
Proceedings of the 2013 Industrial and Systems Engineering Research Conference 
A. Krishnamurthy and W.K.V. Chan, eds. 
 
 

Life-Cycle Assessment of LEED vs. Conventionally Constructed 
Residential Units 

 
Woo-suk Chun, Peter P. Feng, Alfred E. Thal., Jr., and Adedeji B. Badiru 

Air Force Institute of Technology 
2950 Hobson Way, Wright-Patterson Air Force Base, Ohio 45433-7765, USA 

 
Abstract 
 
The United States Air Force constructed 1,028 LEED for Homes Silver and/or ENERGY STAR certified energy 
efficient homes in Biloxi, Mississippi.  To analyze and compare these energy efficient homes to conventionally 
constructed homes, this study employed a hybrid LCA and energy simulation.  Compared to conventional homes, 
the energy efficient homes were found to have a 16% less environmental impact, consume 15% less energy, and 
save 2% in total life cycle cost while incurring a 1% cost increase in project construction.  The simple payback 
period for the 1% construction cost increase was 10 years.  The most effective energy efficient measure 
implemented was increasing the air conditioning seasonal energy efficiency rating (SEER) while the least effective 
measure was increasing the roof insulation R-value.  Lastly, energy simulation results from the schematic design 
phase were statistically different compared to energy simulation results from the detailed design phase.  By 
comparing the results of energy simulations from both design phases, simulation results from the detailed design 
phase were more accurate. The recommendation for a design team is to delay performing energy simulation until 
determining which energy efficiency measures to implement as permitted by the project timeline, cost, and other 
factors influencing the project. 
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1.  Introduction 

1.1.  Background 
The United States government is the world’s largest volume-buyer of energy related products [1].  Figure 1 shows 
that the Department of Defense (DoD) consumes 91% of all federal energy consumption; of the four services, the 
United States Air Force (USAF) consumes 64% while 12% is attributed to facility operations [1].  In an effort to 
reduce energy consumption for facility operations, the USAF requires all vertical military construction (MILCON) 
be certifiable in Leadership in Energy and Environmental Design (LEED) Silver [2]. 
 
The LEED rating system measures overall performance of a building in five areas: sustainable site development, 
water savings, energy efficiency, material selection, and indoor environmental quality [3].  According to the U.S. 
Government Services Administration (GSA), 12 LEED GSA buildings consumed 26% less energy and emitted 33% 
fewer greenhouse gases (GHGs) compared to the average performance of U.S. commercial buildings [4].  Newsham 
et al. (2009) reported that “LEED buildings used 18 - 39% less energy per floor area than their conventional 
counterparts.  However, 28 – 35% of LEED buildings used more energy than their conventional counterparts” [5].  
Given these contradictory results, the use of energy simulation and life-cycle assessment (LCA) in the early stages 
of design will help capture the reduction of environmental impact and energy consumption. 
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Figure 1. U.S. Government Energy Snapshot [1] 
 
1.2.  Energy Simulation 
Energy simulation is a method to provide whole building performance analysis [6].  By using an energy simulation 
method, a design team can predict the building performance and evaluate design options to reduce energy 
consumption.  Energy simulation results also serve as a baseline to determine whether the building is operating as 
designed.  This research utilized two energy simulation tools:  ESim and eQUEST [7, 8]. 

 
ESim employs computational algorithms which are based on “fundamental thermodynamic, psychrometric and heat-
transfer calculations.  However, data input requirements are the minimum necessary to model the major energy 
flows, control systems, and equipment” [8].  Due to limited data input requirements, ESim cannot model non-
conditioned zones in a building and ESim automatically assumes that a building is a box shape, so information 
available during the schematic design phase is sufficient.  Raffio et al. (2006) used ESim to simulate energy 
consumption of an energy efficient house at the University of Dayton and found that the house consumed 52% to 
58% less energy compared to a conventionally constructed house [9].   
 
eQUEST combines a “wizard” for building model creation and energy efficiency measure analysis with a detailed 
interface which links to the DOE-2.2 simulation engine [7].  The “wizard” of eQUEST enables users to input 
detailed design information and define a floor layout.  Zhu et al. (2009) employed eQUEST to simulate energy 
consumption of a zero-energy house and a conventional house in Las Vegas, NV [10].  The data showed that a 
radiant barrier and a water-cooled air conditioner are major contributors to the energy savings while an insulated 
floor slab and thermal mass walls are not effective for energy conservation [10]. 
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1.3.  Life-Cycle Assessment (LCA) 
LCA analyzes the environmental impact of a product or process throughout its entire life-cycle [11].  A typical LCA 
involves three main objectives:  (1) inventory analysis which estimates negative environmental impacts, (2) impact 
analysis which estimates the stress caused by these burdens on humans and nature, and (3) improvement analysis 
which identifies areas where improvements are possible [11].  To achieve these objectives, an LCA methodology 
usually consists of four steps[12]. 

1.  Goal, project scope, and boundary definitions 
2.  Inventory analysis to estimate environmental burdens 
3.  Impact assessment 
4.  Interpretation of the results subjected to sensitivity analysis and prepared for communication  

 
There are three common types of LCA available:  process-based LCA, economic input-output LCA (EIO-LCA), and 
hybrid LCA.  Process-based LCAs can produce detailed results where a specific product or process can be 
compared; however, they can be restricted and incomplete due to data availability, time, and associated cost [11].  A 
process-based LCA “includes direct suppliers, but seldom includes the complete hierarchy of suppliers – that is, all 
the suppliers of suppliers (indirect) [11].”  The EIO-LCA model uses economic input-output matrices and industry 
sector level environmental and resource consumption data to assess the economy-wide environmental impacts of 
products and processes [13].  This facilitates the analysis and comparison of data at a systems level.  The EIO-LCA 
can be repeated because it uses publicly available data; however, the results of the analysis represent the impacts 
from a change in demand for an industry sector.  Additionally, the EIO-LCA models are incomplete in as much as a 
limited number of environmental effects are included.  Lastly, the data used to produce the EIO-LCA can be 
outdated and incomplete [14, 15].  Due to the complex nature of construction, the process-based LCA and the EIO-
LCA methods are somewhat complex and computationally intensive.  Therefore, this research utilized a hybrid LCA 
model which incorporates the advantages of both the process-based and EIO methodologies.   

1.4.  Project History 
In 2006, the USAF awarded a $290 million contract to construct 1,028 residential homes at Keesler Air Force Base, 
MS.  The objective was to replace 1,820 military family homes, which were damaged or destroyed during Hurricane 
Katrina, using conventional construction.  During construction, the USAF increased the project scope by $2 million 
to pursue ENERGY STAR certifications for all 1,028 homes and Leadership in Energy and Environmental Design 
(LEED) for Homes Silver certifications for 736 residential units.  Eleven types of single family dwelling units and 
17 types of duplex units using a variety of 14 different floor plans exist, with the size of the units ranging from 1,705 
ft2 (158m2) to 4,200 ft2 (390 m2).  

1.5.  Objectives 
We used information obtained from energy simulations with construction data (i.e., design, total project cost) for the 
homes to perform a hybrid LCA and address the following research objectives. 

i. Quantify the environmental impact and energy consumption differences between energy efficient and 
conventionally constructed homes. 

ii. Analyze individual energy efficiency measures to quantify the energy reduction contribution. 
iii. Compare energy simulation results from schematic design and detailed design. 

2.  Methods 

2.1.  LCA 
Using results from energy simulations and data extracted from USAF facility maintenance instructions and 
construction documents, a hybrid LCA was used to quantify and compare the environmental impact of energy 
efficient homes constructed at Keesler AFB to conventionally constructed homes.  The hybrid LCA consisted of 
four steps[16].   

1.  Derive an input-output LCA model 
2.  Extract the most important pathways for the construction sectors 
3.  Derive case-specific LCA data for the building and its components 
4.  Substitute the case specific LCA data into the input-output model  
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The life-cycle of this project was divided into three phases similar to the EIO-LCA conducted for U.S. residential 
buildings by Ochoa et al. [17]:  (1) construction, (2) use, and (3) disposal.  The construction phase included raw 
material acquisition, material manufacturing, and construction of the homes.  The use phase included remodeling, 
home improvement, heating, cooling, lighting, daily electrical consumption other than lighting, and hot and cold 
water consumption.  Lastly, the disposal phase included demolition, recycling, and disposal of construction debris 
[17].   Table 1 summarizes the LCA types conducted for each phase.   
 

Table. 1. LCA Types 
Phase LCA Types 
Construction EIO-LCA 

Use 
Operations Case specific LCA based on energy 

simulation results 
Maintenance & Repair EIO-LCA 

Disposal EIO-LCA 
 
We calculated the total environmental impact and energy consumption using the original contract cost for the 
construction phase of conventional homes.  For the construction phase of energy efficiency homes, we used the 
modified contract cost to determine the total environmental impact and energy consumption.  The use phase was 
divided into two components:  operations and maintenance/repair.  To calculate the operations cost, we used 
eQUEST to simulate energy consumption (both electricity and natural gas) assuming a life of 60 years.  The 
electricity and natural gas costs of Biloxi, Mississippi, in 2002 were 7.28 cents per kWh and $7.76 per 1,000cfm, 
respectively [18, 19].  The annual maintenance and repair cost of these homes was determined to be 1% of the total 
construction cost in accordance with USAF facility maintenance instructions for both conventional and energy 
efficient homes.  Lastly, the disposal cost was calculated to be 1% of total lifetime cost of the project based on past 
studies for both conventional and energy efficient homes [20].  The EIO-LCA tool used in this study is based on the 
U.S. economy annual input-output from 2002.  All monetary values were brought back to 2002 by using 3% annual 
inflation rate following the EIO-LCA conducted for U.S. residential buildings by Ochoa et al. [17]. 

2.2.  Sensitivity Analysis 
Since any facility can be considered “a system of systems,” various components of a home interact closely with each 
other to influence the total energy consumption during operations.  Using eQUEST’s energy efficiency measure 
analysis tool, we conducted a sensitivity analysis on the major energy efficiency measures implemented to make 
Keesler homes energy efficient and quantified the individual effect of the measures on the facility.  Table 2 outlines 
the most prominent energy efficiency measures adopted and analyzed for this study. 
 

Table 2. Housing Characteristics 

Characteristics Conventional KEESLER AFB Housing Profile 
LEED for Homes/ENERGY STAR 

Structural Framing 2”x4” @ 16" (0.05m x 0.10m @ 0.41m)  
on center (O.C.) wood frame 

2”x6” @ 16" (0.05m x 0.15m @ 0.41m)  
O.C. wood frame 

Wall Insulation R-value:  11 h·ft2·ºF/Btu (1.94 K·m2/W)  
Unfaced Batt Insulation 

R-value:  19 h·ft2·ºF/Btu (3.35 K·m2/W)  
Unfaced Batt Insulation 

Roof Insulation R-value:  21 h·ft2·ºF/Btu  
(3.70 K·m2/W)  

R-value:  30 h·ft2·ºF/Btu  
(5.28 K·m2/W) 

Roof Color Dark Light 
Infiltration (ACH*) 0.68 0.35 
Cooling (SEER**) 10 Btu/W·hr 16 Btu/W·hr 
Heating (HSPF***) 6.8 Btu/W·hr 9.2 Btu/W·hr 

* ACH:  Air changes per hour 
** SEER:   Seasonal energy efficiency rating 
*** HSPF:  Heating seasonal performance factor 

1180



 Chun, Feng, Thal, and Badiru 

 

2.3.  Schematic Design vs. Detailed Design 
LEED recommends that project teams pursuing LEED certification adopt energy simulation early in the design 
phase.  The question is “how early?”  Does energy simulation conducted in the schematic design phase provide a 
similar energy profile to energy simulation in the detailed design phase of construction?  Using eQUEST, energy 
simulations at different phases of design were statistically analyzed.   

3.  Results and Discussions 

3.1.  LCA 
To quantitatively analyze and compare the environmental impacts of Keesler’s energy efficient homes to 
conventionally constructed homes, we utilized a hybrid LCA approach using simulated energy data and costs 
obtained from construction documents and Air Force facility operation instructions.  For energy simulation, the 
accuracy of a building’s energy consumption behavior (energy consumption profile) depends on the accuracy of the 
building characteristic inputs.  Additionally, the building occupant behaviors must be taken into consideration.  
Therefore, collecting historical energy consumption data is crucial to accurately simulate the energy consumption 
profile while taking into account occupant energy consumption behaviors.  Regretfully, Keesler AFB did not collect 
energy consumption data.  Therefore, one quick way to validate the energy simulation model was to compare the 
average end use intensity (EUI) of conventional homes.  From the energy simulation, the average EUI of 
conventional homes is 7.2 kWh/ft2·yr (280 MJ/m2·yr) with a standard deviation of 0.25 kWh/ft2·yr (10 MJ/m2·yr).  
This is comparable to the 7.6 kWh/ft2·yr  (294 MJ/m2·yr), value reported by RWL Analytics (2007) as the average 
EUI of newly constructed homes using electrical heating system in 2006 [21]. 
 
Figure 2 shows that the construction phase economic activity represents 65% of the total life-cycle cost for 
conventional homes with support infrastructure.  The global warming potential (GWP) and energy consumption 
during the construction phase are 20% and 22%, respectively.  The economic activity of the use phase (operations, 
maintenance, and repair) is relatively small at 34% compared to the construction phase, but the GWP and energy 
consumption of the use phase, 79% and 78%, respectively, represent a major portion of the total GWP and energy 
consumption.  Lastly, the economic activity, GWP, and energy consumption in the disposal phase are negligible.   
 
Figure 2 also shows that energy efficient homes with support infrastructure follow a similar trend.  The construction 
phase economic activity represents 67% of the total life-cycle economic activity.  The GWP and energy 
consumption during the construction phase are 24% and 27%, respectively.  For the use phase, the economic activity 
is 32%, while GWP is 75% and energy consumption is 73%.  Lastly, the economic activity, GWP, and energy 
consumption are negligible in the disposal phase.  Note that the use phase constitutes a large portion of GWP and 
energy consumption; therefore, any economically feasible steps taken to reduce energy consumption and GWP 
during the use phase can have great impacts.   
 
Ochoa et al. [17] conducted an EIO-LCA of the U.S. residential sector for 1997 and found that within the three 
phases, the use phase (54% of economic activity) is the largest consumer of energy (93%) and has the largest GWP 
(92%).  A process-based LCA conducted by Scheuer et al. [22] reported similar results where the use phase energy 
consumption accounted for 94% of life-cycle primary energy consumption.  The results from past studies are 
slightly different from this study’s findings, with the primary difference being the project scope.  Unlike the 
previous two studies, this study included support infrastructures like access roads and utility mains.     
 
Adjusting the construction costs, by excluding the support infrastructure costs, reduces the differences significantly.  
During the construction phase, Figure 2 shows that conventional homes represent 49% of the economic activity, 
while the GWP and energy consumption are 12% and 13%, respectively.  For the use phase, the economic activity is 
50%, while GWP is 88% and energy consumption is 87%.  The disposal phase still plays a minor role.  For energy 
efficient homes without support infrastructure, the construction phase economic activity represents 52% of the total 
life-cycle economic activity, while the GWP and energy consumption are 14% and 16%, respectively. For the use 
phase, the economic activity is 47%, while GWP and energy consumption are 85% and 84%, respectively.  The 
economic activity, GWP, and energy consumption are negligible during the disposal phase.  The results for energy 
efficient homes are similar to results reported by Blanchard and Reppe [23], who found that the construction phase 
represents 16% of the total life-cycle energy of an energy efficient home where the use phase represents 83%. 
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Figure 2.  LCA Results (with and without support infrastructure) 

 
Overall, a 1% increase in construction cost resulted in a 2% reduction of the overall total life-cycle cost, a 16% 
GWP reduction, and a 15% reduction in total energy consumed.  The GWP and energy consumption fall short of the 
33% GHG reduction and 18-39% energy reduction reported in previous studies [4].  These differences may be due 
to different LEED certification approaches the USAF took compared to LEED certified buildings.  Additionally, the 
simple payback period of for the initial $2 million dollar investment to build energy efficient homes was 10 years. 
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3.2.  Effectiveness of Energy Efficiency Measures 
Construction budgets are limited and design teams often face decisions regarding which energy efficient measures to 
implement.  By analyzing the effect of readily adopted energy efficient measures, design teams can prioritize the 
measures available to minimize the energy consumption.  Figure 3 shows the individual effects of several major 
energy efficiency measures implemented during the construction phase and the effect of adjusting cooling and 
heating temperature set-points.  The measure with the greatest impact is cooling temperature set-points.  Changing 
cooling set-points from 68°F (20°C) to 80°F (27°C) reduced the EUI by 10%.  However, the occupants’ cooperation 
to adjust cooling set-points higher cannot be guaranteed.  The measure implemented during the construction phase 
with the greatest impact is increasing cooling system efficiency.  Changing an air conditioning unit with SEER 10 to 
an air conditioning unit with SEER 23 resulted in an 8% EUI reduction.  The least effective measure implemented 
during the construction phase is increasing the thermal resistivity (R-value) of a roof.  This measure, with an 
increase in R-value from 21 h·ft2·ºF/Btu (3.7 K·m2/W) to 60 h·ft2·ºF/Btu (11 K·m2/W) only reduced EUI by 2%.  
Affected by warm weather year-around, increased efficiency of a heating system and decreasing heating temperature 
set-points from 80°F (27°C) to 68°F (20°C) do not have as great of an impact on energy consumption reduction as 
cooling system changes.  However, these measures still result in 6% and 3% reduction of EUI, respectively. 
 

 
 

Figure 3.  Effectiveness of Energy Efficiency Measures Implemented 

3.3.  Energy Simulation Using Schematic Design vs. Detailed Design 
Two key assumptions were made to differentiate the design stages:  (1) the floor layout was not clearly defined and 
(2) the building’s exterior shape was not clearly defined during the schematic design phase.  Following these 
assumptions, ESim can simulate energy consumption in the early design stage.  However, eQUEST requires more 
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information available in the later design stage where the floor layout is clearly identified and the building’s exterior 
shape has been defined.  Using ESim, the average EUI is 6.3 kWh/ft2·yr (250 MJ/m2·yr) with a standard deviation of 
0.29 kWh/ft2·yr (11 MJ/m2·yr).  Using eQUEST, the average EUI was 6.0 kWh/ft2·yr (230 MJ/m2·yr) with a 
standard deviation of 0.27 kWh/ft2·yr (10 MJ/m2·yr).  
  
Before comparing the EUIs, we used the Shapiro-Wilk test to assess the normality of the data.  The Shapiro-Wilk 
test indicated that the EUIs calculated using schematic design and detailed design were bimodally distributed instead 
of normally distributed.  Additionally, we used Levene’s test to assess the homogeneity of variances assumption.  
The Levene’s test indicated that the EUIs do not have equal variance.  Since the EUIs calculated are not normally 
distributed and do not show homogeneity of variances, we employed the Wilcoxon signed rank test to compare the 
median EUIs instead of the mean EUIs.  The resulting p-value from the Wilcoxon signed rank test was less than 
0.0001, which indicates that the median EUI from the schematic design is statistically different from the median EUI 
calculated using detailed design.  The main reason for the bimodal distribution in EUIs is the two types of 
prototypical facilities used for the design.  The first type assume homes designed in generally square shapes, while 
the second type relied on rectangular shapes with long exterior side walls and shorter front and back exterior walls.  
This difference in shape resulted in the bimodal distribution of EUIs where square-shaped homes generally had 
lower EUIs. 
 
LEED recommends design teams simulate energy consumption in the early design phase, but the timing of 
conducting energy simulations must be adjusted based on the objectives of simulating energy consumption.  The 
statistical difference suggests that the design team delay energy simulations until the design is at the final stage if the 
intent is to quantify energy savings and develop a building’s energy performance baseline.  However, the design 
teams should simulate energy consumption in the early design phase as LEED recommends if the intent is to modify 
designs based on energy simulation results.  This is consistent with work by Feng et al. (2008) demonstrating how 
rework timing affects the entire project by delaying the final plan and work in order to resolve unknowns; therefore, 
the overall time required for negative rework decreases [24].   

3.4.  Limitations and Future Research Topics 
Historical energy consumption data can help calibrate the energy simulation to create a more realistic energy 
consumption profile.  A lack of historical energy data for the Keesler homes limited the strength of the energy 
simulation used in this study.  We were able to compare the EUI with published data, but it is highly recommended 
that energy consumption data of Keesler homes be collected to further strengthen the energy simulation.  
Additionally, the weather data used in this study was limited to Biloxi, MS; therefore, the LCA and sensitivity 
analysis results only represent Biloxi, MS.  Selecting different cities around the U.S. to study the effect of different 
weather patterns on the LCA and sensitivity analysis will be appropriate.  Lastly, many different approaches exist 
for LEED certification.  It is appropriate to analyze different LEED certification approaches and their effect on the 
total life-cycle cost, environmental impact, and total energy consumption.  

4.  Conclusions 
The decision to build LEED and/or ENERGY STAR homes at Keesler AFB resulted in a 16% environmental impact 
reduction, 15% energy consumption reduction, and 2% total life-cycle cost reduction.  The environmental impact 
and energy consumption reductions fall short of results reported in previous studies; however, this study reinforces a 
claim that LEED certified homes save energy and reduce the environmental impact while reducing the total life-
cycle cost.  The most effective energy efficient measure implemented in Mississippi was increasing the air 
conditioning SEER value while the least effective measure was increasing the roof insulation R-value.  Prioritizing 
the impact of energy efficiency measures provides guidance to the maintenance team at Keesler AFB to offer 
additional attention to more effective measures.  Additionally, the prioritized list allows design teams to maximize 
energy efficiency efforts by adopting measures with the greatest impact.  However, the most effective measure of all 
is to educate occupants to adjust cooling set-points to a higher temperature.  Lastly, energy simulation results from 
the schematic design phase were statistically different when compared to energy simulation results from the detailed 
design phase.  The recommendation to a design team is to delay performing energy simulation until the design is 
nearing the final stage. 
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