6)

FIGURE 1. Simplistic representation 
of model algorithms.
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included as distributions rather than discrete or aver-
age values (example distributional characteristics are
shown in parentheses).

1. Each model is defined by specifying the follow-
ing elements:
a. The building category (e.g., educational

buildings)
b. The EUI for these buildings in the existing

building stock (e.g., 61–103 kBTU/square
foot/year with a mean of 81 kBTU/square
foot/year)

c. The percent of electricity (i.e., versus natural
gas) for these buildings (e.g., 25%–87%
with a mean of 54%)

d. The kWh-based plug loads for these build-
ings (e.g., 8%–23%, with a mean of 18%)

e. The BTU-based plug loads for these build-
ings (e.g., 4%–10%, with a mean of 6%)

f. The energy efficiency, or reduction in energy
use, for these buildings compared to existing
buildings from 1.b. above (e.g., 4%–13%
with a mean of 8.6%)

g. The LEED certification level
h. The frequency with which these buildings

have historically obtained the following
LEED credits:
i. EA credits 1 and 2

ii. EA credit 6
2. Using 1.b and 1.c, energy use in each simulated

building was broken into electricity (kWh) and
non-electricity (BTU) uses for an existing
building.

3. Using 1.d and 1.e, the energy use not regulated
by ASHRAE 90.1-1999 (e.g., plug loads) was
subtracted from the kWh and BTU values
above.

4. Using 1.f, the baseline energy for kWh and
BTU per square foot per year was calculated
from the value above to arrive at the estimate for
a new ASHRAE 90.1-1999 compliant building.

5. Using 1.h.i, values for energy efficiency and on-
site renewable energy were subtracted from the
value above.

6. Using 1.d and 1.e, the kWh’s and BTU’s non-
regulated energy use were added back in.

7. Using 1.h.ii, the total kWh’s were reduced be-
cause of green energy purchases.

8. The resulting kWh’s and BTU’s per square foot
per year were multiplied by the air emission,
waste generation, and water consumption factors.

9. The sub-total environmental impacts were com-
bined for kWh’s and BTU’s. 

10. This simulation was run 1,000 times for each
model to produce a variability distribution of
the magnitude of these impacts.

Model results were verified by ensuring that the
mean, minimum, and maximum EUI for the simu-
lated LEED and base case, non-LEED buildings were
comparable to those based on CBECS data and a
small number of actual LEED buildings documented
in sufficient detail on the USGBC website of com-
pleted projects.

Model assumptions
EUI values used as the starting point for calculations
were drawn from the minimum and maximum EUI
by census region and building type found in the US
Energy Information Administration (EIA) 2003
CBECS database (US Energy Information Adminis-
tration 2003d), which represents the entire US build-
ing stock. Energy Star estimates provided for average,
minimum, and maximum “percent electricity” values
(Jurovics 2007). Off-site electricity and on-site energy
impacts were handled separately because the environ-
mental impact of each varies considerably (e.g., trans-
mission inefficiency). Non-regulated loads for off-site
electricity use (kWh’s) and on-site energy use (BTU’s)
were estimated by building type using 1995 and 1999
CBECS data on fuel consumption by end use. The
average plug load as a percentage of total building en-
ergy use was approximately 22% with a range of
12%–29%, which includes an estimated 10% in-
crease in plug loads from 1999 to 2003 (US Energy
Information Administration 1995, 1999a, 1999b).
Out of this total, plug loads from electricity use (as
compared to plug loads from on-site natural gas) rep-
resented approximately 76% of total plug loads. 

In order to make the baseline CBECS energy use
comparable to energy use in new LEED buildings
compliant with ASHRAE 90.1-1999, 2.4%–14.8%
of energy use was subtracted. This was based on a
study comparing the efficiency of buildings compli-
ant with ASHRAE 90.1-1999 versus ASHRAE 90.1-
1989 (US Building Energy Codes Program 2002).

158 Journal of Green Building
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This is further supported by CBECS data highlighted
in the 2007 Buildings Energy Data Book, showing
that 1) buildings built between 2000 and 2003 and
2) the entire building stock used 81.6 and 91 kBTU
per square foot per year, respectively. It was assumed
that an ASHRAE 90.1-1989 compliant building is a
reasonably good proxy for CBECS energy use data,
where the average EUI for all existing buildings is 91
kBTU per square foot per year and buildings built be-
tween 1990-2000 (i.e., when many buildings were
following ASHRAE 90.1-1989) averaged 90.3 kBTU
per square foot per year. The assumption follows that
the higher energy use by buildings not built to
ASHRAE 90.1-1989 standards in the 1990’s is offset
by renovations and equipment replacement in that
same time period to bring these older buildings up to
this standard or beyond. 

While approximately 41% of all LEED buildings
earn EA credit 6, the actual percentage for a given
building varies. For example, the value averaged 34%
for LEED Certified office buildings and 67% for
LEED Platinum office buildings. This variability was
incorporated into the models for this study through
the use of a random number generating function. For
example, if the random number, which falls between
0 and 1, produced in the model for LEED Platinum
office buildings was less than 0.67, then the reduction
in environmental impacts would be equal to approxi-
mately 50% of the amount of electricity consumed
(because that is the percentage of the building’s elec-
tricity likely to be supplied by green power purchased
because this is the level set by LEED) multiplied by
0.86 (explained in the following paragraph) and then
by the air emission, waste generation, and water con-
sumption factors (Table 2). 

It is normally assumed that these green energy
purchases result in zero environmental impacts and,
therefore, a reduction by 50% of the negative impacts
of using conventional energy for a building, recent
work suggests otherwise. The Power Scorecard—a
collaboration among Environmental Defense and
Natural Resources Defense Council among others—
makes an effort to quantify the level of such air, land,
and water impacts of various energy sources (Power
Scorecard 2006). In this analysis, scores ranged from
0 to 12, where 12 denoted the highest impacts from
an energy source. For example, distributed solar
power scored a 0.0, biomass with no nitrogen oxide

controls earned a 4.1, coal corresponded to 8.5, and
nuclear scored 11.8. The equation below illustrates
how the value of 0.86 was derived to suggest that
Green-e power does not translate into a 100% reduc-
tion in conventional energy impacts. “%” values cor-
respond to relative abundance of conventional (nu-
merator) and Green-e renewable (denominator)
energy sources and “Impact Score” refers to the value
that each energy source received in its Power Score-
card rating.

, where

“A” = weighted average score for conventional energy: 
(% Coal * Impact Score Coal) + (% Gas * Impact Score Gas) + ...

“B” = weighted average score for Green-e renewable energy:
(% Solar * Impact Score Solar) + (% Wind * Impact Score Wind) + ...

When model simulations were run, values were
not drawn independently from each distribution be-
cause sometimes there were correlations between two
variables. Correlations between a number of variables,
e.g., between census region and emission factors, were
considered, but no others were found to be present
except between 1) EA credit 1 and EA credit 2, which
addresses energy efficiency and on-site renewable en-
ergy, and 2) EA credit 6, which deals with green en-
ergy purchases. Correlation coefficients for each
building category were calculated by first converting
the energy efficiency percentage (0%–60%) for EA
credits 1 and 2 to a binary value of 1 or 0 to match
the binary values for EA credit 6. For EA credits 1
and 2, a value of 0 meant that the building was used
the same amount of energy as the ASHRAE baseline
building (which served as the standard used for the
vast majority of buildings in the LEED point tally),
while a value of 1 meant that the building used less
grid energy than this standard. For EA credit 6, a
value of 0 indicated that green energy purchases did
not pass LEED’s threshold, and a value of 1 denoted
that the green energy purchase contracts exceeded
50% of total electricity use for a term of more than
two years. Next, tetrachoric correlation coefficients,
which allow for the estimation of correlation coeffi-
cients for binary data sets, were calculated in SAS
(SAS 2007). Resulting correlation coefficients were
found to be relatively insignificant and varied from
0.04 to 0.16 depending on the building category. 

A B
A
− = − = × =8 97 1 25

8 97
0 86 100 86
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Air emission, waste generation, 
and water consumption factors
Table 2 summarizes these factors. The National Re-
newable Energy Laboratory (NREL) provides total
emission factors for the air emissions as well as esti-
mates for the generation of solid waste. These are
based on source, not site, energy and, therefore, in-
clude combustion and pre-combustion pollution per
kWh of delivered electricity, such as the impacts in-
volved with “extracting, processing, and delivering
the primary fuels to the point of conversion in the
electrical power plants or directly in the buildings”
(Deru and Torcellini 2006). Water consumption esti-
mates are also derived from NREL research (Tor-
cellini et al. 2003), though the water consumption
factors used in this research have been reduced com-
pared to those from the NREL study. The NREL es-
timates are conservative and are based on available
data; these assume that water lost through evapora-
tion from reservoirs is due entirely to the need for
electricity generation, and is, therefore, caused by hy-
droelectricity generation. However, our models as-
sume that this water loss is also attributable to at least

three other uses of dams, which may include recre-
ation, flood control, irrigation, or municipal water
supply. As such, we use estimates of water consump-
tion per kWh of electricity equal to one-third of the
NREL estimates. The US DOE’s Office of Nuclear
Energy (2006) provides estimates for nuclear waste
generation. 

Assessment of simulation results
These results were then analyzed using F values, R-
square values, two impact ratios, and various overlays
of the probability distribution functions of sets of
1,000 simulated impacts by LEED certification level.
The F value and R-square values were calculated
using SAS (SAS 2007). Each was used to compare
“between-group” variability (i.e., discrete means for
the impact distributions from buildings with different
LEED certification levels would be ideal) and “within
group” variability (i.e., smaller standard deviations
within the impact distributions from buildings in
each LEED certification level would indicate an ac-
ceptable rating system). A null hypothesis and F-test
were not used because it was assumed that there is a

160 Journal of Green Building

TABLE 2. State-level source air emission, waste generation, and water consumption factors.*

Coefficient 
Impact Units Mean Minimum* Maximum* of Variability**

Off-site (Indirect Impacts)
Carbon dioxide Lbs/MWh/yr 1.7E+03 1.8E+01 2.7E+03 0.41
High level nuclear waste Lbs/MWh/yr 1.2E-03 0.0E+00 4.5E-03 —
Low level nuclear waste Cf/MWh/yr 6.2E-04 0.0E+00 2.3E-03 —
Mercury Lbs/MWh/yr 3.8E-05 1.0E-06 1.7E-04 0.82
Nitrogen oxides Lbs/MWh/yr 3.0E+00 1.4E-01 5.0E+00 0.45
Particulate matter Lbs/MWh/yr 1.4E-01 7.7E-03 3.0E-01 0.54
Solid waste Lbs/MWh/yr 2.1E+02 2.8E-01 4.3E+02 0.55
Sulfur dioxides Lbs/MWh/yr 8.1E+00 1.1E-01 1.5E+01 0.47
Water Gallons/MWh/yr 2.3E+03 7.4E+01 2.4E+04 2.25

On-site (Direct Impacts)
Carbon dioxide Lbs/BTU/yr 2.0E-04 1.2E-04 3.3E-04 —
Mercury Lbs/BTU/yr 3.9E-11 8.1E-16 9.3E-11 —
Nitrogen oxides Lbs/BTU/yr 3.4E-07 4.6E-08 9.2E-07 —
Particulate matter Lbs/BTU/yr 5.3E-08 5.3E-09 1.7E-07 —
Sulfur dioxides Lbs/BTU/yr 1.1E-07 6.1E-10 2.8E-07 —

* Only data on average emissions, consumption, and waste generation from net energy-exporting states was used for off-
site impacts, as these are more reliable than data from energy-importing states. Data for HLNW and LLNW are based on
grid fuel mixes.
** The coefficient of variability represents the standard deviation divided by the mean, it is used because units and scale
vary among the emission, consumption, and waste generation factors. “—” denotes an instance where the coefficient
could not be calculated due to small sample size and less reliable standard deviations.
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difference between the means of different LEED cer-
tification levels. 

The first impact ratio, referred to as “Rank Order
Phase Shift,” was calculated by first rank ordering the
results of the 1,000 simulated impacts from a build-
ing’s energy use. The resulting number is an expres-
sion of the percentage difference in impacts which oc-
curs as different categories of building certification
are considered, from non-LEED base case buildings
through LEED Platinum buildings. An example cal-
culation is shown below for one set of particulate
matter emissions, though all 1,000 such ratios were
also combined in an average Rank Order Phase Shift:

The second impact ratio, referred to as “Percent
Distribution Overlap,” quantifies the degree of over-
lap in comparisons of probability distribution func-
tions of these sets of 1,000 simulated impacts. This
ratio ignores the issue of frequency in the simulations
and represents the possibility that individual build-
ings certified at different levels of LEED could have
the same level of environmental impact. Figure 2 de-
picts how this formula is calculated using simple
probability distribution functions for the simulated
mercury (Hg) emissions for 1,000 LEED Silver
buildings and 1,000 LEED Certified buildings as an
example. The range represented by the upper, shorter
line was divided by the range estimated the lower,
longer line to arrive at the Percent Distribution Over-
lap. Consider the formula below for an example cal-
culation of this overlap for carbon dioxide emissions:

= Percent Distribution Overlap

Finally, the probability distribution functions
characteristic of Figure 2 allow for a visual representa-
tion of the overlap of actual simulated impacts (Fig-
ure 3 and 4). The relative level of kurtosis and degree
of separation among each distribution can be seen in
these graphs. Because the derivation of base case
building energy use is not based on actual or modeled
energy use and is, therefore, less than perfect, it is
worth stressing that actual energy use and impact pre-
dictions in this research are less important than the
degree of variation in said impacts.

Maximum Hg Emissions Minimum HgLEED Silver− EEmissions

Maximum Hg Emissi
LEED Certified

oons Minimum Hg EmissionsLEED Certified LE− EED Silver

PM Emissions

PM Emissions

LEED Certified

LEEDD Silver

Rank Order Phase Shif
⎛

⎝
⎜

⎞

⎠
⎟ − × =1 100 tt

FINDINGS
EUI values for simulated LEED and non-LEED, base
case buildings were comparable to EUI data for ac-
tual LEED buildings and non-LEED, base case
buildings (though the availability of energy use data
on completed LEED buildings is sparse and the range
of EUI is also high). In analyzing the results presented
here, it is important to understand that the environ-
mental impacts represented are not cumulative. That
is, a building responsible for a very high level of nu-
clear waste generation would not likely be the same
building shown in the probability distribution func-
tions that is responsible for a very high level of carbon
dioxide emissions. These buildings would likely be lo-
cated on grids with substantially different fuel mixes. 

Figures 3 and 4 show the variation in two of the
nine impacts studied here: carbon dioxide and partic-
ulate matter emissions. Variation in the other seven
impacts looks very similar. The results suggest that on
average there is a distinction among the emissions of
buildings with different LEED certification levels.
That said, there is considerable overlap in these im-
pacts, and when making comparisons of individual
buildings, the variation can become problematic. For
example, the results indicate that it is possible for the

Volume 2, Number 4 161

FIGURE 2. Visual representation of the calculation of
Percent Distribution Overlap using two probability
distribution functions for hypothetical mercury emissions
resulting from building energy use.

Mercury Emissions (lbs/square foot/year)

LEED
Certified

LEED
Silver
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energy-related environmental impacts of a LEED
Certified or Silver building to be lower than those of
a LEED Platinum or Gold building. 

The majority of results presented here are based
on office buildings because 1) LEED was primarily
designed to serve this product type, 2) these buildings
constitute the largest portion of the empirical data
from the USGBC’s point tally, and 3) the results
based on other building types analyzed are similar in
pattern and scale to those from office buildings. The
study yielded a separate figure for each of the nine en-
vironmental impacts for all four building cate-
gories—all buildings combined as well as educational,

office, and residential buildings. All were combined
in the same manner as in Figures 2 and 3.

F values were calculated for each of the four build-
ing categories and for all nine impacts, for a total of
36 values. All F values had corresponding probability
values less than 0.001, which suggests that there are
statistically significant differences among the mean
impacts of buildings with different LEED certifica-
tions, even if the variability distributions overlap to a
high degree. These high F values are caused in part by
the large sample size—2,000 to 5,000 data points for
each of the 36 analyses for F values and R-square val-
ues (i.e., 1,000 simulated impacts for nine impacts

162 Journal of Green Building

FIGURE 4. Probability distribution functions for particulate matter emissions for models analyzing office buildings with
different levels of LEED certification (or lack thereof).

FIGURE 3. Probability distribution functions for carbon dioxide emissions for models analyzing office buildings with
different levels of LEED certification (or lack thereof).
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across four different buildings categories with varying
levels of LEED certification levels). As the number of
actual LEED-certified buildings reaches the thou-
sands, the implications of these F values become more
noteworthy. 

The R-square values, which are not influenced by
the sample size, show a slightly different picture.
These values capture more of the variation repre-
sented by the high Percent Distribution Overlap val-
ues (described next) and probability distribution
functions shown previously in Figures 3 and 4. R-
square values ranged from 0.06–0.32 with a mean of
0.18. Given the large intra-group variation, this sug-
gests that a non-trivial portion of overall variation lies
between the groups, i.e., between any set of simulated
impacts from buildings with different LEED certifi-
cation levels.

The two impact ratios also produced mixed re-
sults. The first, the Rank Order Phase Shift, was cal-
culated for all four building categories. These values
were similar across building categories. For office
buildings, the mean value was 58% when comparing
the all nine impacts between a non-LEED, base case
building and a LEED Certified building. This implies
that on average (given 1,000 buildings of each type) a
non-LEED, base case building would be expected to
generate 58% more air emissions, waste products, or
water waste than a LEED Certified building. Side-by-

side comparisons of LEED buildings with different
LEED certification levels showed a mean Rank Order
Phase Shift value of 18%. For example, on average a
LEED Gold office building would have approxi-
mately 20% more nitrogen oxide emissions due to its
energy use compared to similar indirect emissions
from a LEED Platinum office building. Table 3 sum-
marizes these comparisons for LEED among all four
building categories. Note that “Base case/Certified”
percentages are similar across building categories.
“Gold/Platinum” percentages are also consistently
higher than other side-by-side comparisons of im-
pacts from LEED-certified buildings. “Base case/Cer-
tified” percentages for residential buildings are higher
than those for other building categories because these
LEED Certified buildings tend to have higher values
for EA credit 1 and 2 as well as EA credit 6 than
LEED Certified buildings in other categories.

However, the second impact ratio, the Percent
Distribution Overlap, averaged 90%, which repre-
sents considerable commonality of environmental
impacts in side-by-side comparisons of LEED build-
ings (Figure 2). In theory, this percentage would be
much lower and represent more separate impact dis-
tributions, as one might expect, among buildings
with different LEED certification levels. 

With respect to the sensitivity analysis performed,
the parameters shown in Table 4 are responsible for

Volume 2, Number 4 163

TABLE 3. Percentage differences in environmental impacts in the four building categories based on LEED certification
level.

Educational Office Residential 
All Buildings Buildings Buildings Buildings

Base case/ Certified/ Silver/ Gold/ Base case/ Certified/ Base case/ Certified/ Silver/ Gold/ Base case/
Impact Certified Silver Gold Platinum Certified Silver Certified Silver Gold Platinum Certified

Carbon dioxide 51% 11% 17% 20% 46% 22% 44% 21% 13% 22% 65%
High level 

nuclear waste 67% 13% 15% 18% 58% 26% 53% 23% 15% 20% 85%
Low level 

nuclear waste 67% 13% 16% 18% 59% 25% 51% 23% 15% 22% 86%
Mercury 46% 8% 15% 20% 58% 24% 39% 16% 12% 18% 55%
Nitrogen oxides 56% 9% 12% 21% 48% 21% 50% 16% 16% 20% 64%
Particulate matter 48% 8% 13% 23% 37% 20% 40% 16% 12% 20% 53%
Solid waste 62% 15% 15% 20% 60% 27% 61% 23% 16% 21% 77%
Sulfur dioxides 61% 11% 21% 15% 52% 29% 53% 22% 19% 21% 87%
Water 53% 21% 10% 22% 58% 26% 60% 15% 12% 32% 78%
Average 57% 12% 15% 20% 53% 24% 50% 19% 14% 22% 72%
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creating most of the variation in impacts, and, as
such, should receive the most attention when think-
ing about alterations to the current LEED framework
to better incorporate environmental metrics. For ex-
ample, consider that for office buildings, the sensitiv-
ity analysis showed that “LEED EA credits 1 and 2”
ranked in the “Top 3” of all parameters when seven of
the nine environmental impacts (78%) were ana-
lyzed. It is worth noting that some of these parame-
ters are somewhat outside of the control of many
building owners and developers, i.e., many are loca-
tion-dependent. However, this should not imply that
these impacts are ignored in a green building scoring
system. It could suggest, for example, that the award-
ing of LEED points might need to be made location-
dependent.

Table 5 shows the effects of an imprecise green
building certification program on the environmental
footprint of a city, state, federal agency, or campus
which uses LEED as policy. It is unlikely that the
dozens of such organizations who rely on LEED for
gauging their innovation, forward thinking, and envi-
ronmental performance would expect this much vari-
ability resulting from their policies and codes. It con-
siders the possible range of environmental impacts
created by 2,000,000 square feet of new buildings af-
fected by an institutional policy mandating or provid-
ing incentives to developers to build LEED Silver of-
fice buildings. To make this variation more tangible
using the conversion factor of one pound of carbon
dioxide produced per mile driven in an automobile,
consider that the difference between the minimum
and maximum carbon dioxide emissions from these

2,000,000 square feet of buildings is equivalent to
taking approximately 8,300 cars off the road per year
(US Environmental Protection Agency 2007).

While the majority of models used in this research
assume that modeled energy use is equal to actual en-
ergy use, since this is the premise under which LEED
operates, Table 6 shows the increase in the variability
of impacts that occurs when the ratio of actual versus
modeled energy use is included in the model. This
change increases the variability of impacts from
LEED Silver buildings by 10%–38%. Similarly,
LEED’s use of energy cost versus actual energy con-
sumption as the metric to estimate reduction in con-
ventional grid energy use also can also lead to varia-
tion in the impacts from LEED buildings. When this
factor was added to the basic model, increases in vari-
ability were found to be similar to those shown in
Table 5. Again, the coefficient of variability—the
standard deviation divided by the mean—is used to
represent this increase in variation because it allows
comparison across the nine different impacts regard-
less of scale and units.

Finally, two other versions of the basic model were
considered. The first involved ignoring the reduction
in impacts that could occur due to the purchase of
green energy offsets. Because the market for REC’s is
a relatively young, voluntary market in the US, some
question the real meaning of REC’s, despite the third-
party verification by the Center for Resource Solution
and its Green-e program. Green energy supported
through the purchase of REC’s is often located on a
different grid with different fuel mixes than the build-
ing for which they are purchased, which makes emis-

164 Journal of Green Building

TABLE 4. Sensitivity analysis showing the five most important parameters in creating variation in the nine energy-related
environmental impacts of LEED buildings.

All Educational Office Residential
Buildings Buildings Buildings Buildings

Overall Ranking as the Most Significant Sources of Variation 
Rank Parameter No.1 Top 3 No.1 Top 3 No.1 Top 3 No.1 Top 3

1 Air emission, waste generation, 
and water consumption factors 78% 78% 78% 78% 78% 78% 78% 78%

2 LEED EA credits 1 and 2 0% 56% 0% 100% 0% 78% 0% 78%
3 % electricity versus natural gas/fuel oil 0% 56% 0% 44% 0% 56% 0% 56%
4 Building energy use 0% 56% 0% 22% 0% 44% 0% 67%
5 Nuclear as % of grid energy 22% 22% 22% 22% 22% 22% 22% 22%
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sion reduction calculations complicated. Plus, the as-
surance of “additionality” is uncertain—i.e., it is dif-
ficult to ascertain whether a new wind farm would
have been developed without the financial support
generated through REC’s. Most of the simulations in
this research assume that the purchase of green energy
supports renewable energy generation that would not
have occurred otherwise and that the environmental
impacts avoided through the purchase of REC’s cor-
respond to those impacts that would have been
caused by a building’s location in its own particular
electrical grid. However, when these offsets are elimi-
nated for LEED Silver office buildings, mean envi-
ronmental impacts increase by 15%–42% with an av-
erage increase of 28%. Table 7 illustrates increases for
specific impacts. 

Volume 2, Number 4 165

TABLE 6. The influence of actual versus modeled energy use on variation in the energy-related environmental impacts of
LEED Silver office buildings

Coefficient of Variability

Impact Before* After** % Increase in Impacts

Carbon dioxide 0.45 0.58 29%
High level nuclear waste 0.69 0.82 19%
Low level nuclear waste 0.70 0.83 19%
Mercury 0.46 0.60 30%
Nitrogen oxides 0.43 0.56 30%
Particulate matter 0.42 0.58 38%
Solid waste 0.61 0.74 21%
Sulfur dioxides 0.57 0.70 23%
Water 1.00 1.11 11%

* As in LEED, this model scenario assumes that designed energy use equals actual energy use.
** This model scenario assumes that designed energy use does not equal actual energy use.

TABLE 5. Variations in energy-related environmental impacts from LEED Silver office buildings as the scale reaches
2,000,000 new square feet of construction

Impact Units Minimum Maximum Maximum/Minimum

Carbon dioxide Lbs/year 3,300,000 104,000,000 32
High level nuclear waste Lbs/year 0 153 —
Low level nuclear waste Cf/year 0 80 —
Mercury Lbs/year 0.3 9 30
Nitrogen oxides Lbs/year 10,100 214,000 21
Particulate matter Lbs/year 740 16,000 22
Solid waste Lbs/year 130,000 14,000,000 108
Sulfur dioxides Lbs/year 12,000 540,000 45
Water Gallons/year 960,000 603,000,000 628

TABLE 7. The percentage increases in energy-related
environmental impacts for LEED Silver office buildings
when green energy purchases are ignored

% Increase 
Impact in Impacts

Carbon dioxide 29%
High level nuclear waste 30%
Low level nuclear waste 29%
Mercury 15%
Nitrogen oxides 27%
Particulate matter 15%
Sulfur dioxides 33%
Solid waste 33%
Water 42%
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The last model variation involved fixing the air
emission, waste generation, and water consumption
factors at national averages—as often happens now
when the environmental impacts of a building are es-
timated—rather than as distributions varying by ge-
ography and corresponding grid, as was done for the
models in this study. This reduced variability by
29%–58%, with an average reduction of 36%. Ac-
cordingly, these results suggest that using average air
emission, waste generation, and water consumption
factors substantially misrepresents the variation in the
environmental impacts caused by buildings.

DISCUSSION AND CONCLUSION
The results suggest a considerable amount of be-
tween-building variation in the nine selected environ-
mental impacts of LEED buildings. For an individual
building category, the variation appears to be greater
than that which most people would consider desir-
able for a green building certification system. On the
other hand, when looking at the variation among the
means for thousands of simulated LEED buildings,
the variation suggests an acceptable degree of differ-
ence between at least the mean values of the impacts
for LEED and non-LEED buildings and among
buildings with different levels of LEED certification.

The significance of these results, showing wide
overlap in the variability distributions for different
levels of LEED certification, might be lessened by ar-
guing that LEED was intended to be an instrument
for market change, not a scientific tool for assessing
the environmental impacts of buildings. While that
may be true, in the absence of widely accepted meth-
ods for assessing building-related impacts, many
building professionals, owners, and other stakehold-
ers look to LEED to serve this more quantitative pur-
pose. Accordingly, it is worth considering whether it
serves this purpose in light of the results presented
here. Moreover, given other categories of concern in
LEED, such as site selection, indoor environmental
quality, water efficiency, and materials and resources,
it would be a mistake to quickly generalize the results
of this research to the entirety of LEED. 

One important source of energy-related impacts
that was not addressed in this research is the required
transportation to and from buildings. Preliminary
calculations from Jonathan Rose Companies (2006),
a developer of infill and mixed-use projects suggests

that—depending on building location, building type,
and building energy efficiency—transportation en-
ergy use can account for 20%–60% of combined
building and transportation energy use. In addition,
the emission profiles vary between power plant and
automobile combustion engine. Future work should
take these emissions into consideration, despite the
significant number of assumptions required to arrive
at these estimates of environmental impacts. In fact,
this lack of attention to transportation and site-re-
lated impacts has been a major criticism of LEED for
New Construction, which has been overcome to a de-
gree with the development of LEED for Neighbor-
hood Development.

In addition, it could be argued that improving the
ability of LEED to measure environmental impacts
without considering the costs for LEED buildings is
problematic because owners, developers, and tenants
are more concerned about costs than environmental
impacts. While cost-effective green design is impor-
tant, its economics were deemed to be outside the
scope of this work and have been addressed in numer-
ous studies mentioned previously. Furthermore, in ad-
dition to green design, many other factors affect con-
struction cost and calculations of green premiums,
such as the use of additional consultants or reliance on
the conventional development team, the time required
to finish a project, financing options, fee increases to
account for risk and uncertainty, capital structure, and
the varying cost and choice of materials.

Similarly, efforts to improve the accuracy and pre-
cision of LEED will not necessarily lead to an in-
creased rate of adoption of green building in the mar-
ket. In fact, a wide variety of other factors ultimately
affect the increased abundance of buildings with
lower environmental impacts, such as media atten-
tion, market demand, government incentives, and the
costs of green products and systems as they reach
scale. More importantly, to the degree that any sug-
gested changes to LEED improve its scientific basis
but add to its complexity or diminish the ease with
which it is understood, these changes could decrease
the adoption of LEED. Despite this concern, im-
provements seem to merit attention in order that
LEED certification—notably certification with LEED
version 3.0 currently being created—is more mean-
ingful and comparable across buildings in terms of en-
vironmental impacts. 
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The authors’ next phase of research will build on
this current study and will focus on such alterations
to LEED. This will include a focus on 1) revisions to
the LEED scoring system so that it better incorpo-
rates environmental metrics and reduces the variabil-
ity of said impacts by LEED certification level and 2)
the creation of user-friendly methods for allowing a
comparison of the environmental impacts from
LEED buildings with similar parameters (e.g., build-
ing type and grid fuel mix). Since this research began
in mid-2006, the USGBC itself has already begun to
take steps in this direction by requiring buildings to
now 1) obtain at least two EA credit 1 points above
ASHRAE 90.1-2004 and 2) reduce building emis-
sions by 50% compared to current levels. 

Other research should focus the variability in
LEED buildings’ environmental impacts in other
LEED categories (e.g., Water Efficiency, Materials &
Resources). Investigations should also aim to under-
stand how to weight the relative importance of each
environmental impact, which will facilitate the esti-
mation of an aggregate environmental impact from
buildings across many impacts such as the nine dis-
cussed here. A variety of work has been done on this
topic to date (Levin 1997; Goedkoop et al. 1993,
1995) and a number of methods are available to de-
termine weightings based on expert input (Barzilai
and Golany 1990; Saaty 1980; Linstone and Turoff
2002). The weighting criteria to arrive at weightings,
for example, could be based on the spatial scale of the
impact, the severity of the hazard, the degree of expo-
sure, the penalty for being wrong, and the status of
affected sinks (Levin 1997; US Environmental Pro-
tection Agency 1990).

In conclusion, it is worth reiterating the success of
the USGBC’s LEED program in contributing signifi-
cantly to the growing transformation of the US con-
struction industry towards healthier, more environ-
mentally responsible buildings. In the 2006 white
paper entitled, Green Buildings and the Bottom Line,
Building Design + Construction states it this way:
“What started out as a charismatic environmental cru-
sade has matured into an established sector of the U.S.
construction industry” (Building Design + Construc-
tion 2006). Given the increasingly influential role that
LEED is playing, it seems clear that the rating pro-
gram should be as robust and meaningful as possible.
While careful not to negate the good in favor of the

perfect, the authors hope that this research contributes
to the constant improvement which characterizes
much needed programs like LEED.
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