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ABSTRACT
Buildings contribute to a significant fraction of the total energy cost during all processes
of its life span. Also, buildings are dynamic, non-linear systems with a large number of
components that strongly influence total building energy consumption. For instance, air
infiltration rates directly impact the building energy consumption to a larger or smaller degree
depending on the tightness of building enclosure and Heating Ventilation and Air Conditioning
(HVAC) system operation. Therefore, it is challenging to find an optimal combination of
building components to minimize the building life cycle cost (LCC).
Databases have become main source of operating energy in building life cycle analysis
(LCA) studies. Current energy simulation uses averaged wind pressure distribution profile in
infiltration rates calculation, which can only partially reflect the characters of the specific
building. Therefore, the objective of this study is to propose a life cycle optimization framework
of building enclosure system with energy simulation accounting for time-dependent infiltration
rates.
Based on a detailed review, this study first developed a life cycle optimization framework
by combining optimization algorithm and building life cycle analysis. The life cycle analysis will
include all the phases during a building’s life span. Specifically, the operating energy cost is the
result of building energy simulation associating with the time-dependent infiltration rates
calculation. Additionally, the key parameters of enclosure system are also deplored based on the
results of survey and numerical sensitivity analysis. Finally, a case study based on an office
building is developed to demonstrate the framework.
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1. INTRODUCTION
1.1. General Statement of Problem
Building energy contributes to a significant fraction of the total national energy cost
during a building’s lifetime. In developed countries, buildings energy consumption represents
20%-40% of total national energy use and this percentage is above the industry and
transportation figures in EU and the U.S. The growing trend in building energy consumption will
continue during the coming years due to building areas expansion and associated energy needs
(Pérez-Lombard et al., 2008). Buildings have relatively long life spans. In the U.S., the median
lifetime of commercial buildings is 50-65 years (U.S. Department of Energy, 2012). In addition,
buildings are dynamic, non-linear systems with a large number of components that strongly
affect building energy consumption. This complexity of building systems lends difficulty to the
problem of optimizing total building energy consumption.

Several specific components

contribute strongly to total building life cycle cost (LCC), most notably building enclosure and
mechanical systems (Purdy and Beausoleil-Morrison, 2001).
Life cycle assessment (LCA) is a methodological framework for estimating and assessing
the environmental impacts attributable to the lifecycle of a product (Rebitzer et al., 2004).
Following the definition and guidance in the International Organization for Standardization
(ISO) 14040 (ISO - International Organization for Standardization, 2006), building life cycle
includes construction, annual operation and maintenance, and demolition. The cash flow during
these phases contains construction capital cost, transportation cost, annual operating energy
consumption, maintenance cost, and demolition cost.
1.2. Life Cycle Analysis
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Life cycle analysis is an assessment method to evaluate the environmental aspects of a
product through all stages of its life cycle (ISO - International Organization for Standardization,
2006), which could also called as cradle-to-grave analysis, ecobalance, and life cycle assessment.
The approach is based on the principle that all stages in the life of a product generate
environmental impacts and must be analyzed. It helps make informed investment decisions
during the early building design stages. Life cycle assessment is a wide-used evaluation method,
which has been used in other fields of research, such as bio-fuel (von Blottnitz and Curran,
2007), chemical engineering process (Azapagic, 1999), energy generation system (Kato and
Nomura, July) (Matsuhashi et al., June), nuclear fuel (Solberg-Johansen, 1998)(Griffin, 1997),
metal production (Robertson et al., July)(Finkbeiner et al., 1997), and waste water treatment
(Roeleveld et al., 1997)(Dennison et al., 1998).
According to the ISO standard, there are four steps in general life cycle analysis:





Goal and scope definitions
Inventory analysis
Impact assessments
Interpretations
The goal and scope definition step claims the purpose of the study and its breadth and

depth. The important task in this step is to determine the boundary and unit of comparison in the
study. The inventory analysis step identifies and quantifies the inputs and outputs associated with
a product. Most of the inventory flows include inputs of water, energy, land and other resources
and releases to air, land, and water. Impact assessment characterizes the inventory flows in
relation to a set of environment impacts. The final interpretation step combines the
environmental impacts in accordance with the goals of the LCA study.
Life cycle assessment considers the environmental aspects, the energy consumption and
money cost caused by the objectives of analysis through their life cycle, from raw material
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acquisition through production, use and disposal. In the research of buildings, LCA takes into
account all costs of constructing, owning, maintaining and waste disposing of a building or
building system.
Life cycle analysis includes three categories for emphasizing different aspects in the
analysis: life cycle energy consumption analysis, life cycle environmental impacts assessment
and life cycle economic cost analysis. The correlation of these three analyses is shown in Figure
1. The basic life cycle analysis is energy consumption, considering the energy used during the
whole life cycle of the system. A higher level than life cycle energy consumption analysis is life
cycle environmental impacts analysis, which does not only include energy utilization but also
consider the influence of the system on the environment, such as greenhouse gas release. The
most comprehensive analysis is life cycle economic cost analysis. This analysis could be built up
based on environmental impacts analysis, which will combine all the impacts together into one
economic result.

Figure 1: Three categories of life cycle analysis
Buildings consume energy and produce environmental impacts directly and indirectly in
all the phases of their life cycle. And there is some interplay between different phases of building
life span. Therefore, life cycle analysis evaluations for buildings can support decision making in
selection of different building systems, by giving a more comprehensive analysis of buildings
consumption. For example, improvements of building enclosure system will take additional
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capital investments, but will also bring significant net energy saving during the building lifespan.
Without life cycle analysis, a decision maker is likely to ignore the benefit of these
improvements, and only focus on the initial costs.
Moreover, life cycle analysis is especially useful when project alternatives that fulfill the
same performance requirements, but differ with respect to the initial costs and operating costs,
have to be compared in order to select the one that maximizes net savings. For example, life
cycle analysis will help determine whether the incorporation of a high-performance HVAC or
glazing system, which increases the initial costs, but results in greatly reduced operation and
maintenance costs, is cost-effective or not. A lowest life cycle cost, which is the result of
building life cycle analysis, is the most straightforward and an easy-to-interpret measure for
economic performance.
Building life cycle energy analysis is a method to account for the energy consumption
though all phases of building life span, which is the basic stage of life cycle analysis. The system
boundaries of this analysis include the energy use of the manufacture, use and demolition phases
shown in Figure 2 (Ramesh et al., 2010). Life cycle energy analysis of buildings is the sum of the
all the energies consumed in its life cycle.
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Figure 2: System boundaries of life cycle energy analysis (Ramesh et al., 2010)
1.3. Building Enclosure System Optimization
Buildings are dynamic non-linear systems with a large number of components strongly
affecting the total building energy consumption. The building energy performance can be greatly
affected by the selected components of building enclosure (Purdy and Beausoleil-Morrison,
2001). To minimize the building life cycle cost most effectively, the design of building enclosure
must be addressed early in the design process. However, the optimal building enclosure could
not be available directly due to the complexity of the building system. What’s more, changing
one parameter will significantly affect other factors, which makes the design of building
enclosure a more difficult problem. For example, during winters, the energy consumption might
be decreased by increasing area of southern windows to gain more solar heat. But at the same
time, the increasing leakage of the windows will cost more energy due to infiltration. Therefore,
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both the large number of building enclosure factors and the interaction among different factors
will increase the difficulty of finding the optimum combination of building enclosure factors.
A better solution is to operate an optimization algorithm to find a combination of building
enclosure factors, which has the minimum value for life cycle cost. In optimization problems, the
goals of the problem are objectives, which are always presented as a set of objective functions.
The values of the objective function are influenced by several factors, which are called variables.
For example, in building enclosure optimization, the minimum life cycle cost is the optimization
objective and different building enclosure elements are variables.
According to the number and characteristics of objectives in the studies, the optimization
problem could be divided into single-objective and multi-objective optimization. Most of singleobjective problems only have one objective function. Some of the single-objective optimization
problems could have multiple objectives with the uniform trend during the optimization process.
In the contrary, multi-objective optimization is the process of simultaneously optimizing two or
more conflicting objectives subject to certain constraints (Sawaragi, 1985). There is always
tread-off required between conflicting objectives to get the optimal solution of the problems.
1.4. Air Infiltration
Air infiltration is the passage of air into a structure through joints, pores, cracks, and
other openings. Such flows result from pressure differences between inside and outside air.
Pressure differences in turn may be caused by the force of the wind and by differences in
temperature between inside and outside air.
Infiltration of buildings has a significant effect on the energy performance of buildings;
this depends on climate conditions and factors that are related to the type of building or
construction. A building with airtight deficiencies leads to many serious consequences. One of
most important impacts is increased energy use for many reasons. If air is allowed to flow
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through the insulation, the thermal resistance will reduce and an increase in heat will flow
through that part of the building. Besides, poor airtightness also leads to an increase in energy
use, since in most cases ventilation air flow increase.
In the study of 1980s, the energy loss due to infiltration is between 6% and 9% of the
total energy budget for the nation (Sherman, 1980). As improvements have been made in
insulation, windows, etc., the relative importance of infiltration and ventilation airflows has
increased. In the study of Emmerich and Persily (Emmerich and Persily, 1998), the energy
impacts of infiltration and ventilation flows in U.S. office buildings is estimated based on the
analysis of a set of 25 buildings developed to represent the U.S. office building stock. The results
show that infiltration is responsible for about 13% of the heating load and 3% of the cooling load
for U.S. office buildings. In newer buildings, infiltration is responsible for about 25% of the
heating load and 4% of the cooling load due to the higher levels of insulation. The problem is
worldwide, for example, infiltration causes about 15–30% of the energy use of space heating
including ventilation in the typical Finnish detached house (Jokisalo et al., 2009).
Wind-induced pressure around building envelopes, stack-effect and mechanical
ventilation are the direct forces that cause air flow in buildings. Infiltration could be also greatly
influenced by surrounding sites and wind profile so that it is too complicated to predict. In
steady-state models, all three types of forces as well as the resultant air flow through openings
are taken as their mean values. The fluctuation of the input parameter values, such as wind
speed, direction, etc are not considered. In the stochastic methods, these parameters are
considered to have a probabilistic nature and are defined as random processes. The most
common measurement technique for infiltration in small buildings is the blower door test. This
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method is simple and results in an approximation of the effective leakage area (ELA), but it
yields very little information concerning the geometry or spatial distribution of the cracks.
Most whole-building energy simulation programs have very simplified infiltration
models. One of the difficulties in simulating infiltration is relating physical measurements of the
leakage to a mathematical model. Ideally, the size, location and characteristics of all leakage
areas in the building should be known. However, this information is impossible to quantify.
Another major obstacle is modeling the pressure distribution due to the wind. The wind pressure
distribution on the exterior of a building envelope is normally modeled with approximate
correlations derived from physical measurements. With these uncertainties, it is nearly
impossible to deduce accurate values of the instantaneous infiltrations. However, over a longer
period, it is possible to approximate the average effects of infiltration. Based on the driving
forces of infiltration, most of the calculation models for infiltration have the following structure
shown in Figure 3.

Figure 3: Influences on the air-mass flow distribution (Feustel and Kendon, 1985)
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The air infiltration rate of a building is strongly influenced by building parameters and
constructional properties of components such as orientation, distribution of leakages and their
flow characteristics. Besides, weather dependent variables such as wind speed and temperature
significantly affect its value. It is necessary to carry out integrated calculations for incorporating
the effect of infiltration on building thermal simulation with correct or well-reasoned values. In
the research of Heidt and Nayak, the effect of the infiltration on building thermal performance is
investigated and a procedure for integrating the air infiltration calculations into the thermal
simulation of buildings is proposed (Heidt and Nayak, 1994). The case study of calculating
infiltration of the building considers effect of building orientation and location and size of
leakages, and compared integrated calculations with those obtained from the simulation with a
fixed air change rate of 2h-1, which is estimated by COMIS model corresponding to local yearly
average wind speed and ambient temperature. The building is assumed to be non-conditioned.
Table 1: Building heat flows (Heidt and Nayak, 1994)
Window
Ambient
Ground
Infiltration
Type of calculation
(MJ/day)
(MJ/day) (MJ/day)
(MJ/day)
integrated
fixed air change rate

-19.1
-18.6

-20.4
-16.4

Intergrated Calculations
infiltration
47.8%

ambient
26.9%

window
25.3%

-0.1
+0.3

-36.3
-41.3

Total
(MJ/day)
-75.9
-76

Calculations with Fixed Air Exchange
Rate
ambient

infiltration
53.6%

21.3%

window
25.1%

Figure 4: Building heat flows for a winter day in Delhi according to different calculation
methods (Heidt and Nayak, 1994)
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The values of heat flows in building from two different types of calculation are presented
in Table 1 and Figure 4. Predictions of building thermal simulations based on a fixed air
infiltration rate can differ significantly from those with integrated simulations. The differences
are more prominent for higher wind speeds and stronger variations of it. Therefore, it is essential
to incorporate improved estimations of air infiltration into the thermal simulation of building.
The hourly variations of meteorological parameters, particularly wind speed and ambient
temperature, cause a systematic variation of the infiltration rates in building. Therefore, the use
of a constant infiltration rate, which is a usual practice in current building thermal simulations, is
not appropriate. It is desirable to estimate air change rates for a building as function of time and
to integrate calculation results into thermal simulations of this building.
1.5. Current Life Cycle Assessment Tools and Problems
A large number of LCA tools have been developed for designers and researchers to
analyze life cycle cost, such as BEES, ATHENA EcoCalculator, ATHENA Impact Estimator,
and SimaPro (Han and Srebric, 2011). The existing LCA tools are designed for different levels
of flexibility and detail. However, as shown in Table 2, every existing LCA tool is missing one
or more analysis aspects of building life cycle analysis. Therefore this study proposes a
comprehensive methodology that covers all the phases of the building life cycle.
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ATHENA
(Canada)

Analysis level

Material

Assembly

Building

PRé
Consultants
(Netherlands)
Variable

Program complexity

low

low

medium

high

Capital cost
Operational
energy
Transportatio
n
Maintenance

Y

N

Y

Y

Building
depend
on users
Y

Y

N

N

Y

Y

Y

N

N

Y

Y

N

N

Y

N

Y

Demolition

N

N

N

N

Y

Life cycle
economic cost

Y

N

Y

Y

Y

BEES

Analysis
aspect

Proposed

ATHENA
(Canada)

SimaPro

ATHENA
Impact
Estimator

EPA
Development organization
(US)

LCA Tools

ATHENA
EcoCalculator

Table 2: Life cycle assessment tools

-

The data used in the existing LCA tools are mostly based on built-in life cycle inventory
databases. However, building energy consumption is not only determined by building materials,
but also by building profile and location. The proposed methodology combines a dynamic
building energy simulation for annual operating energy consumption and a built-in database
containing other costs. The building energy simulation will consider envelope profile,
mechanical system type, and building location.
1.6. Research Objectives and Thesis Outline
Over the lifespan of a building, a large number of components strongly affect the life
cycle cost of a building. Due to the non-linearity of the building system and performance
interdependence of different system components, it is challenging to optimize performance of
different system components, such as building enclosure materials and building mechanical
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systems, while attempting to simultaneously minimize the building life cycle cost. In the
traditional building design, it is customary to optimize system component performance in
isolation, and to assume that the resultant integrated system performance will be also optimal,
but this does not always have to be the case for dynamic non-linear systems such as buildings.
Understanding the integrated system performance is still difficult because a large number of
components are interdependent, but this type of integrated building design approach is necessary
to enable future building energy savings. Therefore, the main objective of this thesis is to
develop a building life cycle optimization framework based on an augmented and comprehensive
life cycle analysis. More specifically, the present study aims to:
(1) Improve the accuracy of building energy simulation by accounting for time-dependent
infiltration rate.
(2) Develop a comprehensive framework of building life cycle cost analysis considering
cash flow during building life cycle.
(3) Propose a building optimization procedure based on the combination of optimization
algorithm and life cycle analysis.
(4) Examine the key parameters in building life cycle analysis by using partition survey
and numerical sensitivity analysis.
(5) Explore case studies to demonstrate the life cycle optimization framework.
The thesis is divided into six additional chapters. Chapter 2 presents the detailed review
of previous building optimization research. In this review, previous optimization methodologies
have been divided into two categories: simple method and advanced optimization method. A
comparison among different optimization methods is also provided in this chapter. Furthermore,
this chapter proposes a framework of life cycle optimization.
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Chapter 3 describes the methodology of integrating time-dependent infiltration rates into
building energy simulation. To demonstrate the improvement of energy simulation results, case
studies are developed to compare the accuracy of energy simulations based on different
infiltration rates calculation.
Chapter 4 introduces the building design survey administrated in this study to provide a
better understanding of the life cycle analysis in design process. This chapter includes the survey
objective, review of previous survey, detailed information of survey design, and the analysis of
survey results.
Chapter 5 describes the numerical sensitivity analysis which is developed on DOE
reference buildings. The objective of sensitivity analysis is to figure out the crucial building
enclosure components of life cycle analysis.
Chapter 6 develops a case study to demonstrate the life cycle optimization framework.
The case study also considers two scenarios associated with current and future energy prices.
Finally, Chapter 7 summarizes the work presented in this thesis, and provides
recommendations for further work.
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2. BUILDING LIFE CYCLE OPTIMIZATION
2.1. Previous Optimization Research
A large number of research projects have developed methodologies for building
optimization. In the following literature review, they are divided into two categories: simple
method and advanced optimization method.
2.1.1. Simple method
Simple methods are the straightforward methodologies based on derivation and simple
iteration.
2.1.1.1.

Derivation

There are many optimization problems in the field of building energy. Simple
optimization projects usually focus on only one component of building. Hasan (Hasan, 1999)
selected the insulation thickness as the optimization parameter. This optimization method is
based on a life cycle cost analysis, which is a function of degree days and wall thermal
resistance. The optimum insulation thickness is obtained by minimizing the total cost. Hence, the
derivative of total life cycle cost (Ct) with respect to the insulation thickness (X) is set equal to
zero, obtaining the optimum insulation thickness Xop. Dombaycl et al. (DombaycI et al., 2006)
use a similar method to optimize insulation thickness of the external wall for five different
energy-sources (coal, natural gas, LPG, fuel oil and electricity), and two different insulation
materials (expanded polystyrene and rock wool).
This is the most straightforward way to obtain the optimum. This method is effective in
simple problems that have one or two optimized parameters with countable options and one
objective. If one function cannot define the problem objective, then the derivation method is not
adequate to achieve the optimum. The optimization problem needs more advanced methods
when the objective problem is too complex to describe as a function of variables.
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2.1.1.2.

Simple iteration

Another simple method is based on iteration. A choice between two options is made at
each step of the iteration according to a comparison of the energy consumption results. In every
iteration, the option of variables gives a better solution of the objective, and the optimal variable
is chosen for the next iteration. In 1989, Gustafsson and Karlsson developed an OPtimal Energy
Retrofit Advisory (OPERA) to implement the optimal retrofit combination for multi-family
buildings (Gustafsson and Karlsson, 1989). The process, showed in Figure 5, starts with
calculation of LCC for the existing building, followed by several iterative comparisons and
choices.

Figure 5: Flow chart of iteration
In this case, the aim of the retrofit is to decrease the existing LCC. The model focuses on
the following envelope and ventilation retrofits: attic floor insulation, floor insulation, external
wall insulation, glazing type, weather-stripping, and exhaust-air heat pumps. This method
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requires significant computational resources that increase exponentially with the number of the
optimized parameters in one problem. Therefore, this method decreases efficiency at finding the
optimal decision when the problem becomes more complex.
2.1.2. Advanced optimization method
The limitations of the simple methods have encouraged more advanced methods to solve
building energy optimization problems, such as neural network sequential search and genetic
algorithms.
2.1.2.1.

Neural network

A study to optimize office building shape is accomplished by Ouarghi and Krati (Ouarghi
and Krarti, 2006). In this study, the objective is minimizing annual building energy cost. The
building shape is described by its relative compactness, with a cube as the reference building.
Relative compactness is defined as the ratio of the building volume to its surface area. The study
used a Bayesian neural network to optimize building energy performance, trained by results from
simulations using the DOE-2 engine.
The neural network is a reliable method in optimization problems, but requires training to
guarantee reliability. Furthermore, simulation of the real project is needed for the training since
the network must learn to react realistically. Unfortunately, in design projects, decisions must be
made within a certain time frame, which means there is rarely sufficient time and material to
train the network.
2.1.2.2.

Sequential search

Another optimization method used in building issues is sequential search. Christensen et
al. (Christensen et al., 2003) used sequential optimization with iteration to optimize selection for
different building envelope categories. The optimization is based on marginal cost of energy,
which is the cost of saved energy for a discrete option. Each successive category uses the optimal
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options from previous categories. The process begins a new iteration once all categories
optimized. A candidate optimum solution has been found when the results remain unchanged
upon successive iterations.
2.1.2.3.

Genetic algorithms

Genetic algorithms are the most frequent choice method for multi-objective optimization.
Wang et al. (Wang et al., 2006) (Wang et al., 2005) established an optimization model based on
genetic algorithms, to consider shape-related parameters and envelope-related design parameters,
such as window ratios and overhangs. In their study, life cycle cost and life cycle environmental
impact are the two objective functions used to evaluate the performance of a green building
design.
For building energy issues, there are often conflicting objectives, such as initial
investment cost and annual operating cost. Initial investments in building material usually
conflict with the energy cost during operation. There is a trade-off to achieve the optimum.
Verbeeck and Hens (Verbeeck and Hens, 2007) developed a global methodology to optimize
designs for extremely low energy dwellings, taking into account energy use, environmental
impact and financial costs over the life cycle of the buildings. Energy simulations are carried out
with TRNSYS. The ecological impact is evaluated through a cost-benefit analysis. The multiobjective optimization problem is solved by combining genetic algorithms and the Pareto
concept.
The initial cost is not the only factor which conflicts with energy cost. Thermal comfort
can be another conflicting objective against energy cost. Research by Wright (Wright et al.,
2002) identifies the optimum pay-off characteristics between the energy cost of a building and
the occupant thermal comfort. The paper investigates the application of a multi-objective genetic
algorithm method to identify the optimum trade-off characteristic between daily energy cost and
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zone thermal comfort for three design days (summer, winter, and swing design day) and three
building weights (light, medium, and heavy weight). The optimization criteria are specified into
three aspects: operating cost of the HVAC system for the design days, maximum thermal
discomfort of occupancy on each design day and the infeasibility objective. For the particular
conditions in this study, the optimization results are robust. However, the result of this study is
not a representative analysis for an entire year, as it is limited by its particular design days.
2.1.3. Comparison study of different optimization methods
As demonstrated in the discussions above, although the previous optimization studies are
significant to explore effective ways for optimizing building systems, several limitations may
undermine their practical application.
2.1.3.1.

Accuracy and efficiency

In the study of Tubus-Dubrow and Krarti (Tuhus-Dubrow and Krarti, 2009), researchers
compared three different optimization methods: genetic algorithm (GA) approach, sequential
search technique and particle swarm technique. In this study, the performance of these methods
was compared in terms of accuracy and efficiency for various sets of building envelope
parameters. The GA method was found to be more efficient than the sequential search and
particle swarm optimization methods when more than 10 parameters are considered in one case.
With the robustness of 1%, the GA method is generally more efficient than the sequential search
method and saves more than 50% of simulation efforts, especially for medium and large
optimization cases.
2.1.3.2.

Calculation time

Building optimization problems include a mixture of many discrete and continuous
variables, non-linear inequality and equality constraints, a discontinuous objective function and
variables embedded in constraints but not in the objective function. Such characteristics make
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gradient-based optimization methods inappropriate and restrict the applicability of search
methods (Wright and Farmani, 2001). The calculation time of mixed integer programming,
which was used to optimize the operation of a district heating and cooling plant, increases
exponentially with the number of integer variables. It was shown that normal programming takes
about two times longer than GA for a 14-hr optimization window and 12 times longer for a 24-hr
period (Sakamoto et al., 1999).
Wetter and Wright (Wetter and Wright, 2004) compared the performance of nine
optimization algorithms using numerical experiments, including four direct search algorithms, a
simple genetic algorithm (GA), two particle swarm optimizations (PSO), a hybrid particle swarm
Hooke-Jeeves algorithm and a gradient-based algorithm. They also discussed a different
optimization based on cost function with different smoothness. The best solution had been found
with the hybrid particle swarm and Hooke-Jeeves algorithm. However, the simple GA was still
recommended as a good choice if the user is willing to accept a slight decrease in accuracy at the
benefit of less simulation time.
2.2. Previous Building Optimization Case Studies
A large number of research projects have demonstrated building optimization using case
studies. Table 3 and Table 4 show a general review of the optimized parameters and objectives in
previous building optimization studies, and also the comparison with this study.
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Insulation

Glazing

Window to
wall ratio

Wall
assembly

HVAC
system size

Building
azimuth

Building
shape

Building type

Table 3: Optimized parameters in previous building optimization studies*
Enclosure properties

(Hasan, 1999)
N/A
N
N
N
N
N
N
Y
(DombaycI et al., 2006)
N/A
N
N
N
N
N
N
Y
(Christensen et al., 2003)
N/A
N
N
N
N
Y
Y
Y
(Wright et al., 2002)
N/A
N
N
Y
N
Y
N
N
(Gustafsson and Karlsson, 1989)
R
N
N
N
N
N
Y
Y
(Verbeeck and Hens, 2005)
R
N
N
N
N
N
Y
Y
(Tuhus-Dubrow and Krarti, 2010)
R
Y
Y
N
N
Y
Y
Y
(Wang et al., 2006)
O
Y
N
N
Y
Y
Y
N
(Wetter and Wright, 2004)
O
N
Y
N
N
Y
N
N
(Ouarghi and Krarti)
O
Y
N
N
N
Y
Y
Y
(Marks, 1997)
O
Y
Y
N
N
Y
Y
N
This study
O
N
N
Y
Y
Y
Y
Y
* N/A: not available; R: residential building; O: commercial office building; Y: yes, considered;
N: no, not considered

Demolition

Maintenance

Transportation

Operating
energy

Capital cost

Building type

Table 4: Objectives in previous building optimization studies*

(Hasan, 1999)
N/A
Y
Y
N
N
N
(DombaycI et al., 2006)
N/A
Y
Y
N
N
N
(Christensen et al., 2003)
N/A
Y
Y
N
N
N
(Wright et al., 2002)
N/A
N
Y
N
N
N
(Gustafsson and Karlsson, 1989)
R
Y
Y
N
N
N
(Verbeeck and Hens, 2005)
R
Y
Y
N
Y
N
(Tuhus-Dubrow and Krarti, 2010)
R
Y
Y
N
N
N
(Wang et al., 2006)
O
Y
Y
N
N
N
(Wetter and Wright, 2004)
O
N
Y
N
N
N
(Ouarghi and Krarti)
O
Y
Y
N
N
N
(Marks, 1997)
O
Y
Y
N
N
N
This study
O
Y
Y
Y
Y
Y
* N/A: not available; R: residential building; O: commercial office building; Y: yes, considered;
N: no, not considered
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As shown in Table 3 and Table 4, only a few studies focus on optimization and life cycle
analysis of commercial buildings (Wang et al., 2006) (Wetter and Wright, 2004) (Ouarghi and
Krarti) (Marks, 1997). In fact, commercial buildings consume large amounts of energy during
their life span (Belzer et al., 1996). In the USA, energy consumption in the service sector, which
covers all commercial and public buildings, has expanded from 11% to 18% since the 1950s.
Both economic growth and population growth increase the demand of services (health,
education, culture, leisure, etc.) and energy consumption (Pérez-Lombard et al., 2008).
Therefore, the building used in this particular case study is an office building.
The optimized parameters shown in Table 3 include building type, building azimuth,
HVAC system size, and enclosure properties. In this study, building type and building azimuth,
which are determined in a very early phase of most projects, are not considered as optimized
parameters. This study will optimize the parameters of both enclosure system and HVAC
system. Table 4 indicates that building optimization studies have different optimization
objectives. To evaluate building performance from a comprehensive life cycle perspective,
optimization criteria in this study will include all aspects of building LCC.
2.3. Proposed Frameworks
2.3.1. Scope
The choice of building component material and dimensions (i.e. thickness) are primary
contributors to embodied energy (Venkatarama Reddy and Jagadish, 2003), LCC (DombaycI et
al., 2006), and life cycle environmental impacts (LCEI) (Mazor et al., 2011). In addition,
material and thickness choices extend to many aspects of building performance, such as occupant
productivity (Singh, 1996), internal health effects (Collinge et al., 2012) (Wargocki et al., 2000),
and ecosystems (Colding, 2007). However, according to the existing literature, neither current
life cycle analysis tools nor previous building system optimization studies created a
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comprehensive model to cover all phases through the building life cycle. Therefore, this study
focuses on building life cycle cost to develop an optimization framework based on a
comprehensive building life cycle analysis.
2.3.2. Building life cycle cost analysis framework
Previous studies have identified several categories that are useful in measuring the life
cycle performance of buildings. These categories include global warming potential (Junnila et
al., 2006), human health impacts(Collinge et al., 2012), embodied energy (Venkatarama Reddy
and Jagadish, 2003), energy consumption (Huberman and Pearlmutter, 2008), and financial cost,
among others. Although the authors recognize the importance of all of these categories in
comprehensively assessing building performance, this methodology considers only financial cost
during the building life cycle.
The building life cycle includes construction, annual operation and maintenance, and
demolition phases. Figure 6 schematically shows the complete life cycle of a typical building,
which is included in this study. The framework contains all the phases of a building life span in
terms of financial cost.

Figure 6: Building life cycle phases included in the proposed life cycle cost analysis framework
2.3.3. Building components optimization framework
Genetic algorithm (GA) is a technique used to search for optimal solutions. In GA
terminology, a solution to a problem is an individual and a group of individuals is a population.
A generation is a new population generated in iteration. The fitness of any particular individual
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corresponds to the value of its objective function. The iterations continue until the solution set
reaches satisfactory convergence criteria or reaches the maximum number of generations.
GA starts from a random sample within an optimization solution space, and then uses
stochastic operators to direct a process based on objective function values (Goldberg, 1989a).
Operators in GA control the evolution of successive generations. There are three main genetic
operators used in GA, which are selection, crossover, and mutation, shown in Figure 7.
1. Selection: The populations in the generation are ranked according to the fitness
value, which is the value of the objective function calculated by each individual. The better rank
the individual has, the greater the chance it will be selected.
2. Crossover mating: Once the population for reproduction is selected, the
individuals are paired off and “mated” using a crossover procedure. After this step, a new
population is formed.
3. Mutation: This is the last step to form the population of the next generation.
The purpose of mutation is to prevent the individuals stuck in a local optimum solution. Finally,
this mutated population becomes the population of the next generation, and this process is
repeated until the convergence is met.
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Figure 7: Flow chart of the evolutionary algorithms (Goldberg, 1989b)
Based on genetic algorithm, an optimization-simulation model is developed and applied
to select optimal values of a comprehensive list of parameters associated with the enclosure
features in order to optimize building performance. The model to optimize the building enclosure
consists of two main sections: building performance analysis section and optimization section,
shown as Figure 8.
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Figure 8: Model construction
The model starts with several sets of building enclosure components. Through building
performance analysis, different results are obtained according to various building enclosure
components. The optimization procedure calls the data from the building performance analysis
program. According to analysis output, the optimization solver will select the optimal set(s) of
building enclosure components. When the optimization solver reaches the convergence criterion,
which is fixed by users, the set(s) of components in use at that point is the final solution that
establishes the best building performance. If the convergence criteria are not reached, the set(s)
of components will become the analysis input of the next iteration.
As stated above, the objective in this optimization procedure is the building life cycle
cost calculated by a comprehensive LCA methodology. Correspondingly, the building
performance analysis in Figure 8 is the building life cycle assessment in this study.

2.4. Conclusions
This chapter first gives an overview of optimization algorithms by dividing them into two
categories. Comparison of different optimization methods is provided to determine the method
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that is effective and feasible in this study. The previous studies of building component
optimization are reviewed, summarizing the key optimized parameters and optimization
objectives in the studies.
In this chapter, a framework is proposed to optimize building components using genetic
algorithms with the objective of optimizing building life cycle cost. Different from previous
studies, the life cycle analysis methodology proposed here covers all phases during the building
life cycle. The annual energy consumption – an important aspect of life cycle cost – is calculated
by an energy simulation tool instead of referring to a fixed database. The framework will be
demonstrated through a case study in the following chapters.
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3. TIME-DEPENDENT INFILTRATION RATES CALCULATION
3.1. Introduction
Air infiltration is the unintentional airflow into a building through different openings in
building enclosure. Infiltration rates can have a significant effect on the building energy
consumption (Sandberg and Sikander, 2005)(Liddament and Orme, 1998). In a study conducted
during1980s, the energy loss due to infiltration was estimated to be between 6% and 9% of the
total energy budget for the U.S. (Sherman, 1980). The relative importance of infiltration airflows
has been increasing in the total building energy consumption due to the improvements of
building insulation and window products. Another more recent study shows that infiltration is
responsible for approximately 13% of the heating loads and 3% of the cooling loads for the U.S.
office buildings (Emmerich and Persily, 1998). Specifically, for newer buildings, infiltration is
responsible for about 25% of the heating loads and 4% of the cooling loads due to the higher
levels of insulation. The problem is worldwide, for example, according to a study in 2009,
infiltration causes about 15% - 30% of the energy use for space heating including ventilation in a
typical Finnish detached house. In this case, the average infiltration rate and heat energy use was
increasing almost linearly with the building leakage rate (Jokisalo et al., 2009).
The air infiltration rates in buildings are driven by the pressure difference across the
building envelope caused by wind and air density differences due to temperature differences
between inside and outside air. Mechanical systems also contribute to pressure differences across
the envelope. The indoor/outdoor pressure difference at a location depends on these driving
mechanisms as well as on the characteristics of the openings in the building envelope.
The actual wind pressure distribution profile, as one of the important infiltration driving
mechanisms, depends on the wind direction, wind speed, air density, surrounding terrain, and

28
building layout. The data sources of wind pressure coefficients (Cp) are classified as primary and
secondary sources. The primary sources include full-scale measurements, reduced-scale
measurements in wind tunnels and computational fluid dynamics (CFD), while the secondary
sources of wind pressure coefficients mainly include databases and analytical models. A study
provided an overview of different pressure coefficient data in building energy simulation and
airflow network programs (Cóstola et al., 2009). The overview shows that the pressure
coefficients from different data sources show large variations when applied to the same building.
The building construction quality is another significant factor influencing building
infiltration rates. The accuracy of infiltration rate calculations directly depends on the
construction quality represented as the building leakage areas. Ideally, the size, location and
characteristics of all leakage areas should be known. However, these properties are difficult to
quantify. Besides, the uncertainty of building leakage areas could be greatly increased by
different manufacturing and installation processes (Weidt, 2012).
The current calculation methods of infiltration rates in building energy simulations use
default infiltration rates depending on different leakage properties of the buildings such as: leaky,
normal, and tight. These three categories of building leakage types do not account for the
infiltration driving mechanisms and building characteristics. Therefore, the default settings for
infiltrate rates do not directly reflect the actual infiltration rates in building energy simulations.
The purpose of the present study is to compare the impact of infiltration rates from
different data sources on the accuracy of building energy simulations, and discuss the uncertainty
of simulated energy consumption associated with the infiltration rates.
3.2. Methodology
The methodology focuses on the wind pressure coefficients and building leakage areas
because the Heating, Ventilation and Air Conditioning (HVAC) imposed pressures are
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predefined by the building design/operation already accounted in energy simulations, while the
wind pressures depend on the weather and surroundings.
Based on the literature review, the major data sources of wind pressure coefficient (Cp)
include measurements, computational fluid dynamics (CFD) simulations, and databases.
Measurements include full-scale measurements and reduced-scale measurements in wind
tunnels. Generally, measurements are complex, time-consuming and expensive. Both full-scale
and wind-tunnel measurements are limited by high equipment costs, intense labor, and
demanding time requirement for data collection. Therefore, the present study focuses on
comparing energy simulation accuracy resulting from infiltration calculations using wind
pressure coefficients (CP) from CFD modeling and Air Infiltration and Ventilation Centre
(AVIC) database as relatively inexpensive data sources when compared to measurements as a
data source.
CFD has been employed to study airflow and contaminant dispersion around and in
buildings for a few decades (Hirt and Cook, 1972)(Murakami et al., 1987)(Murakami and
Mochida, 1989). More recently, CFD is also used to simulate the wind pressure on building
envelope (Jones and Whittle, 1992)(Baskaran and Stathopoulos, 1989)(Häggkvist et al.,
1989)(Montazeri and Blocken, 2013). CFD is able to consider all major factors in development
of pressure coefficients, including local wind profile, building orientation and shape, terrain and
sheltering effects of surrounding buildings. A popular tool that uses these pressure coefficients to
calculate infiltration rates is multi-zone modeling based on a simplified macro-representation of
the bulk airflow in and around a building (Dols, 2001). The advantages of multi-zone modeling
are simple problem definition, straight forward representation, and clear calculation procedure.
However, due to the perfect-mixing assumption of air in each zone, multi-zone modeling is not
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able to provide detailed temperature, airflow and pressure distributions within a single space.
Therefore, an integration of the airflow multi-zone modeling and CFD methods provides a
balance between complementary information on building physics and required simulation
resources. As a result, the combination of CFD and multi-zone models has been investigated and
applied in several studies (Wang and Chen, 2007)(Tan and Glicksman, 2005).
The building energy simulation framework accounting for infiltration rates by integrating
CFD and multi-zone modeling is shown in Figure 9.

Figure 9. Framework of building energy simulation based on time-dependent infiltration rates
CFD provides detailed model to simulation airflow pattern around the building and also
provides wind pressure distribution profile. A multi-zone model uses this wind pressure
distribution profile and building leakage area as inputs. The output of the multi-zone modeling,
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infiltration rates, together with the weather files and building thermal properties, are important
inputs to building energy simulation. EnergyPlus is employed as building energy simulation tool
in this framework due to its capability to modify every detailed parameter in open source
architecture.
Besides the coupled CFD/multi-zone modeling approach, databases are also employed as
an alternative data source of wind pressure coefficients (Cp). The two widely used databases
often found in the ventilation and infiltration literature include the AIVC database (Liddament,
1986) and ASHRAE database (ASHRAE, 1997).
The Air Infiltration and Ventilation Centre (AIVC) is an international information center
on air infiltration and ventilation, providing online technical notes and guides and free search in
databases with over 18000 references. In 1986, AIVC published a compilation of Cp data as a
part of a comprehensive guide (Liddament, 1986). The guide has been used as an important
reference in the ventilation studies since its publication. Both low-rise (up to 3 stories) and highrise buildings are presented in the database. The data for low-rise buildings are based on windtunnel data published in a workshop on wind pressure coefficients (Air Infiltration Centre, 1984),
while the data for high-rise buildings are reproduced from the literature (Bowen, 1976). The
database for low-rise buildings consists of surface-averaged Cp data for rectangular buildings
with selected aspect ratios and for three shielding levels including: exposed, semi-sheltered, and
sheltered buildings.
ASHRAE handbook also provides surface-averaged Cp data for both low-rise and highrise buildings. The wind pressure coefficients are provided in 2001 ASHRAE Fundamentals
Handbook, page 16.5, Figure 7, “Surface Averaged Wall Pressure Coefficients for Tall
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Buildings” (Akins et al., 1979). ASHRAE does not present data for sheltered buildings, although
it provides correction factors for the reference wind speed based on sheltering factors.
Both databases are established through experiments, but the literature focuses on the
pressure coefficients and does not present information about the wind profiles used in the
experiments. Table 5 summarized the infiltration modeling capabilities of three different models
deployed to derive the Cp data for energy simulations in the present study.
Table 5. Summary of infiltration modeling capabilities for different Cp data sources
CFD0
AIVC
ASHRAE
Wind condition/angle
F
P
P
Terrain effect
F
N
N
Sheltering effect
F
P
P
Building configuration
F
N
N
F: Fully able to model; P: Partially able to model; N: Not able to model.
Another critical element of infiltration rates estimation is actual building leakage area,
which is usually represented by effective air leakage at a certain pressure difference. The
effective leakage areas in this case study will be estimated using data available in the literature
and/or existing industry standards (Murakami et al., 1987) (Murakami and Mochida, 1989).
3.3. Case Study
The selected case study building is a commercial office building located in Saginaw,
Michigan, USA. It is a two-story building, shown in Figure 10, with a total conditioned floor
area of 1,579 m2 (16,992 ft2). The building shape is nearly rectangular with an aspect ratio of 3
and the long façades having north/south orientation. For the conditioned building spaces, HVAC
system is a single duct multi-zone variable air volume type, while the half of the second floor
area is unoccupied and therefore conditioned to different temperature set points. Table 6 shows
the building set-point temperatures for both occupied and unoccupied spaces. The total office
occupancy is 57 people with a maximum density of 5/100 m2 which is modulated at each
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simulation time step to represent typical hourly occupancy schedules. Electric lighting system
has a power density of 10.9 W/m2, and this study assumed the same electric plug loads of 10.9
W/m2. The main occupancy schedule is Monday-Friday, 6:30am-6:00pm. The occupancy,
electrical equipment and lighting schedules are all corresponding to the occupancy profile shown
in Table 7.

(a)

(b)
Figure 10. The case study building in Saginaw, Michigan, USA (a) Photo (b) Visualization
model
Table 6: Setpoints for different building areas
Area
Unoccupied Cooling Set-point
Unoccupied Heating Set-point
Interior Temperature Set-point

Set-point (˚F)
85
55
72
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Table 7. Occupancy profile
Time slots

Fraction

6:00pm - 6:30am
6:30am - 8:00am
8:00am - 9:00am
9:00am - 12:00pm
12:00pm - 2:00pm
2:00pm - 4:00pm
4:00pm - 5:00pm
5:00pm - 6:00pm

0
0.25
0.5
1
0.75
1
0.5
0.25

This building is considered as an exposed building according to the local surrounding
environment. The energy simulation model uses local environmental boundary conditions (44°N
/ 84°W), which is classified as ASHRAE Climate Zone 5A. This climate zone is heating
dominated with cool and humid weather conditions and the annual heating and cooling degree
days of 3966 and 580, respectively (18˚C baseline). Figure 11 shows the wind rose according to
the typical meteorological year (TMY) weather data. The annual average value of wind speed is
4.4 m/s, and maximum value is 17.5 m/s. The local prevailing wind direction is west.
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Figure 11. Wind rose of Saginaw, MI
3.4. Simulation Scenarios
The study is to compare the energy simulation results based on different sources of air
infiltration calculations. In this study, there are four simulation scenarios shown in Table 8.
Scenario 1 simply uses the default setting of infiltration rates in the energy simulation program,
considering three envelope tightness levels (leaky, medium, and tight). DesignBuilder uses the
EnergyPlus AIRNET method (Walton, 1989) to calculate air flow rates. Scenario 2 simulates
building infiltration rates using CONTAM, in which data sources of wind pressure loads is
AIVC database. Scenario 3 and 4 are using simulation procedure with time-dependent infiltration
rates outlined in Figure 9. Wind pressure loads are simulated by CFD0 coupled in CONTAM.
Furthermore, yearly-averaged and monthly-averaged infiltration rates are calculated and inputted
in energy simulation program (DesignBuilder, 2013).
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Table 8: Four simulation scenarios
Scenario 1
Scenario 2
Scenario 3
Scenario 4

Wind pressure loads
Imposed pressure
Building leakage area
Default setting of infiltration rates in DesignBuilder (Leaky, Medium, Tight)
Wind pressure load
Simulated by CONTAM, input yearly-averaged
database
infiltration rates
CFD0
Simulated by CONTAM, input yearly-averaged
infiltration rates
CFD0
Simulated by CONTAM, input monthly-averaged
infiltration rates

Time-dependent infiltration calculations are conducted by combining CFD and multizone airflow modeling approaches. Figure 12 shows the CFD computational grid in the
horizontal cross section. The study region is 250m×250m×24m in the X, Y and Z dimensions,
respectively. The inlet type boundaries are created on all four sides of the region according to the
local TMY3 weather data. A total of 30, 50, and 12 cells are used along the width, length, and
height of the building. The mesh boundaries align with the building blockages to properly
identify the locations of the CONTAM airflow paths on the building surface. The results of
CFD0 simulations provide wind pressure profiles to CONTAM.

Figure 12. Computational grids in the horizontal cross section
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Figure 13 illustrates the multi-zone airflow model built in CONTAM. The symbols on the
external and internal walls represent the airflow paths. The wind pressure profiles provided by
CFD0 are imported and selected in the models. Every envelope airflow paths are defined with
the actual locations.

(a)

(b)
Figure 13. Building floor layout in the multi-zone airflow model, CONTAM, for (a) the first
floor (b) the second floor
The effective air leakage areas of three different air-tightness levels are used in the
calculation of infiltration rates, shown in Table 9 (ASHRAE, 1997). The major influential
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building components of air infiltration are considered in the case study, including door, window,
window frame, and wall leakage.
Table 9. Estimated building leakage area
Building components
Effective air leakage (at 4 Pa)
Door, double - Medium
11 cm2/m2
Window framing, wood - Medium
1.7 cm2/m2
Windows, double horizontal slider - Medium 1.1 cm2/m
Exterior wall, concrete panel - Medium
4.0 cm2/m2
To demonstrate the impact of an infiltration calculation procedure on building energy
simulations, the results of different simulations are compared to the monthly power usage of the
building.
3.5. Results
The case study aims to compare the building energy simulation results based on different
sources of infiltration rates. To illustrate the accuracy of different scenarios, the simulation
results are compared to the actual utility bills.
The CFD0 flood plots output of pressure at different heights, shown in Figure 14,
illustrate that the wind pressure around building is changing along different heights. Therefore,
face-averaged wind pressure coefficient provided by AIVC and ASHRAE databases may
influence the accuracy of infiltration rates calculation.
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(a)

(b)

Figure 14. Contour plots of pressure at different heights at 12:00am on Jan 1st (a) h=1m, (b)
h=7m
Figure 15 shows the comparison of monthly electricity use between utility bills and
building energy simulation results associated with different sources of infiltration rates. Table 10
shows the percentage differences between simulation results and utility data.

Figure 15. Comparison of monthly electricity use with different sources of infiltration rates
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Table 10. Percentage differences between simulated data and utility data
S1:
S1:
S1:
S2
S3
S4
Tight Medium Leaky (Database) (CFD0, yearly) (CFD0, monthly)
Jan.
-20%
-40%
-35%
-9%
-9%
-8%
Feb.
-50%
-49%
-44%
-14%
-14%
-14%
Mar.
-20%
-41%
-43%
-17%
-17%
-17%
Apr.
6%
-9%
-41%
-1%
-5%
-2%
May
-9%
-14%
-47%
-6%
-19%
-5%
Jun.
-3%
-3%
-7%
21%
20%
21%
Jul.
-18%
-18%
-10%
3%
3%
3%
Aug.
-3%
-3%
7%
21%
21%
2%
Sep.
11%
12%
24%
29%
19%
18%
Oct.
-6%
-7%
-15%
17%
15%
12%
Nov.
27%
24%
-4%
49%
43%
25%
Dec.
-5%
-34%
-35%
-14%
-12%
-11%
According to the simulations, energy consumption due to air infiltration contributes 12%
on average to the total annual energy consumption (standard deviation: 3.3%). According to
Figure 15, the monthly electricity use is well predicted by the calculation based on timedependent infiltration rates. The comparison indicates that energy simulation with timedependent infiltration rate could provide more accurate monthly energy use than the ones with
default infiltration rates from databases.
3.6. Discussion
To analyze the simulation results, coefficient of variation of the root mean square error
(CVRMSE) and normalized mean bias error (NMBE) are used as indicators to represent how
well the mathematical model describes the variability in measured data. These indices should be
computed for the single mathematical model used to describe the baseline data from all operating
conditions. ASHRAE guideline 14-2002 describes these indicators as following (Guideline,
2002):
= 100 × [∑(

− ) /( − )]

/

/

(1)
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Where,

=

∑ (
(

)×

)

× 100

(2)

: The utility data used for calibration;

: Simulation predicted data;
: Arithmetic mean of the sample of n observations;
p=1 for calibrated simulations.
For calibrated simulations, the CVRMSE and NMBE of modeled energy use should be
determined by comparing simulation-predicted data ( ) to the utility data used for calibration
( ), with p=1.
Table 11 presents CVRMSE and NMBE values of monthly energy simulation results
based on different calculation methods of infiltration rates. The ASHRAE guideline 14-2002
requires that the simulation model should have an NMBE of 5% and a CVRMSE of 15% relative
to monthly calibration data (Guideline, 2002). Scenario 4, employing monthly-average
infiltration rates simulated by multi-zone modeling and wind pressure loads calculated by CFD,
achieves the smallest CVRMSE and NMBE values among all simulation scenarios. In simulation
scenario 1, the default setting of tight envelope has the CVRMSE and NMBE values which are
closest to the ASHRAE guideline requirement. Inputting yearly-average infiltration rates,
scenario 3 can only improve the value of NMBE. However, the CVRMSE in scenario 3 is higher
than the one of scenario 1 with appropriate estimation of envelope tightness. Simulation in
scenario 2 has larger errors than the results in scenario 1 with tight envelope quality, which
indicates that in this case study appropriate estimation of envelope tightness is crucial to the
accuracy of energy simulation. The comparison among different calculation strategies indicates
that time-dependent infiltration rate could increase the accuracy of energy simulation with 3% 11% reduction of CVRMSE and 2% - 11% reduction of NMBE. Furthermore, the time-
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dependent infiltration simulations do not require pre-existing knowledge on the building
tightness level.
Table 11. CVRMSE and NMBE of different calculation methods of infiltration rates

S1 (DB default): Tight

Coefficient of variation of
the root mean square error
(CVRMSE)
17.4%

Normalized mean bias
error
(NMBE)
7.6%

S1 (DB default): Medium
S1 (DB default): Leaky
S2 (Database)

21.5%
26.2%
20.8%

12.8%
16.8%
8.5%

S3 (CFD0, yearly)
S4 (CFD0, monthly)

18.4%
14.9%

6.3%
5.4%

AIVC database is not fully able to model every aspect of wind pressure profiles. The
infiltration rates from AIVC database are based on 1:1 aspect ratio and standard shelters around
building. ASHRAE database is surface-averaged data, which is based on simple rectangular
building geometries. However, in this case study, the building aspect ratio is 3:1, and the
geometry profile is not rectangular either. Therefore, the limitation of the wind pressure profile
database could increase the uncertainty in the calculation of infiltration rates, therefore,
impacting the accuracy of building energy simulation. Time-dependent simulation of infiltration
rates could increase the simulation accuracy because building geometries, weather profiles and
surroundings could be fully considered by coupling CFD and airflow multi-zone modeling. CFD
could become an important source of Cp data due to improvements in computer performance,
price reduction, and the availability of commercial CFD software (Cóstola et al., 2009).
Since the methodology of coupling multi-zone and CFD models is proposed (Wang and
Chen, 2007), there have been several studies applying the methodology in different research
issues: natural ventilation (Wang and Wong, 2009) and contaminant dispersion calculation

43
(Wang and Chen, 2008). This study deployed a case study of time-dependent infiltration rates
calculation method integrating CFD and airflow multi-zone model. It is supported by the result
of this case study that time-dependent infiltration rates could relatively increase the accuracy of
building energy simulation. With the improvement of computational speed, time-dependent
infiltration rates should be considered in building energy simulation.
3.7. Conclusions
This chapter discusses three different approaches of infiltration rate calculations in
building energy simulations including coupled time-dependent infiltration calculations, AVIC
database, and default calculations for leaky, medium and tight buildings. A framework of
building energy simulations associated with time-dependent infiltration rates is used in the study,
integrating computational fluid dynamics and airflow multi-zone modeling approach with energy
simulations. The study examines results of the framework by deploying it to a case study for an
office building. To compare energy simulation results and demonstrate the influence of different
infiltration calculation strategies, this study also conducts building energy simulations associated
with infiltration rates defaulted by the energy simulation program and calculations based on
AVIC databases. The simulation-predicted data are compared with the actual utility data and
evaluated according to ASHRAE guideline 14-2002.
The result shows that the energy consumption due to air infiltration takes approximately
12% of the total annual energy consumption (standard deviation: 3.3%). There are four scenarios
in this study associated with four different infiltration rates calculation methodologies. Using
default settings in the energy simulation program in scenario 1, the accuracy of the energy
simulation result greatly depends on the estimation of the tightness level of building envelope.
Although the accuracy of default setting simulations cannot meet the ASHARE guideline
requirement, appropriate estimation of building envelope tightness could improve simulation
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accuracy by 9% of coefficient of variation of the root mean square error (CVRMSE) and
normalized mean bias error (NMBE) at most. Multi-zone modeling approach is employed to
calculate the infiltration rates in scenario 2, 3, and 4, which relatively increases the accuracy of
energy simulations. However, various sources of wind pressure loads result in different
simulation accuracy levels. In scenarios 3 and 4, coupling CFD0 in multi-zone modeling could
provide the wind pressure load profile that takes building geometry, weather profiles, and
surroundings into account. The reduction of the CVRMSE and NMBE indicates that coupling
CFD0 improves energy simulation accuracy. Compared to the simulation results associated with
default setting and database, the simulations using monthly and yearly inputted infiltration rates
have more accurate results. In this case study, the ranges of CVRMSE and NMBE of energy
simulation associated with different infiltration rates calculations are 3% - 11% and 2% - 11%,
respectively. Accurate estimation and simulation of air infiltration rates is playing an important
role in the accuracy of building energy simulation results. A coupled CFD-multi-zone
methodology should be selected in energy simulations to estimate infiltration rates to account for
the complexity of building configuration, weather profile, and surrounding terrain and sheltering
effect.
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4. SURVEY
4.1. The utilization of life cycle analysis in building design process
The design and evaluation of buildings have become increasingly complex because of
interacting architectural, mechanical and civil engineering issues over the past decade. Building
energy simulation (BES) and life cycle analysis (LCA) are powerful technologies for addressing
those issues in buildings. Simulation is credited with speeding up the design process, increasing
efficiency, and enabling the comparison of a broader range of design variants, leading to more
optimal designs. It provides a better understanding of the consequences of design decisions,
which increases the effectiveness of the engineering design process. With the groundwork done
in the 60s and 70s, a rapid proliferation of advanced simulation packages for many aspects of
building performance has taken place over the last twenty years. The challenge of the next
decade is to better integrate simulation in the design process.
The role of simulation tools in the design and engineering of buildings has been firmly
established over the last two decades. BES, as one of the most important input of LCA process,
has been employed to improve building design. In Europe, a study concerned with removing
barriers to the use of simulation and enhancing the efficacy of simulation within the building
design professions (Hand, 1998). Moreover, analyses on a set of design projects revealed an
ominous absence of the building performance analysis expert in the early stages of the design
process (De Wilde et al., 1999). The study shows that, once the decision for a certain energy
saving technology is made on the grounds of overall design considerations or particular owner
requirements and cost considerations, the consultant's expertise is invoked later for dimensioning
and fine-tuning. By that time the consultant is restricted to a narrow ‘design option space’ which
limits the impact of the performance analysis and follow-up recommendations. The article
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recommended that the simulation tools should be used in the early stage in order to increase the
building performance. In 2004, a study has indicated building performance simulation is ideal to
evaluate a building with its associated systems as a complete entity. Building simulation can
improve building design by providing substantial improvements in indoor environment and
energy consumption levels (Hensen et al., 2004).
In more recent research, LCA has become a very important concept to evaluate the
building from a long term perspective (Azapagic, 1999). A review study was conducted by
summarizing and organizing the literature on LCA studies (Cabeza et al., 2014). The review
found out that most LCA and life cycle environment analysis (LCEA) were carried out in what is
shown as exemplary buildings which have been designed and constructed as low energy
buildings, but there were very few studies on traditional buildings, which are mostly found in our
cities. Similarly, most studies are carried out in urban areas, while rural areas are not well
represented in the literature. Finally, studies are not equally distributed around the world.
Another study has proved that LCA could enable better early stage decision-making by
providing feedback on the environmental impacts of building information modeling (BIM)
design choices (Basbagill et al., 2012). In their study, a method was presented for applying LCA
to early stage decision-making in order to inform designers of the relative environmental impact
importance of building component material and dimensioning choices. Sensitivity analysis was
used to generalize the method across a range of building shapes and design parameters. The case
study results showed that the method can assist in the building design process by highlighting
those early stage decisions that frequently achieve the most significant reductions in embodied
carbon footprint. Besides, the concept of life cycle analysis is also useful to estimate life cycle
carbon dioxide in the planning phase (Baek et al., 2013). Because of these advantages of
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involving LCA in building design, frameworks aiming to integrate LCA in the design process
have been also presented and studies in recent research (Mora et al., 2011).
Building energy simulation and life cycle analysis has become significant evaluation
methods in building design. The objective of this study is to figure out the perspectives of
different building professionals on BES and LCA based on the findings from a partition survey
and numerical sensitivity analysis. The paper presents a review of previous surveys and
sensitivity analysis about BES and LCA, followed by the structure and findings of a web-based
survey that particularly concentrated on building performance evaluation in design process. The
results of statistical analysis and sensitivity analysis are also presented as important
methodologies to deeply understand the survey results.
4.2. Literature Review
A number of surveys have been carried out in the past that concerned with building
performance. Robinson administered a survey on the usage of simplified versus detailed building
energy performance simulation tools in professional design practice in 1996 (Robinson, 1996).
The data suggested a tendency of engineers to use more detailed energy modeling than
architects. Both groups believed their simulation errors to be minor. Also, detailed and simplified
tools were reported to be used at similar stages in the design process. De Wilde et al. interviewed
architects and building simulation consultants of two energy-efficient Dutch office buildings (De
Wilde et al., 1999). The focus of the interview was to “understand the decision moment
concerning energy saving components with or without the intervention of the simulation
consultant”. According to the results, energy simulation plays a very limited role in the average
application of advanced energy saving technology. Instead, it is used more frequently for design
optimization and verification.
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A study in Singapore provides an overview of the using performance-based simulation
tools for building design and evaluation (Lam et al., 1999). The survey results revealed that the
usage of performance-based simulation tools for building design evaluation in Singapore is still
very limited. Another study was also conducted in Asia. In 2006, Lee and Burnett’s a study
addressed the customization of GBTool as a scheme to improve the development of sustainable
building (Lee and Burnett, 2006). A questionnaire and a series of interviews aimed to elicit the
attitudes of the major issues and the weightings across issues and criteria. The survey results
show that the inclusion of sustainability issues in environmental assessment schemes is widely
accepted by practitioners. In 2009, data were collected by anther questionnaire survey covering
building designers in Hong Kong and Singapore (Chan et al., 2009). The study presented the
findings of the business reasons for stakeholders to be involved in green building (GB), the most
favorable conditions required to promote GB business and the important obstacles that hinder its
popularity. The result showed that from the perspective of building designers in these two cities,
the private sector avoid GB mainly due to four main perceptions: perceived higher upfront costs,
lack of education, lack of awareness, and lack of fiscal incentives from government. Therefore,
the survey also made recommendations and policy implication based on these findings.
In 2000, a survey examining the extent that Swedish clients in the building sector use
life-cycle cost (LCC) estimations was reported by Sterner (Sterner, 2000). The limits and
benefits from the client and user perspectives were also explored. The interest in using LCC
approaches for economic evaluation of investment decisions was large. However, constraints
existed at a number of levels: uncertainties related to the long term forecasts used, difficulties in
achieving relevant input data and lack of experience in using LCC models, incentives for
consultants and contractors. Nonetheless, the LCC perspective was proving to be most useful
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during the design phase where the possibilities of cost reductions related to operation and
maintenance were large. The survey also showed LCC can provide motivation for environmental
progressive building despite the sometime higher initial cost. The implication for expanding the
use of LCC was considered for government, clients/developers, and professionals.
Previous surveys on the building performance are capably of identifying general trends in
the design community. And the methodology of survey is effective to solve most of the
questions. However, only a few study considered building system designers as the target
participants. Therefore, this study aims to understand the importance of LCA from a designer’s
point of view. Furthermore, this study will include sensitivity analysis as an important analysis
methodology to provide deeper understanding of the role of LCA in building design.
4.3. Survey Design
The final questionnaire includes four question types: multiple selections of specific
categories, a single selection of a specific category, multiple selections of a specific category,
and free text. Multiple selection questions usually include a textbox where participants could
provide information beyond the pre-defined options.
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Figure 16: The structure of survey. Depending on the responses, participants follow one of four
main branches: enclosure system, mechanical system, both enclosure and mechanical systems,
and non-designers. The numbers in the rectangular textboxes show the number of participants
that went through that particular branch.
The whole survey could be divided into three parts, as shown in Figure 16. A welcome
web page explains the purpose of the survey, procedures to be followed, possible discomforts
and risks, benefits, duration, statement of confidentiality, and right to ask questions. The
potential participants are also informed that their decision is voluntary, and they have the rights
to end their participation at any time and for any reason. Incentive for individuals to participate
in the survey is “the participation will be crucial in the development of the building system
optimization framework.” Once individuals have consented to take part in the research, the
questionnaire begins with the first question concerning participants’ profession. The first
branching separated those participants who are currently working as a designer in US from who
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are not. The former group will follow the questions in part 2. The latter group is guided towards
the questions for both enclosure and mechanical system in part 3.
In part 2, the questions are geared towards understanding the general participants’
background, such as the size of their company, the energy code/standard they design to, the patch
they follow in design, and work experience. This part also involves questions about the
percentages of building designs evaluated by building energy simulation and life cycle cost
estimation. The last question of this part will divided the participants into three branches
according to their roles in building design projects.
In part 3, the questions are (1) the criteria they use in the selection process of building
system components and (2) the important components they will consider to optimize in order to
minimize building life cycle cost. Depending on the answers given in part 1 and 2, the four
branches of participants will be asked different series of questions, focusing on enclosure system
design, mechanical system design, or both of them. At the end of the survey, every participant is
invited to provide their thoughts and comments on the survey.
The survey is web-base for the advantage of effectively gathering responses from a large
number of design professionals (Reinhart and Fitz, 2006). Participants were recruited through
email invitations to selected mailing lists as well as to contact architects and engineers.
4.4. Survey Findings
Data collection lasted from September 21st, 2012 to April 22nd, 2013. A total of 104
individuals participated in the survey. 96 individuals completed the survey, whereas, 8
individuals decided to end their participation by closing their web browser somewhere in the
middle of the survey. Therefore, only 96 valid responses are considered in the following
analysis.
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4.4.1. Participants’ background
Table 12 shows the professions participants chose in the survey, 21% non-designers, 43%
mechanical system designers, 24% enclosure system designers, and 12% designers working on
bother mechanical and enclosure systems. The designers will be guided to the following
questions about participants’ background, while the non-designers will directly take part in the
questions in part 3.
Table 12: Professions of participants
Professions of participants
Non-Designer
18 (21%)
Designer (Both)
10 (12%)
Designer (Enclosure)
20 (24%)
Designer (Mechanical)
36 (43%)
Table 13 shows the size distribution of company participants are working in. The finding
is that participants mostly worked in small size (0-200 employees) design firm.
Table 13: The size of the company
Company size (employees number)
Small (0-200)
40 (61%)
Medium (201-1000)
16 (24%)
Large (1000+)
10 (15%)
Work experience is another important aspect of participants’ background, which result is
shown in Table 14. In the valid responses of this survey, largest group (43%) is the one with
more than 20 years’ work experience in building design industry, followed by 1-5 years (21%),
6-10 years (21%), 11-15 years (9%), and 16-20 years (6%).
Table 14: Work experience
Work experience (Years)
1-5
14 (21%)
6-10
14 (21%)
11-15
6 (9%)
16-20
4 (6%)
20+
28 (43%)
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4.4.2. The percentages of building energy simulation and life cycle cost estimation
The questionnaire also asks the designers the percentages of projects evaluated by
building energy simulation and life cycle cost assessment. These questions are single selection
type with five options indicating five frequency levels: 0-20%, 21-40%, 61-80%, 81-100%.
Table 15 shows the frequency of performing building energy simulation is more evenly
distributed than the result of life cycle assessment. The projects with life cycle analysis really
concentrated on smaller percentage in the result. Compared to building energy simulation, life
cycle assessment is much less used in building design.
Table 15: Percentages of building designs evaluated by BES and LCA
Proportion of the design projects
BES
LCA
0-20%
12 (18%)
35 (53%)
21-40%
22 (34%)
19 (29%)
41-60%
13 (20%)
8 (12%)
61-80%
11 (17%)
4 (6%)
81-100%
8 (12%)
0 (0%)
4.4.3. The driver in terms of life-cycle consideration
The motivation of considering life cycle assessment has been asked as a multiple
selection question. According to Figure 17, most building system designers think the owner of
the building is the major driver of performing life cycle assessment in design process.
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Figure 17: the driver of life cycle consideration in building systems design process
4.4.4. Significant criteria and system components in building system design
The part 3 of this questionnaire contains questions about the important criteria of
component selection and the important components in life cycle assessment. Each question has
4-7 criteria/components. Options ranged from not at all important, slightly important, moderately
important, very important, and extremely important, which is represented as score 1 to 5 in the
analysis of results. Participants could choose only one level of importance for each
criteria/component.
Figure 18 and Figure 19 show the results of enclosure system design from the viewpoint
of non-designer, enclosure system designer, and designers working on both enclosure system and
mechanical system. Every variable has relatively high score in this survey. However, the
importance level of environmental impacts has a noticeable decrease, when compared to others.
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Figure 18: Significant level of selection criteria of enclosure system components

Figure 19: Importance of enclosure system components to optimize building life cycle cost
Figure 20 and Figure 21 show the results of enclosure system design from the
perspectives of non-designer, mechanical system designer, and designers working on both
enclosure system and mechanical system. Again, the importance level of environmental impacts
is the lowest among all the criteria.
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Figure 20: Significant level of selection criteria of mechanical system components

Figure 21: Importance of mechanical system components to optimize building life cycle cost
4.4.5. Statistical analysis
To further analysis the survey results, statistical analysis is applied in this section. This
study uses fisher’s exact test to analysis the correlations between the frequency of building
performance analysis and respondents’ background. While, analysis of variance (ANOVA) is
employed to test if there is any significant differences among the responses of different
respondent groups.
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4.4.5.1.

Fisher’s exact test

Fisher's exact test is widely used to study the correlations between categorical response
and categorical independent. It is especially designed for the small sample in statistic (Bartlett,
1937), which is very usual in building design surveys. Therefore, it is being employed in this
study to investigate the correlation between participants’ background and the percentage of
performing building energy simulation and life cycle assessment. In this analysis, the tested
response and independent have correlation if P-Value is less than 0.05.
Table 16 shows the P-Value between different groups of response and independent. The
result indicates that the participant profession has the correlation with the percentage of
performing building energy simulation and life cycle assessment in building design process. It is
found that the designers working on both enclosure and mechanical systems perform more
building analysis in their design projects than the other two groups. The company size shows
correlation with the proportion of energy simulation usage. The detailed information indicates
small-sized design company uses more energy simulation in their projects, compared to large and
medium size companies. Statistically, work experience of participants could have impact on the
frequency of using life cycle assessment, rather than energy simulation. In the result of this
survey, the designers with less work experience (less than 10 years) tend to have larger
percentage of life cycle analysis projects. This is mainly because life cycle assessment is really a
concept brought to building industry recently. And it is about same time as the group with high
LCA performance starting to work in this industry.
Table 16: Fisher's exact test (P-Value)
P-Value
Percentage of performing
energy simulation
Percentage of performing
life cycle assessment

Participants profession

Company size

Work experience

0.008

0.001

0.180

0.000

0.466

0.024
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4.4.5.2.

Analysis of variance (ANOVA)

In each questions of significant criteria and system components in building design, the
answers of every group seems to be very close to each other. Therefore, ANOVA is employed to
exam the differences among the perspectives of these three groups. Table 17 shows the P-Value
of ANOVA test for each criteria/component.
Table 17: ANOVA (P-Value)
Variables
Enclosure system
Criteria in selection process
Initial cost
Energy efficiency
Life cycle cost
Material durability
Environmental impacts
Occupied space
Optimized component
Insulation thickness
Insulation product
Wall/roof/floor type
Window-to-wall ratio
Shading
Glazing
Infiltration rate
Mechanical system
Criteria in selection process
Initial cost
Energy efficiency
Maintenance
Life cycle cost
Environmental impacts
Optimized components
Mechanical system type
Mechanical system size
Mechanical system control
Infiltration rate

P-Value

0.954
0.097
0.296
0.194
0.650
0.547
0.197
0.341
0.635
0.656
0.967
0.812
0.582

0.218
0.848
0.488
0.947
0.063
0.005
0.017
0.511
0.181

According to ANOVA, only two out of these twenty-two variables have the p-value less
than 0.05: Mechanical system type and size. Designers for both enclosure system and mechanical
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system, closely followed by the group of mechanical system designers, consider mechanical
system type as an important component in building life cycle optimization process. Statistically,
the importance of mechanical system type from non-designers’ perspective is significantly lower
than the other groups. Similarly, the attention to mechanical system size of non-designers and
designers of both systems is significantly lower than the one of mechanical designers. The
ANOVA test indicates that there is no statistically significant deference among these three
groups in terms of the perspectives of the tested variables in this survey.
4.5. Conclusions
This chapter describes the structure and findings of a survey considering building system
designers as main target participants. With 96 valid responses, this study gathered a reasonably
accurate snapshot of the current perspective of building professionals on life cycle assessment
and energy simulation. The online survey guarantees that the survey was well distributed into
different groups and the participants in this survey could be representative for the building
system professionals.
12% of the building system designers are performing building energy simulations in 81100% of their projects, while nobody selected 81-100% of their projects have life cycle
assessment performed. Only 18% participants selected 0-20% of their projects will evaluated by
energy simulation, while the percentage of this frequency is 55% for life cycle assessment. This
pointed out that life cycle assessment is much less used in building system design than energy
simulation. The survey also indicates that main driver of evaluating building using life cycle
analysis is the owner.
The survey also investigates the important criteria and components in life cycle analysis
from a designer’s point of view. From the perspectives of all groups in this survey, the
importance of every criterion is very high in the process of building system design. However,
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there is a noticeable bias of the importance of environmental impacts in building design process.
The results of the survey are also analyzed by two types of statistical analysis methodologies.
Fisher’s exact test aims to test the correlations between the frequency of building performance
analysis and respondents’ background. Respondents’ background has a significant correlation
with the percentage of performing energy simulation and life cycle assessment in their projects.
Company size has impacts on energy simulation usage. The designers with less work experience
(less than 10 years) tend to have larger percentage of life cycle analysis projects. Moreover,
ANOVA examines if there’s a statically obvious difference among the perspectives of different
investigation groups. The analysis demonstrates that different groups have very close answers to
most of the questions of important components and selection criteria.
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5. NUMERICAL SENSITIVITY ANALYSIS
5.1. Introduction
To exam the significant enclosure system components of life cycle analysis, sensitivity
analysis will be deplored based on US Department of Energy (DOE) reference buildings in this
chapter. The analysis focuses on new-constructed medium size office building. Three locations
considered in this analysis are Miami, Chicago, and Fairbanks, representing ASHRAE climate
zone 1A, 5A, and 8. The factors considered in this sensitivity analysis are enclosure system
components. This chapter will first introduce the prototype building which is used in this
analysis, and then will describe the analysis results associated with medium size office building.
5.2. Prototype Buildings
To calculate the impact of ASHRAE 90.1, researchers at Pacific Northwest National
Laboratory (PNNL) created a series of 16 prototype building covering 80% of the commercial
building floor area in the US for new construction. These prototype buildings were derived from
the DOE but with substantial modifications based on extensive inputs from ASHRAE 90.1
Standards Committee and other building industry experts. The prototype models include 16
building types in 17 climate locations for three categories (new construction, post-1980, and pre1980). The EnergyPlus models of these buildings are available; including EnergyPlus model
input files (.idf) and output files (.html). The detailed description of the building, HVAC
systems, internal loads, operating schedules, and other model information are also available from
the website of DOE: Commercial Reference Buildings.
From these prototype buildings, the new construction medium size office building was
chosen for this study. Three locations considered in this analysis are Miami, Chicago, and
Fairbanks, representing ASHRAE climate zone 1A, 5A, and 8. Table 18 shows the key features
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of this building, which is also the default setting in DOE reference model. The energy simulation
is carried out by EnergyPlus, while the initial cost is the data of RS Means.
Table 18: Base case of medium size DOE reference office building
Parameter
Value
Floor area
4,982 m2, 53,628 ft2
Number of floors
3
Floor-to-floor height (ft)
13
Aspect ratio
1.5
Envelope
Glazing fraction (WWR)
Wall assembly

Glazing
Shading

0.33
ASHRAE 90.1-2004 requirements, non-residential
wall
ASHRAE 90.1 requirements, non-residential wall
insulation, 0.049 W/mK, 265 kg/m3
ASHRAE 90.1-2004 requirements
No

HVAC systems
System type
Heating source
Cooling source
Air distribution and terminal units
Thermostat setpoint

Packaged VAV systems
Gas furnace
Air-cooled direct expansion
VAV terminal box with reheat coil
75˚F Cooling/70˚F Heating

Internal loads
Average lighting power density (W/m2)
Average plug-load power density (W/m2)
Average occupancy density (m2/person)

8.87
8.07
18.6

Insulation

5.3. Results
The sensitivity analysis focuses on enclosure system components. The options are
selected according to the available data in ASHRAE standard and RS Means, shown in Table 19.
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Table 19: The options of the parameter considered in the sensitivity analysis
Parameter
Option
Window glazing
Single, Double, LowE
Shading
Overhang, Interior blind, Exterior blind, Interior screen,
Exterior screen
CIP concrete with fiberglass/foamglass/EPS/XPS
Wall assembly (including insulation)
Concrete block with fiberglass/foamglass/EPS/XPS

Figure 22 shows the average differences and standard deviations of 50-year life cycle
costs caused by different options of window glazing, shading, and wall assembly in three climate
zones. The results indicate that wall assembly has much larger impacts on building life cycle
costs across all three different climate zones. The changes of the envelope components also show
larger impacts on building 50-year life cycle cost in hot climate than it is in relatively colder
climates.

Figure 22: Average percentage differences and standard deviations by the options of window
glazing, shading, and wall assembly in three climate zones, when building has 50 years life span
Figure 23 presents the average percentage differences and standard deviations caused by
changing envelope components in Chicago (climate zone 5A). The results illustrate that the
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changes of wall assembly (including insulation material) have more and more impact on life
cycle costs as the building has longer life span. Oppositely, window glazing and shading are
having less influence on life cycle cost with the increasing of building life span.

Figure 23: Average percentage differences and standard deviations by the options of window
glazing, shading, and wall assembly in Chicago (climate zone 5A), when building has different
life span (5 years, 25 years, 50 years)
5.4. Conclusions
A sensitivity analysis is conducted in this study to theoretically find out the significant
building components in life cycle analysis. The analysis is based on a new-constructed medium
size DOE reference building, located in three climate zones. The results indicate that the wall
assembly (including insulation material) is main factor of initial cost, operating energy
consumption, and life cycle cost.
According to the survey results in Chapter 4, wall properties and window properties are
both important from the viewpoint of building system designers. Different from the survey
results, the sensitivity analysis demonstrates that the changes of wall assembly affect much more
on life cycle costs in all these three climate zones. With colder climate and longer life span, the
wall assembly is becoming more important for building life cycle cost. The comparison between
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the results of sensitivity analysis and survey indicates that the influence of window properties on
life cycle cost is over estimated by most of the participants.
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6. CASE STUDY
6.1. Building Enclosure System Life Cycle Optimization
6.1.1. Introduction
Simulations are created for a two-story office building in Saginaw, MI, USA. The detail
of the building features has been summarized in Section 3.3. The detailed options of the
parameter values are shown in Table 20.

Parameter
Window frame
Window glazing
Insulation material
Insulation thickness
Wall assembly

Table 20: Options of parameter values
Options
Wood, Aluminum
Standard, Double, Low-E
Fiberglass, Foamglass, XPS, EPS
1, 1.5, 2, 3
Concrete block, Masonry

RS Means is used for initial cost of building material and construction (RSMeans
Construction Publishers & Consultants, 2012a)(RSMeans Construction Publishers &
Consultants, 2012b)(RSMeans Construction Publishers & Consultants, 2012c), regular
maintenance (RSMeans Construction Publishers & Consultants, 2012d), and demolition
(RSMeans Construction Publishers & Consultants, 2012b). The transportation cost is calculated
by the database of Simapro. The operating energy simulation is established by DesignBuilder, an
interface of EnergyPlus. The envelope materials could have great impacts on building thermal
load, which is an important factor for HVAC system sizing. In this study, the capital cost not
only considers the investment in the enclosure system, but also the capital cost of the HVAC
system. The calculation is using the average local energy price in 2012 with two financial
scenarios: (1) the future energy prices remain the same as the present prices, and (2) the future
energy prices are calculated based on the projections provided by EIA (U.S. Energy Information
Administration).
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Present value (PV), also known as present discounted value, is the value on a given date
of a payment or series of payments made at other times. In finance the net present value (NPV)
of a time series of cash flows, both incoming and outgoing, is defined as the sum of the present
values of the individual cash flow of the same entity. The NPV is given by:
(, )=∑

(

)

(3)

Where, NPV is present value, t is the time of the cash flow, N is the lifetime of system,

is net cash flow (the amount of cash, inflow minus outflow) at time t, and r is discount rate.
In this study, the net present value is applied to evaluate cash flows during different
phases of the building life span.
6.1.2. Results and Discussions
The case study building is analyzed to first implement the building life cycle cost analysis
and then to find the building enclosure components that result in minimal life cycle costs,
accounting for both enclosure performance as well as HVAC system capacity and cumulative
energy consumption.
6.1.2.1.

Building life cycle cost analysis

Figure 24 shows the maximum, median, and minimum LCC net present value with
different combinations of building enclosure components.
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Figure 24: Cases with maximum, median, and minimal life cycle cost

Figure 25: Cost breakdown in minimal cases
The life cycle cost could be broken down into costs in each of the building periods.
Figure 25 shows the breakdown detail of the net present value in minimal cases when the
building has different life span (1-60 years). Operational energy cost and initial construction cost
are the primary costs during the whole building life cycle. When the building life span is longer
than 30 years, operating energy consumption becomes the primary cost instead of building
capital cost.
The results in Figure 25 are based on a calculation strategy of net present value (NPV).
The NPV method provides an easy way to evaluate projects by moving all cash flows to the

69
present. It examines the cash flows of a project over a given time period and resolves them to
one equivalent present date cash flow (Remer and Nieto, 1995). Due to a discount rate, the
absolute value of future spending is decreased when being converted to present spending.
Therefore, when building has a longer life span, the cumulative energy cost flattens off and the
demolition cost also contributes less in the total LCC.
6.1.2.2.

Building optimization of minimal life cycle cost

Table 21 indicates that an optimization objective could vary the combination of optimal
building system components. The result shows an optimal solution for operating energy
emphasis on the combination of the best materials in terms of thermal properties.
Table 21: Optimal components with different objectives
Optimal components
Objective
Window
Window Insulation Insulation
frame
glazing
material
thickness
Operational energy
Wood
Low-E
XPS
3
Envelope capital cost
Aluminum Standard EPS
1
Total capital cost
Aluminum Low-E
EPS
1
(envelope + HVAC)
LCC (10yr)
Aluminum Double
Fiberglass 3

Wall
assembly
Masonry
Concrete
Concrete
Concrete

The life cycle analysis in this study considers both building envelope and mechanical
system in use. The lowest investment of building systems is not always the cheapest envelope
component. The difference between optimal combinations for envelope capital cost and total
capital cost states that the investment of better envelope components could reduce HVAC system
size, saving total capital cost.
Using the life cycle optimization framework, shown in Figure 8, the optimal
combinations of the parameters minimizing building life cycle costs are shown in Table 22. For
different lengths of building life spans, minimal LCC is obtained by configuring different
combinations of building components.
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Table 22: optimal values of parameters with different building life span
Length of building
Window
Window
Insulation Insulation
Wall assembly
life span (yrs.)
frame
glazing
material
thickness (in)
1
Aluminum
Low-E
EPS
1
Concrete block
2~26
Aluminum
Double
Fiberglass 3
Concrete block
27~60
Wood
Double
Fiberglass 3
Concrete block

As stated before, better envelope could reduce the size of the mechanical system as well
the investment. Consequently, the optimized parameters for lowest investment, and also the
optimal components for a one year building life span, is a combination of an aluminum window
frame, low-E glazing, and concrete walls with 1 inch EPS insulation.
The breakdown result of building LCC (shown in Figure 25) indicates that when a
building has a relatively longer life span, annual energy consumption is a major cost in building
life cycle and more capital cost is worthwhile for better and thicker insulation material with a
larger R-value. Therefore, the optimal insulation during the building life cycle is 3 inch
fiberglass.
Double glazing, relatively high R-value with reasonable cost is the optimum choice.
Aluminum window frames are ideal for buildings with 2 to 13 years life span because of the
requirement of less investment.
The building components require regular maintenance as the life span becomes longer.
For instance, according to RSMeans Facilities Maintenance and Repair Cost Data (RSMeans
Construction Publishers & Consultants, 2012d), the wood versus aluminum window units require
different maintenance in various lengths of operating years, as shown in Table 23.
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Table 23: Window unit maintenance
Window unit
Maintenance cost
Frame
Glazing Annual replace Refinish
Repair
Replace
Cost
Freq. Cost
Freq. Cost
Freq. Cost
($/unit) (yrs) ($/sf)
(yrs) ($/unit) (yrs) ($/unit)
Standard
287.45
Wood
Double
68.65 4
180.6
15
304.58
LowE
288.29
9.17
1
Standard
385.23
Aluminum Double
240.39 20
402.36
LowE
386.06

Freq.
(yrs)
40
40
40
50
50
50

Frame conductance could influence annual energy consumption in a relatively long term.
Consequently, for a building with a 14 to 60 year life span, wood window frames become the
optimal component for less frame conductance and maintenance cost.
6.1.2.3.

Uncertainty associated with future energy prices

During a calculation period of 60 years, the projection on energy prices is associated with
uncertainties. According to the energy price projections published by U.S. Energy Information
Administration (EIA), the annual growths of electricity and natural gas prices for commercial
sector are 0.2% and 1.4%, respectively (U.S. Energy Information Administration).
Figure 26 shows the net present value of life cycle cost of minimal and maximal cases
based on the projection of energy prices provided by EIA (U.S. Energy Information
Administration). The results associated with dynamic energy prices are following the same trend
as the calculation results based on the assumption that the energy prices will be the same as the
current ones.
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Figure 26: Net present value of life cycle cost of minimal, maximal and median cases calculated
based on consideration of future energy prices
Figure 27 shows the comparison of the minimal life cycle cost based on these two
financial scenarios. The comparison indicates that the annual growth of energy prices will have a
significant impact on building LCC. The difference of minimal life cycle cost between the two
financial scenarios ranges between 5.7% and 8.2%.

Figure 27: Comparison of the minimal life cycle cost based on current energy prices and future
energy
Table 24 shows the optimization results calculated based on future energy prices
provided by EIA. The optimal option of window frame changes from aluminum to wood when
building lifespan is longer than 22 years, which is four years earlier than the case based on
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constant energy prices (shown in Table 22). This indicates that the growing energy prices are
giving the operational energy cost a more important role in the early years of the building
lifespan.
Table 24: Optimization results based on future energy prices
Length of building
Window
Window
Insulation Insulation
life span (yrs.)
frame
glazing
material
thickness (in)
1
Aluminum
Low-E
EPS
1
2~22
Aluminum
Double
Fiberglass 3
23~60
Wood
Double
Fiberglass 3

Wall assembly
Concrete block
Concrete block
Concrete block

6.2. Optimization with consideration of wind pressure load
6.2.1. Introduction
The second scenario of this case study will consider the influence of each component on
infiltration rates. Table 25 shows the components and options taken into account in this case
study. As shown in the table, various options have different effective air leakage; therefore, have
different impacts on building infiltration rates.
Table 25: Options of different building components
Building components

Options

Effective air leakage
(at 4 Pa)
0.24 cm2/m-2.5 cm2/m

Window typea

Double horizontal slider (w/nw), Double
hung (w/nw), Casement (w/nw)

Window frameb

Wood (c/uc), Aluminum (c/uc)

0.3 cm2/m2-6.5 cm2/m2

Window glazing

Standard, Double, Low-E

n/a

Wall assembly

Concrete block, Masonry

4 cm2/m2, 4.2 cm2/m2

Insulation material

Fiberglass, Foamglass, XPS, EPS

n/a

Insulation thickness (in)

1, 1.5, 2, 3

n/a

a: w-weatherstripped, nw-non weatherstripped; b: c-caulked, uc-uncaulked.
6.2.2. Results
There are a total of more than 800 combinations of building construction options based
on the components shown in Table 25. The cases of minimum and maximum life cycle cost are
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shown in Figure 28. The combinations of building components for minimum/maximum life
cycle cost vary with length of building lifespan. The average difference of the total life cycle cost
for these two cases is 13.4%. Sensitivity analysis, at 5% significant level, indicates that the major
influential factors of infiltration rates are window type, window frame, and wall assembly.

Figure 28: Life cycle cost based on simulation model for the case study building
The optimal components resulting in the minimal life cycle cost vary with different
lengths of building life span as shown in Table 26. When the building has a relatively longer
lifespan (more than 14 years), the optimal combination of building components is the one giving
the building best air tightness.
Table 26: Optimal building components
Life span
length
(yrs)
1

2

3-13

14-60

Window
type

Frame

Glazing

Wall
assembly

Insulation
material

Infiltration
rates (ach)

EPS

Insulation
thickness
(in)
1

Double
horizontal
slider (uw)
Double
horizontal
slider (uw)
Double
horizontal
slider (w)
Casement
(w)

Aluminum
(uc)

LowE

Concrete

Aluminum
(uc)

Dbl.

Concrete

Fiberglass

2

0.400

Aluminum
(c)

Dbl.

Concrete

Fiberglass

3

0.347

Aluminum
(c)

Dbl.

Concrete

Fiberglass

3

0.334

0.400
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The two scenarios in this case study are built up on the same building to evaluate the
impacts of wind pressure load on building life cycle optimization. The results indicate that
consideration of wind pressure loads will result in different results of life cycle optimization. In
the second scenario, the optimization results emphasize on tight envelope when the building has
relatively longer life span. Specially, when the building has longer life span, the optimal window
frame is wood in the first scenario, while optimum is aluminum in the second one. This is mainly
because the aluminum frame has smaller effective leakage area. Furthermore, it is also
recommended to optimize window type, and frame installation when wind pressure loads profile
is considered in building life cycle optimization.
6.3. Conclusions
The case study on a medium size office building demonstrates the proposed life cycle
optimization framework. Two scenarios are compared to explore the influences of wind pressure
loads on life cycle optimization results.
The results show that both capital cost and operating energy consumption are major
contributors on building life cycle cost. The annual energy consumption becomes more
important when the building has a longer life span. In the first case study, the operating energy
cost takes the largest percentage of the life cycle cost when the building has more than 30 years
life span. It also demonstrates that the optimal building components are various with different
objectives. Optimal combination for annual energy cost highlights the material with best thermal
properties, while cheap materials and smaller HVAC system size are emphasized in optimization
of capital cost. Therefore, a comprehensive life cycle analysis model provides a better
understanding in term of building systems optimization objectives. It also suggests that
combinations of optimized building components are dependent on the length of building life
span. This study also considers two energy pricing scenarios. The results indicate that increasing
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energy prices will increase life cycle cost and energy greater capital cost to minimize operational
cost.
In the second scenario of the case study, the framework incorporates the airflow multizone modeling to calculate air infiltration rates associated with different combination of
enclosure components. Air infiltration rates have a great impact on the total building energy
consumption when building has a longer lifespan. Window/door sizes, window types and frame
installation quality inputs of airflow modeling could increase uncertainties of air infiltration rate
calculations and associated energy simulations. When an expected building life span is more than
14 years, air infiltration rates become an important contributor to the life cycle optimization. Air
tightness is playing an important role in minimizing the life cycle cost. The study recommends
building designers and owners should pay attention to investments in and maintenance of
building enclosure components to improve building air tightness.
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7. CONCLUSIONS AND RECOMMENDATIONS
7.1. Conclusions
This chapter presents the main conclusions and results from the research done in this
thesis. The thesis objective is to develop a building life cycle optimization framework based on
an augmented and comprehensive life cycle analysis. The data used in the existing life cycle
analysis tools are mostly based on built-in life cycle inventory databases. Due to the complexity
of building profile, accurate life cycle analysis requires operating energy consumption resulted
from dynamic energy simulation. In addition, air infiltration has a significant effect on building
energy performance, which is dependent on climate conditions and factors that are related to the
type of building or construction. Therefore, the proposed life cycle analysis includes the energy
simulation associated with time-dependent infiltration rates calculation.
In this study, the development of building life cycle optimization framework has two
phases, which are described in Chapter 2 and 3. The first phase is based on detailed review of the
advantage and disadvantage of current LCA tools, optimization algorithms and previous case
studies. The proposed framework selected genetic algorithms as the optimization method and life
cycle cost as the optimization objective. The second phase is to augment energy simulation with
consideration of time-dependent wind pressure loads. Three different approaches of infiltration
rate calculations are compared in the study:

(1) coupled time-dependent infiltration rate

calculation, (2) AIVC database and (3) default calculations for leaky, medium and tight
buildings. A framework coupling energy simulation with the time-dependent infiltration rates
integrates computational fluid dynamics (CFD) and airflow multi-zone modeling approach with
energy simulations. The study exams the results of the framework by deploying it to a case study
for an office building. The simulation-predicted data are compared with the actual utility data
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and evaluated according to ASHRAE guideline 14-2002. The comparison shows that timedependent infiltration rates calculation could increase the accuracy of energy simulations with
3% - 11% reduction in the coefficient of variation of the root mean square error (CVRMSE), and
2% - 11% reduction in the normalized mean bias error (NMBE).
Furthermore, this study inspected the key parameters of building LCA with two
methodologies: partition survey and numerical sensitivity analysis. A web-based survey is
administrated from August 2012 to April 2013. 96 individuals completed the survey. The
majority of respondents (66 out of 96) work as building system designers in US. Statistical
analysis is performed based on the survey responses. One of the major findings is that life cycle
assessment is much less used in building system design than energy simulation. The statistical
analysis based on the survey indicates that the percentage of performing energy simulation has
correlation with company size and the individual position, while the proportion of life cycle
analysis is related to individual position and work experience. A sensitivity analysis is also
performed in this study to theoretically find out the significant building components in life cycle
analysis. The analysis is based on a new-constructed medium size DOE reference building,
located in three climate zones. Different from the survey results, the sensitivity analysis
demonstrates that the changes of wall assembly affect much more on life cycle costs in all these
three climate zones. With colder climate and longer life span, the wall assembly is becoming
more important for building life cycle cost. The comparison between sensitivity analysis and
survey indicates that the influence of window properties on life cycle cost is over estimated by
most of the participants.
Finally, a case study is developed to demonstrate the life cycle optimization framework.
The case study has two scenarios: with and without consideration of wind pressure loads. The
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two scenarios have the same result that the operating energy cost and initial construction cost are
major contributors to the total building life cycle cost. For the specific case study, when the
office building has more than 30-year life span, the cumulative annual energy consumption cost
is projected to be higher than the initial construction cost. Optimal combinations of building
components vary with different lengths of a building’s life span in both scenarios. However, the
consideration of wind pressure load will result in different optimal solution when building has
longer life span, which is more than 14 years in this study.
7.2. Recommendations for Future Research
The main objective of this study is to build up an optimization framework to minimize
building life cycle cost. The study uses life cycle cost as the single objective in the optimization.
Buildings are very complex systems and the performance could be evaluated by various
objectives other than life cycle cost, such as occupancy comfort and productivity, greenhouse gas
emission, and other environmental impacts. Therefore, multi-objective optimization should be
considered in the future research.
The objective of the infiltration study focus on comparing the accuracy of building
energy simulation results associated with different calculation strategy of infiltration rates.
Therefore, there are still several parts that could be improved in this study. Firstly, the accuracy
of wind pressure profile could be improved. The current setting of turbulence model, boundary
conditions, and grid discretization is limited by using CFD0. Ryuichiro Yoshie et al. (Yoshie et
al., 2005) shows different turbulence models have different performance in certain conditions.
The turbulence model used in CFD0 is either simple zero-equation or standard k-Ɛ model, which
could be replaced with Differential Stress Model (DSM) or Large Eddy Simulation (LES)
(Tominaga et al., 2008a)(Tominaga et al., 2008b). Secondly, this study only compares the timedependent method with the infiltration rates calculation based on database sources, rather than
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wind tunnel experiments and full scale field measurements. Further work could compare the
accuracy of difference energy simulation based on all of these methods. Furthermore, this study
does not consider the amount of computational time required by different infiltration calculation
methods. More research could be conducted to evaluate different infiltration calculation methods
in terms of computational time consumed in the simulation processes.
Moreover, the sensitivity analysis in this study aims to find significant factors that
influence building energy consumption and life cycle cost. To compare the analysis results with
the survey results, the sensitivity analysis mainly focuses on building enclosure system
components of medium size office buildings. Future studies could perform sensitivity analysis on
more buildings with different types and sizes.
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APPENDIX A: Consent form of the survey
Title of Project: Life Cycle Optimization of Building Systems with Respect to Wind Pressure
Loads
Principal Investigator: Dr. Jelena Srebric, Professor of Architectural Engineering
222 Engineering Unit A, University Park, PA 16802, (814) 863-2041, jsrebric@psu.edu
Other Investigator: Guiyuan Han, PhD Candidate, Architectural Engineering
1. Purpose of the Study: The study aims to understand the importance of life cycle optimization
from a designer's point of view, and what building components are important for the
optimization of building life cycle cost in design companies.
2. Procedures to be followed: You will be asked to complete an online distributed questionnaire
survey based on your own experience of commercial building design.
3. Benefits: There are no direct benefits to the volunteers for participation in the study. However,
your participation will be crucial in the development of the building system optimization
framework.
4. Duration/Time: Your participation will involve answering a survey with questions regarding
your experiences and options of commercial building design. In total, it should take you between
10 to 15 minutes to complete the questionnaire.
5. Statement of Confidentiality: Your participation in this research is confidential. The survey
does not ask for any information that would identify who the responses belong to. In the event of
any publication or presentation resulting from the research, no personally identifiable
information will be shared because your name is in no way linked to your responses. Survey
contents will be coded by computer and the original files will be locked in PI’s office to ensure
limited access. Data from the files will be viewed by data analysis personnel under the
supervision of the PI and/or her designated representatives. No individual information is
analyzed.
6. Right to Ask Questions: Please contact Dr. Jelena Srebric at (814) 863-2041 with questions,
complaints or concerns about this research. Question about research procedures can be answered
by the research team.
7. Voluntary Participation: Your decision to be in this research is voluntary. You can stop at any
time. You do not have to answer any questions you do not want to answer. Refusal to take part in
or withdrawing from this study will involve no penalty or loss of benefits you would receive
otherwise.
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Completion and submission of the survey implies that you have read the information in this form
and consent to take part in the research. Please keep this form for your records or future
reference.
I Accept
I Decline
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APPENDIX B: Building Design Survey
This survey is part of a three-year research study that aims to create an optimization framework
for minimizing building life cycle cost. This survey is a significant input of the research, aiming
to understand the importance of life cycle optimization from a designer's point of view, and what
building components design companies are interested in for building life cycle cost optimization.
1. What size is the design firm you are currently working in? (How many employees?)
Small (0-200)
Medium (201-1000)
Large (1001+)
2. What path do you follow in your designs with respect to the building envelope and meeting
energy codes defined by ASHRAE 90.1-2004?
Prescriptive compliance
Performance based approach
Trade-off approach
3. What energy code/ standard do you design to
ASHRAE 90.1-2004
IECC
IgCC
Other___

Local building code: please specify______

4. How many years have you been working in building design industry?
1-5
6-10
11-15
16-20
20+
5. What percentage of your commercial building designs do you perform any building energy
simulations for?
0-20 %
21-40%
41-60%
61-80%
81-100%
6. What percentage of your commercial building projects have life cycle cost estimation
performed?
0-20%
21-40%
41-60%
61-80%
81-100%
7. Who is the driver in terms of life-cycle consideration/ environmental aspects?
Owner
Designer
Envelope consultant
Product manufacturers
LEED
Codes
Other________________
8. Are/Were you responsible to design enclosure systems or mechanical systems in commercial
building projects?
Enclosure systems
Mechanical systems
Both
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9. How important are the following criteria in the selection process for enclosure system
components of commercial buildings? Please rank them based on your experience.
Extremely
Very
Moderately
Slightly
Not at all
important
important
important
important important
Initial investment cost
Energy efficiency
Life cycle cost
Material durability
Environmental impacts
Occupied space
Other
Other (please specify the criteria that you think are important)
__________________________________________________________________________
10. How important are the following enclosure system components in the optimization of life
cycle cost for commercial buildings?
Extremely
Very
Moderately
Slightly
Not at all
important
important
important
important important
Wall insulation layer
thickness
Wall insulation product
Wall/ Floor/ Roof type
Window-to-wall ratio /
Window size
Shading/ Overhang
Glazing type
Infiltration rate
Other
Other (please specify the components that you think are important)
__________________________________________________________________________
11. How important are the following criteria in the selection process for mechanical system
components of commercial buildings?
Extremely
important

Very
important

Moderately
important

Slightly
important

Not at all
important

Initial investment cost
Energy efficiency
System maintenance
Life cycle cost
Environmental impacts
Other
Other (please specify the criteria that you think are important)
__________________________________________________________________________
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12. How important are the following mechanical system components in the optimization of life
cycle cost for commercial buildings?
Extremely
Very
Moderately
Slightly
Not at all
important
important
important
important important
Mechanical system type
Mechanical system size
Mechanical system
control
Infiltration rate
Other
Other (please specify the components that you think are important)
__________________________________________________________________________
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