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ABSTRACT 

 

Development of a Pre-Screening Methodology to Aid in Determining Potential Energy 

Savings in Commercial Buildings. (December 2008) 

Dave C. Hicks, B.S., Texas A&M University 

Chair of Advisory Committee: Dr. David E. Claridge 

 

 This thesis presents a methodology developed to aid in the determination of 

potential sources and the potential scale of energy savings in commercial buildings.  As 

a pre-screening tool, the methodology is designed to serve as the first analysis of the 

building’s potential for energy savings using limited data prior to a site visit.  A 

Microsoft® Excel-based tool was developed to perform this analysis semi-automatically 

with user operation.  A fundamental concept used in this methodology is that of the 

energy balance load, defined as heating plus electricity minus cooling. 

The methodology is designed to require only historical weather data, historical 

whole-building energy consumption data, the total conditioned floor area, and the basic 

function of the building.  Upon following a short procedure developed and outlined in 

this thesis, this limited data yields information that can lead to conclusions about the 

building’s energy consumption.  The output information includes estimates of a major 

building thermal parameter—the building’s overall heat transfer coefficient including the 

total outside air flow rate into the building. In addition to providing this information, the 

Excel tool includes already-formatted plots of the energy consumption commonly used 
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in energy analysis.  These include cooling, heating, and electricity vs. both outside air 

temperature and time. 

Three case studies illustrate the utility of this methodology.  The calculated 

energy balance load—calculated using parameters determined through this 

methodology—yielded values on average within 5.4% of measured values. 
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This thesis follows the style of ASHRAE Transactions. 

CHAPTER I 

INTRODUCTION 

 

 This chapter includes the motivation for the research presented in this thesis, the 

objectives of the research, and a description of the following chapters.  

 

Objectives 

The purpose of this research is to develop a self-contained pre-screening 

methodology for determining the potential scale and sources of energy conservation in 

commercial buildings.  This pre-screening method would achieve several noteworthy 

objectives.  First, it would be distinct from other methods by using the energy 

consumption data of only the building under investigation—that is, it would not be 

fundamentally dependent upon comparison to other buildings.   

Second, it would help to reduce the time and efforts of those who further 

investigate the energy conservation opportunities by estimating building parameters, 

such as the combined overall heat transfer coefficient and outside air ventilation flow 

rate.  These parameters and characteristics are not easily attainable by any current pre-

screening method.   

Third, this method would help to automate the pre-screening process by 

providing spreadsheet tools and programs that guide the user in estimating building 
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parameters and characteristics.  This reduces the subjectivity involved in estimating 

parameters based on past experience and makes the pre-screening process more 

straightforward for less experienced engineers.   

Finally, the accomplishment of the second and third objective would 

consequently reduce the expense of performing an energy assessment by reducing the 

time spent both in the initial analysis and during the site visit.  Time would be saved in 

the initial analysis via use of the semi-automated tools rather than laboriously 

manipulating data manually. 

 

Motivation 

Of approximately 426 quadrillion Btu of energy consumed by the world in 2003, 

about 98 quadrillion were consumed in the United States.  About 6.6% of U.S. energy 

consumption, or 6.5 quadrillion Btu, were consumed by commercial buildings for a total 

cost of almost $108 billion.  The commercial building energy consumption increases to 

13.7 quadrillion Btu when losses due to the generation, transmission, and distribution of 

the electricity consumed by commercial buildings are included (EIA 2006, EIA 2007). 

With such a massive amount of energy being used in buildings, and with rising 

energy prices and a growing awareness of the potential effects of energy consumption on 

the environment, building owners are increasingly becoming interested in more efficient 

building operation.  One way energy savings may be realized is by retrofitting and  
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Continuous Commissioning® (CC®)1, for which typical savings are 15-25% (Liu et al. 

1997, Turner et al. 1996).  The first step in the CC process—and the focus of this 

research—is a CC Assessment.  CC is described in more detail in Chapter II. 

 

Description of Chapters 

This thesis is comprised of six chapters, references, appendices, and a vita.  

Chapter I introduces the thesis and gives the objectives of and motivation for the 

research. 

A literature review of existing practices and methods for pre-screening 

commercial buildings for potential energy savings is presented in Chapter II.  It is 

divided into sections on Continuous Commissioning, high-level energy audits, and pre-

screening methods.  The first section describes the origin of CC, the CC process, and the 

successes and distinctions of CC.  The remaining sections describe and discuss three 

high-level energy audit methods and ten pre-screening methods grouped into four 

categories.  High-level audit methods presented are the pre-site analysis, the 

information-based audit, and the walk-through assessment.  Pre-screening methods 

include uses of energy consumption regression, expert systems, indices, and simulation. 

Chapter III describes the steps taken to develop the pre-screening methodology.  The 

first step is to determine what to include in the pre-screening analyses.  The second step 

is to develop a methodology that considers the included parameters and characteristics.   

 
____________ 
1 Continuous Commissioning and CC are registered trademarks of the Texas Engineering Experiment 
Station.  To improve readability, the trademark symbol will not always be used. 
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The third and final step is to test the pre-screening methodology on a sample set of 

buildings and evaluate the results.  The first two of these three steps are included in 

Chapter III. 

Chapter IV illustrates the tools used in the pre-screening methodology and also 

the actual procedure to be followed in the performance of the pre-screening.  The three 

steps of the procedure are described in detail, along with the tools used in each step. 

Chapter V presents and discusses the results of applying the pre-screening 

methodology to three buildings.  The results achieved by this methodology are compared 

to the conclusions made through more detailed CC assessments or site observations.  

Similarities and differences are noted and discussed. 

 A summary of the research performed and conclusions comprise Chapter VI.  

This is followed by references and a vita. 
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CHAPTER II 

LITERATURE REVIEW 

 

Introduction 

Previous work applicable to this research deals with Continuous Commissioning, 

high-level audits, and pre-screening methods.  A description of CC, its successes, and its 

distinctions from typical commissioning and energy audit methods are presented here.  

Three high-level audit methods and ten pre-screening methods grouped into four 

categories are examined here, and their relevance and limitations are described.  The 

high-level audit methods noted are the pre-site analysis, the information-based audit, and 

the walk-through assessment; pre-screening methods include uses of energy 

consumption regression, expert systems, indices, and simulation.   

Energy audits, which generally result in retrofit recommendations, fall into one 

of three categories of increasing complexity:  the walk-through assessment, the energy 

survey and analysis, and the detailed analysis of capital-intensive modifications 

(ASHRAE 2003, Mazzucchi 1992).  The level of audit performed would depend upon 

the degree of accuracy desired and the resources of the building owner.  Only the walk-

through assessment, requiring the least amount of time and effort, may be considered to 

be high-level; the other two are not applicable to this research.   

Though several pre-screening methods exist to determine the viability of saving 

energy in a building and even the potential measures to produce those savings, the only 

one identified in this review capable of doing so without comparison with other 
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buildings was developed by Baltazar-Cervantes (2006).  But this method, described in 

detail below, was found to overestimate potential savings by as much as seven times 

those expected based on a full audit.   

 

Continuous Commissioning 

Continuous Commissioning was developed in the mid-1990’s.  It began by using 

long-term hourly measurements along with site visits and an engineering analysis to 

determine if buildings that had already been retrofitted were operating efficiently.  This 

method contrasted with the prevailing method of identifying operation and maintenance 

(O&M) improvements by a walk-through assessment in the energy audit process (Liu et 

al. 1994b).  CC was then applied to buildings that had not been previously retrofitted and 

has evolved into a “comprehensive ongoing process to resolve operating problems, 

improve comfort, optimize energy use and identify retrofits for existing commercial and 

institutional buildings and central plant facilities” (Claridge et al. 2000, Liu et al. 2002).  

It is different from typical commissioning as described in ASHRAE Guideline 1-1996 

because its aim is optimizing a building for its current usage and needs rather than 

commissioning to its original design intent, and CC should be done on a continuing basis 

(ASHRAE 1996, Claridge et al. 2000, Verdict 2006).  

The CC process is divided into two phases.  The first phase consists of two steps:  

(1) identify buildings or facilities and (2) perform CC assessment and develop project 

scope.  The second phase includes six steps:  (1) develop the CC plan and form the 

project team, (2) develop performance baselines, (3) conduct system measurements and 
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develop CC measures, (4) implement CC measures, (5) document comfort 

improvements and energy savings, and (6) keep the commissioning continuous.  The 

first phase is the focus of the proposed research.  It is after this phase that a contract is 

signed based on estimated energy savings from preliminary CC measures and the 

estimated cost of carrying out these measures (Liu et al. 2002, Liu et al. 2003). 

Continuous Commissioning has proven to be very successful in both retrofitted 

and unretrofitted buildings.  Numerous case studies, including those presented by 

Claridge et al. (1994, 1996), Liu et al. (1994a, 1994b), and Wei et al. (2001) show that 

CC savings average about 20% of the total building energy cost on top of retrofit 

savings; CC was often found to provide as much or more savings than retrofits (Turner 

et al. 1996).  Typical savings of 25% of the total energy cost were achieved by using 

existing HVAC and control systems in buildings (Liu et al. 1997).  A ten-year 

implementation of CC on the Texas A&M University campus yielded $35 million in 

measured savings at a cost of $7 million (Deng et al. 2006).  With little or no capital 

investment required, CC yields a high rate of return with paybacks typically under two 

years (compared to, for example, two to five years for a lighting retrofit) at a cost of 

$0.25 to $0.50 per square foot of conditioned space.  For this reason, CC can lower the 

total project payback for an energy improvement project involving retrofit and CC 

measures (Verdict 2006).   

CC should be performed prior to a retrofit so that the retrofit’s true cost 

effectiveness may be determined with an improved energy consumption baseline 

developed in the CC process.  In some cases, CC may even preclude a retrofit by making 
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it either unnecessary or cost-ineffective (Turner et al. 1996).  For these reasons, the 

current research was targeted specifically for use in CC. 

 

High-Level Energy Audits 

Hoshide (1995) breaks down an effective energy audit into pre-site work, the on-

site energy audit, and post-site work.  He specifies a rather detailed list of information 

that should be gathered prior to visiting a building:  (1) previous energy audit 

information, (2) design standards and codes, (3) design and as-built drawings of energy-

using systems, (4) equipment documentation and operating schedules, (5) plug load 

equipment, (6) occupancy schedules, (7) O&M documentation, (8) future building plans, 

and (9) twelve months of utility data with rate schedules.  Based on the type of building, 

the energy use intensity (EUI—total energy use divided by gross floor area), and the 

expertise of the auditor, an initial energy conservation measure (ECM) and O&M list 

would be developed.  This pre-site work is similar to a pre-screening in that both are 

designed to be preliminary assessments with more detailed analysis to follow.  The pre-

screening methodology presented in this thesis, however, would require much less 

information and documentation—only total building conditioned floor area and item (9) 

above, along with corresponding historical weather data. 

The success of a walk-through assessment similarly depends upon the expertise 

of the auditor.  Upon analyzing energy bills and briefly examining the building, the 

auditor may determine how much energy may be saved and at what cost.  Also, potential 



 9

capital improvements may be identified (ASHRAE 2003).  The pre-screening 

methodology presented here does not require auditor expertise or a site visit.   

The information-based audit, which is an evaluation of information gathered 

remotely, may or may not lead to further analysis and results in general 

recommendations without much detail (Landman 1998).  Unlike this type of audit, the 

pre-screening methodology presented here is designed to aid in the identification of 

more building-specific potential energy savings opportunities to be further investigated. 

 

Pre-Screening Methods 

Energy consumption regression 

 The PRInceton Scorekeeping Method (PRISM) model was first 

developed by Fels (1986) to measure energy performance changes of residential 

buildings.  Reynolds et al. (1990) define a pre-screening methodology that uses PRISM 

models to find energy-efficiency opportunities in small commercial buildings.  In this 

methodology, three models—PRISM CO (Cooling Only), PRISM HO (Heating Only), 

and PRISM HC (Heating and Cooling)—are applied to monthly energy consumption 

data of small commercial buildings.   

The models essentially analyze energy consumption plotted against outside air 

temperature and perform a three-parameter change-point regression.  A “good” fit of the 

PRISM CO, PRISM HO, or PRISM HC model indicates whether the modeled energy 

source is primarily used for cooling, heating, or heating and cooling, respectively.  The 

PRISM CO model assumes a three-parameter change-point profile when energy 
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consumption is plotted against outside air temperature in which the energy consumption 

is weather-independent (relatively flat) below a “reference temperature” and is linear 

with a positive slope above the reference temperature.  The reverse is true for the PRISM 

HO model, and a combination of these is true for the PRISM HC model.  A poor fit by 

all three PRISM models indicates either erroneous data, which may be “fixed” manually 

based on pattern recognition, or weather-independent consumption.  (Reynolds et al. 

1990) 

The usefulness of these models as a pre-screening method lies in the matching of 

energy sources to major end uses—cooling, heating, or weather-independent base load.  

The relative size of each end use may then be determined, but any conclusions about the 

potential savings must be made based solely upon other analyses, a site visit, and the 

expertise of the auditor.  Another weakness of this method is that it may not be able to 

distinguish heating and cooling from process loads—defined in this thesis as energy 

consumption that does not contribute to building heating or cooling needs.  Also, this 

method’s inability to account for simultaneous heating and cooling leads to inflated base 

loads and diminished heating and cooling estimates.  

 

Expert system 

 There have been at least two attempts at developing a pre-screening expert 

system to simulate expert energy auditors’ decision-making process.  Gatton et al. 

(1995) developed a three-phase system.  The first phase compares the building’s annual 

energy cost index (ECI—total energy cost divided by gross floor area) with a 
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comparative value that depends on building systems operating hours, the number of 

months per year that the building is occupied, and the building location’s climate.  If the 

building has relatively high energy use, it warrants further investigation in phase two, 

which asks the user questions applicable to a selected energy system.  Phase two’s 

interactive decision tree is based upon a knowledge base extracted from interviews with 

energy engineering experts.  The experts reviewed and refined the decision tree’s rules 

and conclusions by noting incorrect conclusions, conclusions made with insufficient 

supportive evidence, missing rules, and areas needing more in-depth analysis.  Phase two 

results in a list of potential retrofit measures recommended for cost/benefit analysis in 

phase three. 

 A limitation of this method is that the expert system considers only retrofits for 

potential energy savings rather than operational and control changes.  Another 

shortcoming is that phase one uses degree days to represent the building location’s 

climate rather than actual weather data for the time period during which energy 

consumption was measured.  Also, the first phase uses only one index—the ECI—to 

make a judgment on the building’s candidacy for energy savings. 

 The second expert system, the Building Energy Auditing Management Expert 

System (BEAMES), was built for residential buildings in Europe.  It includes a pre-audit 

phase and a guide for measurement techniques, audit procedures, and analysis 

techniques.  The pre-audit phase uses an unspecified “small amount of information” 

about the building that can be gathered by non-technical people to develop initial 

conclusions about the complexity and cost of a full audit and to provide a list of potential 
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ECMs.  BEAMES essentially uses statistics and a neural network pattern associator to 

compare the building being audited to similar buildings in a sample building set and then 

suggest similar ECMs.  The neural network contains neuron-like processing elements, 

called units, that interact with each other via weighted connections.  Each unit has 

inputs, either information from the user or outputted conclusions from other units, that 

are weighted in importance for use in that unit’s process.  The system can be “trained” 

by inputting previously audited building data and the corresponding output so that it 

produces similar conclusions the next time it analyzes similar input (Caudana et al. 

1995).   

Besides the fact that BEAMES is for residential buildings, there is a fundamental 

difference in this method and the one presented in this thesis.  Because the BEAMES 

knowledge base is a sample set of buildings, its conclusions are only correct if the 

conclusions about the sample set of buildings are correct.  The proposed research, 

however, will function as a stand-alone analysis (not requiring data from other 

buildings).  This means that incorrect conclusions and limited success in previously 

audited buildings need not be perpetuated in future analyses via an expert system coming 

to the same incorrect conclusions as before. 

 

Indices 

 Indices that can be derived from basic building and energy use data may be used 

as normalizing factors to compare building energy performance and thereby determine a 

building’s potential for energy savings.  A general approach is to use annual EUI and 
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ECI (ASHRAE 2007).  Care must be taken when benchmarking a building’s EUI to that 

of a set of buildings, however.  In one study of office buildings, Sharp (1996) found that 

average and median EUIs for each of the nine U.S. regional census divisions in the 1992 

Commercial Buildings Energy Consumption Survey (CBECS) database were not reliable 

comparators for localized EUIs.  He posited that a better assessment of a building’s 

energy performance can be obtained by a comparing its EUI to an EUI predictive model 

that accounts for the CBECS variables he statistically determined to be the most 

significant determinants of EUI (other than floor area)—number of workers, number of 

computers, owner-occupancy, operating hours, and the presence of an economizer or 

chiller.  Sharp later performed a statistical analysis on EUI determinants and developed 

an EUI predictive model for public schools (Sharp 1998). 

Gardiner et al. (1984) compiled a database of the energy savings and cost-

effectiveness of conservation projects in 311 commercial buildings to provide a 

reference for predictions of energy savings and cost in future projects.  EUI was used to 

record pre- and post-retrofit energy performance.  The cost-effectiveness was recorded 

with indices such as project cost per square foot, project cost per unit energy saved, and 

simple payback times. 

Haberl and Komor (1990a) discussed the utility of annual and monthly indices as 

pre-screening indicators that could direct auditors to problems during the site visit.  

Indices examined include EUI and ECI, peak electric demand per square foot, monthly 

electric load factors (ELF—electric use for a period [kWh] divided by the product of the 

peak electric demand in the period [kW] times the time in the period [h]), monthly 
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occupancy load factors (OLF—occupied hours divided by total hours in a period), 

PRISM analysis results, and an index that evaluates electricity usage during unoccupied 

periods.  EUI and ECI are used as benchmarking indices to be compared to a database.  

Comparison of the ELF and the OLF yields information about electricity usage during 

unoccupied periods.  For example, if the ELF is greater than the OLF, the building is 

likely to be consuming electricity while unoccupied.  The PRISM analysis yields three 

parameters—the base load, the reference temperature, and the slope of the consumption 

above the reference temperature—that make up the normalized annual consumption 

(NAC) index.  These values can indicate the portion of energy used for heating or 

cooling versus weather-independent base loads. 

Haberl and Komor (1990b) also considered what indications may be gleaned 

from daily and hourly indices.  The power level (electric demand per square foot) was 

considered during occupied and unoccupied periods.  Cooling-related power level 

(obtained by determining base loads with a PRISM analysis) was compared with 

recommended lighting power for particular building types.  Daily maximum and 

minimum temperatures were recorded to determine if thermostatic control was set 

correctly and if setbacks were being implemented during unoccupied periods.  Load 

shapes were also examined and conclusions were formed based on the experience of the 

auditor.  They concluded that commercial building energy audits should be multi-level 

analyses that allow the auditor to interact with the process rather than prescriptive, fill-

in-the-blank assessments. 
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Landman (1998) used existing indices, such as EUI, ELF, and OLF, and 

developed new indices to improve initial energy analysis of K-12 public schools for the 

purpose of determining potential energy savings.  Benchmarking with other buildings 

and comparison of different indices for the same building to each other provide 

information about the building’s energy performance compared to other buildings and 

the building’s operational changes by occupancy schedule.  He found that schools are 

better modeled by separating data into unoccupied summer months and occupied school-

year months. 

Sharp’s (1996) conclusions support the self-containment approach of the pre-

screening methodology presented in this thesis that does not fundamentally require 

benchmarking against buildings that may be too dissimilar for valuable comparison.  

Haberl and Komor’s (1990b) conclusions support the pre-screening methodology in that 

its results are to be an aid for a more in-depth analysis to be conducted by engineers with 

expertise.  It should be noted that the proposed pre-screening methodology is designed to 

provide engineers with useful information for future analysis, not replace the need for 

knowledgeable engineers. 

 

Simulation 

 Zhu (2005) developed a novel methodology to pre-screen commercial buildings 

for potential energy savings based on comparing a building’s energy consumption to that 

of a simulated typical building of the same size with the most efficient heating, 
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ventilation, and air conditioning (HVAC) system.  It is designed to require only utility 

bills, building total floor area, and weather data.   

The first step in the four-step process is testing the utility bills to determine if 

they include both weather-dependent and weather-independent loads.  If both load types 

are present, the second step separates the two based on thermal balance.  In the third 

step, a fuzzy logic application uses the weather-dependent loads to identify the main 

type of HVAC system in the building.  Testing this step on 40 buildings resulted in 18 

correctly identified HVAC systems.  The method considered eight HVAC system types 

and assumed that the whole buildings used the same type of system, so understandably 

buildings that contain more than one HVAC system are not well-suited for this analysis.  

The fourth step estimates potential energy savings and then recommends further analysis 

via an energy audit if appropriate. 

The most significant difference between Zhu’s methodology and the one 

presented here is that the former makes many assumptions based on what is “typical” for 

commercial buildings in the 1999 CBECS (EIA 2002).  Assumed parameters include the 

number of floors based on rough estimations of averages for reported groups (e.g., 15 as 

the average number of floors for buildings reporting “ten or more” floors), occupancy 

concentration, outside air flow rate, window-to-wall ratio, and heat transfer coefficients 

for walls, windows, and roofs (Zhu 2005).  Atypical buildings, especially those with 

more than one HVAC system, consequently do not perform well with this method. 

 Baltazar-Cervantes (2006) developed a rigorous pre-screening 

methodology that involves automatically calibrating a detailed model of a building and 
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then conducting a multi-level, exhaustive optimization process that finds the lowest-cost 

HVAC operation for a range of weather bins.  The purpose was to determine potential 

energy savings by comparing actual energy use with optimized energy use.  Energy 

savings predicted by this method were an average of 4.9 times the audit-expected 

savings and 3.3 times the measured savings in three of four test buildings (Baltazar and 

Claridge 2007, Baltazar-Cervantes 2006). 

 

Summary 

In conclusion, several methods exist to provide high-level information for the 

purpose of determining potential energy savings in buildings.  Existing methods require 

various amounts of input information and use different approaches in generating 

conclusions about a building’s energy performance.  There remains a need for a pre-

screening methodology that uses easily obtained information and does not fundamentally 

depend upon comparison to other buildings or the expertise of the user. 
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CHAPTER III 

DEVELOPMENT OF THE PRE-SCREENING METHODOLOGY 

 

Introduction 

To accomplish the objectives of this research, a procedure to be applied to 

building energy consumption data for use in the Continuous Commissioning process 

must be defined.  The results of the procedure are then to serve as aids in future analysis 

of the building.  In this chapter, the development of the pre-screening methodology and a 

description of its procedure are presented. 

 Developing the pre-screening methodology consisted of three main steps:  (1) 

determine the set of parameters, indices, or attributes to consider that would be useful in 

further analysis; (2) develop a pre-screening procedure that considers these items and 

tools with which to perform the procedure; and (3) apply procedure to a sample set of 

buildings and evaluate results.  Many iterations of these steps were performed as the pre-

screening methodology was evaluated and refined to its current state.   

The first of these three steps is described in the next section.  The energy balance 

method used in developing a pre-screening procedure is then explained in detail in the 

following section of this chapter.  A chapter summary concludes this chapter.  The actual 

procedure itself and the tools with which to perform the procedure are covered in 

Chapter IV, while the results of applying this procedure to a sample set of buildings are 

discussed in Chapter V. 
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Parameters to be Determined 

  Many parameters would be useful in further analysis in the CC process, but 

most require site visits in order to obtain them.  Two very important parameters that 

normally require a set of plans and/or a site visit to obtain are a building’s overall heat 

transfer coefficient, �����, and the outside air ventilation flow rate, ����.    This thesis 

develops a method for determining the total heat transfer coefficient of a building in 

combination with the outside air ventilation flow rate, ����� � �cp����, using only 

limited measured energy consumption data. 

 

Development of Energy Balance Approach 

The goal of the pre-screening procedure is to provide the information outlined 

above using limited information about the building.  To accomplish this, a mathematical 

model of a building was built that equates relatively easily obtained energy consumption 

data with loads calculated to require the measured energy consumption.  The model used 

for this pre-screening methodology is based upon the first law of thermodynamics, also 

known as the conservation of energy principle, which states that the net change in energy 

of a system during a process is equal to the difference between the total energy entering 

and the total energy leaving a system during that process (Cengel 2007).  This may be 

stated mathematically as 

��� � ���� � �������� (1)

where 
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 ��� � total energy entering the system, 

 ���� � total energy leaving the system, and 

 ������� � change in total energy of the system. 

For this thesis, a building is considered to be an open system in a steady state condition, 

where there is no change in energy for the time increment under consideration.  To 

utilize this simplified model, several assumptions are made that hold true for each 

increment of time under consideration: 

1) Room temperature may be modeled as a constant average value. 

2) Heat added or removed may be considered to be added or removed at a 

constant average rate. 

3) Mass flow rate into and out of the building may be modeled with a constant 

average flow rate. 

4) Outside air temperature and relative humidity may be modeled with constant 

average values. 

Since the building model is in steady state, the first law of thermodynamics 

requires that 

��� � ���� � �� (2)

Energy may be transferred by heat, mass, or work.  There is no work done on a building 

or by the building, but there are several sources of energy transfer by heat and mass 

flow.  Heat transfer sources include heating and cooling return air through HVAC 

equipment, gains from electric lights and equipment, gains or losses by conduction 

through the building envelope, gains from occupants, and solar gains through both 
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windows and walls.  Mass transfer occurs through outside air ventilation and infiltration 

(assumed to be part of the ventilation in this model).  Combining these energy transfer 

methods, the system may be expressed as 

�� � �� � ������ ��� � � ��� � ���! � ���� � ����� ���� �� (3)

where  

 �� � heating energy provided by HVAC equipment, 

 �� � cooling energy provided by HVAC equipment, 

 � � fraction of whole-building electricity that turns to heat inside the 

building envelope, 

 ���� � whole-building electricity use, 

 ���  � energy transfer by conduction through building envelope, 

 � ��� � energy transfer through outside air ventilation, 

 ���! � energy transfer through infiltration, 

 ���� � sensible energy gain from occupants, 

 ���� � solar energy gain through windows,  

 ��� � solar energy gain through opaque surfaces. 

If infiltration loads are assumed to be nonexistent or part of the ventilation load, 

the infiltration term is eliminated from Equation (3).  Because gain due to occupants is 

generally difficult to calculate with the limited building information available at the pre-

screening stage and because it is a small portion of the overall HVAC load, it is 

eliminated.  The relatively small impact of solar gains on the overall HVAC load and the 

time, effort, and amount of building information required to calculate them also warrant 
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exclusion from Equation (3).  Performing the Simplified Energy Analysis Procedure 

(ASHRAE 1984) on two buildings to compute the occupancy and solar gains showed 

that the combined effect of these loads accounted for less than 5% of the building’s 

entire load.  Excluding these loads from Equation (3) results in 

�� � �� � ������ ��� � � ��� � �� (4)

These exclusions are warranted by the simple fact that their inclusion would be beyond 

the scope and objectives of this pre-screening methodology because of the time, effort, 

and information required to compute them. 

 Rearranging Equation (4) to group terms that can be easily measured on the left 

side and terms that are not readily available on the right side results in 

�� � �� � ����� � ���� � � ���� (5)

Substituting 

��� � �����"#�� � #$% (6)

� ��� � &�'(����"#�� � #$% (7)

into Equation (5) yields 

�� � �� � ����� � )����� � �'(����*"#$ � #��%� (8)

where 

 ����� � building overall heat transfer coefficient, 

 � � density of air, 

 '( � specific heat of air at constant pressure, 

 ���� � outside air flow rate, 
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 #$ � room temperature, and 

 #�� � outside air temperature. 

 The energy balance so far has included only sensible energy, but there also exists 

a balance of latent energy given by 

������� � +� ������� � ��������,- � �� (9)

where 

 ������ � latent cooling energy provided by HVAC equipment, 

 � ������� � latent cooling load due to outside air ventilation, 

 �������� � latent cooling load due to latent heat generated inside building, 

and the plus sign superscript indicates that the bracketed expression is included only if it 

is positive.  This is used because it is assumed that latent energy is only removed by 

HVAC equipment rather than added to, and consequently the HVAC cooling term in 

Equation (9) must be negative or zero.  Substituting 

� ������� � &�.!/����"0�� � 0��% (10)

�������� � "1 � 2��%3����� (11)

into Equation (9) and rearranging produces 

������ � �+�.!/����"0�� � 0��% � "1 � 2��%3���,-� (12)

where 

 .!/ � enthalpy of vaporization of water, 

 0�� � specific humidity ratio of outside air, 

 0�� � maximum specific humidity ratio of air leaving cooling coil. 
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 2�� � 4�564�757� outside air fraction of total air flow rate, �����, and 

 3��� � total latent heat generated inside building (some of which is 

exhausted). 

Adding the latent energy balance, Equation (12), to the sensible energy balance, 

Equation (8), results in a key equation for the pre-screening methodology: 

�� � ������ � ����� � )����� � �'(����*"#$ � #��%&
�+�.!/����"0�� � 0��% � "1 � 2��%3���,- 

(13)

where ������ is the total cooling energy, both sensible and latent, provided by HVAC 

equipment.  An important advantage in using the energy conservation approach 

described here is that it is true for every HVAC system type, and therefore Equation (13) 

is applicable to every building. 

If temperatures are in �F, air flow rates are in '�8, and heating and cooling are in 

9:;<.=, the products �'( and �.!/ may be simplified by assuming constant properties 

over expected temperature ranges:  

�'( � "���>?&@A<�:B% C��DE& 9:;@A F GH "I�&8JK<.=% � 1��L& 9:;<.='�8 F G (14)

�.!/ � "���>?&@A<�:B% C1�>?& 9:;@A H "I�&8JK<.=% M ELE�& 9:;<.='�8 � (15)

These products will be written as simply 1.08 and 4840 for the remainder of this thesis. 

Equation (13) contains four terms on the left-hand side, three of which are easily 

obtained, and the fourth, �, can be assumed to be 0.9.  If an unknown portion of the 

electricity is used to power chillers, Zhu (2005) presents a methodology to disaggregate 
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the cooling usage from the rest of the electricity.  This disaggregation of cooling load 

from electricity is beyond the scope of this research, and henceforward it is assumed that 

cooling is either known or calculable.  Beside the products �'( and �.!/, the right-hand 

side of Equation (13) contains two easily obtained terms, #�� and 0��, and six 

unknowns:  �����, ����, #$, 0��, 2��, and 3���.  The values of 0�� and 3��� may be 

estimated as typical values of 0.009 and ��?�N &9:;<.=, respectively, where �N is the 

total conditioned floor area (assuming 5 people per 1,000 ft2 and 105 9:;<"OP=QRK F .=% 
of latent heat) (ASHRAE 2001). 

 
Summary 

In this chapter, the first step in the development of a pre-screening 

methodology—determining useful parameters—is discussed.  Also presented is the 

theory behind the use of energy balance as the basis for the pre-screening procedure.  

The actual procedure itself and the tools with which to perform the procedure are 

covered in the next chapter, and the results of applying this procedure to a sample set of 

buildings are discussed in Chapter V. 
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CHAPTER IV 

DESCRIPTION OF THE PRE-SCREENING METHODOLOGY 

 

Introduction 

The application of the pre-screening methodology presented in this thesis 

involves obtaining and inserting the data, performing the analysis, and interpreting the 

results.  The chapter begins with a general description of the pre-screening methodology, 

including its key goals and the tools developed for applying this methodology.  The 

chapter then details the actual procedure to be performed by the user.  Precautions for 

preventing incorrect calculations are included next, followed by a chapter summary. 

 

General Description 

In order to find the combined ����� � �cp���� value, a process is defined to 

graphically “calibrate” the energy balance model of the building given by Equation (13).  

Hereafter, the term energy balance load, or �	
, will be used as defined in Shao (2005): 

�	
 � �� � ������ � ������ (16)

This will be considered the measured energy balance load, �	
�, since it uses the 

measurable variables on the left-hand side of Equation (13).  Designating the right-hand 

side of Equation (13) as the calculated energy balance load, �	
��, the goal becomes to 

equate �	
�� with �	
�.  The process used to accomplish this is described in this section. 

The pre-screening tool was developed in Microsoft® Office Excel to make use of 

its spreadsheet and graphing capabilities.  The pre-screening tool’s Excel user interface 
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consists of one primary input worksheet, or spreadsheet, and five charts.  All of these 

sheets comprise a workbook, and one workbook contains the entire analysis for one 

building.  The input spreadsheet contains all the data and numerical output and the 

energy balance load plot is the primary plot used for this methodology.  The remaining 

four charts—cooling and heating vs. outside air temperature, cooling and heating vs. 

time, electricity vs. time, and electricity vs. outside air temperature—are included for 

reference only as supplemental information.  These plots can serve as stand-alone 

information or as pre-formatted starting points for similar plots.  The series may be 

changed, added, or deleted, or the entire plot may be copied and placed next to the 

original chart sheet.  Examples of these charts are shown in Figure 1 – Figure 4, and the 

input/output of the input spreadsheet is shown in Figure 5. 
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Figure 1 Example of a cooling and heating vs. outside air temperature reference plot. 

 

 

Figure 2 Example of a cooling and heating vs. time reference plot.  
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Figure 3 Example of an electricity vs. time reference plot. 

 

 

Figure 4 Example of an electricity vs. outside air temperature reference plot. 



 

 

Figure 5 Portion of the template input spreadsheet showing the input/output area.  Only the first eight days of data are 
shown.  Also, only 19 of the 50 occupied columns are shown.

30 
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Upon plotting both the measured and calculated �	
s against outside air 

temperature, an inverse parameter identification process may be utilized to determine 

����� � �cp���� and . .  This is accomplished by adjusting the parameters in the 

expression for calculated �	
 until it approximately matches the measured �	
.   

  

Procedure 

The pre-screening methodology procedure involves three steps, outlined here and 

each fully described later in this section: 

(1) Collect and insert data. 

(2) Estimate required building parameters. 

(3) Adjust ����� and ���� until �	
�� and �	
� slopes are approximately the 

same. 

 

Step 1:  Collect and insert data 

As per the objective, the methodology should enable the engineer to glean as 

much knowledge and understanding of the building’s energy performance and savings 

opportunities as possible from reasonably easily obtained information.  This information 

must include whole-building electricity, heating energy, cooling energy (if separate from 

electricity), and weather data for the building’s location.  Ideally, a full year of data 

should be collected, but the methodology works for any length of time. 

The electricity, heating, and cooling may be obtained from utility bills (for 

monthly data), a more detailed (hourly or daily) record of energy consumption available 



 32

from the utility company, a building automation system (BAS) with historical data, or 

installed, calibrated meters with data loggers.  Approximate floor area may be obtained 

from the building owner or maintenance staff.  Weather data (temperature and relative 

humidity or wet-bulb temperature) may be obtained from the National Oceanic and 

Atmospheric Administration’s National Climatic Data Center (NCDC 2008). 

This methodology works with any time period for which data is available—

hourly, daily, monthly, or any other longer or shorter time period.  The shorter the time 

period is, however, the more accurate the results will be because of the smaller effect the 

simplifying assumptions have on the analysis.  For example, if monthly data is used, all 

temperatures and air flow rates are assumed to be constant for a month; in reality, most 

or all of these parameters vary throughout the month.  The same is true for days and 

even hours, but the changes in shorter time periods are smaller than those for longer time 

periods.  There is a small penalty in calculation times on personal computers for using 

shorter time periods, with complete analysis calculation times increasing from less than 

one second to about ten seconds to about twenty minutes for monthly, daily, and hourly 

data, respectively.   

Following the objectives of this research, namely that this methodology should 

reduce the overall time required for a Continuous Commissioning Assessment, using 

hourly data in the primary analysis is not practical.  If daily data are not available, 

monthly data works as well, with the same equations and the same steps still applying. 

The energy consumption and weather data are inserted into the first six columns 

of the input spreadsheet under the appropriate headings.  The data must be inputted in 
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the specified units or miscalculations will occur.  A portion of this spreadsheet is shown 

in Figure 6. 

 

 

 

Figure 6 Portion of the input spreadsheet.  Energy consumption and weather data are 
entered in the columns whose headings are outlined in red. 

 

Step 2:  Estimate required building parameters 

 The key variables to be determined—&����� and ����, , and —must have initial 

estimates in order to run the calculations on the right-hand side of Equation (13).  The 

accuracy of the initial estimates does not affect the final estimates, only the time it takes 

to reach them.  The value of ����� depends upon the size and geometry of the building, 

as well as the materials used in the envelope, and as such can vary widely, but 10,000 
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9:; ".= F G%S  was found to be a suitable starting point for the sample set of buildings 

used for this research.  The outside air ventilation flow rate, ����, can be estimated as 

��1�N cfm, assuming 5 people per 1,000 ft2 and 20 cfm per person, as per ASHRAE 

Standard 62-2001 (ASHRAE 2001). 

 

Step 3:  Adjust ����� and ���� until �	
�� and �	
� slopes are approximately the same 

As the expression for calculated sensible energy balance load, given by 

�	
�������� )����� � 1��L����*"#$ � #��%� (17)

shows, the slope of the line is �)����� � 1��L����*.  Fitting the measured sensible 

energy balance load with a linear trendline yields a certain slope 8 in the equation 

�	
������� 8#�� � A� (18)

where A is the intercept of the line, �	
������ is in MMBtu/day, and #�� is in �F (and so 

8 has the same units as the slopes in the equations displayed in plots).  The slopes of 

calculated and measured sensible �	
s are shown in the �	
 plot in colors coded to the 

data points and the legend—light blue for �	
������ and light green for �	
�������.  The 

primary metric for determining how well �	
�� and �	
� match is the root mean square 

error (RMSE).  The RMSE is calculated by the following equation: 

TUV� � WX )�	
��� � �	
��*Y��Z[ K � (19)

Other metrics used are the mean bias error (MBE), given by 
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U9� � X )�	
��� � �	
��*��Z[ K � (20)

and a modified root mean square percentage error (mRMSPE), given by 

8TUV\� � ]X C^ _`a�bcd_`a�ec_`a�e�e6fd_`a�e�ecg ^ h 1��HY��Z[ K � (21)

The mRMSPE is a modification of the RMSPE, given in Hyndman and Koehler (2005) 

as 

TUV\� � i8PjK"O�Y%� (22)

where

O� � 1�� P�k� � (23)

P� is the difference between measured and calculated values, k� is the measured value, 

and : is the index of the value number.  The RMSPE is modified because the measured 

energy balance load can be negative as well as positive, and values close to zero would 

artificially raise the error rather than provide a sense of scale.  The total range is 

therefore used instead of the measured value.

At this point in the process, the error expressions may be referenced by the user 

in order to reduce the residual between �	
�� and �	
�, shown in pink in , as much as 

possible.  The objective is to minimize the RMSE; Step 6 may need to be revisited in 

order to do so.  The RMSE takes into account the scatter in the data, but does not 

indicate which way the estimated, or calculated, value is biased in relation to the 

measured value.  The MBE, given by Equation (20), is the average difference between 
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calculated and measured values, and it does indicate if the calculated values are, on 

average, higher or lower than measured values.  The MBE should be as close to zero as 

possible.  A positive MBE means that calculated values are too high; a negative MBE 

indicates calculated values are, on average, lower than measured values.  The modified 

RMSPE is similar to the RMSE except that the former expresses the error as a 

percentage of the maximum range of measured �	
s.  This makes error comparison 

between buildings practical, whereas RMSE comparison between buildings with energy 

consumption magnitudes on different scales is meaningless. 

 

Summary 

 This chapter presented the tools used in the application of the pre-screening 

methodology introduced in this thesis, as well as the application procedure.  The next 

chapter, Chapter V, presents the results of performing this procedure on a sample set of 

buildings.  
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CHAPTER V 

RESULTS AND DISCUSSION 

 

Introduction 

The pre-screening methodology presented in this thesis was applied to three 

buildings on the Texas A&M University campus in College Station, TX.  The results and 

conclusions of these analyses are presented in this chapter. 

The buildings include Duncan Dining Hall, a large dining facility with a 

commercial kitchen; Sanders Corps of Cadets Center, a small museum and office 

building; and the Veterinary Medicine Large Animal Hospital, a two-story building with 

animal medical care facilities, offices, and classrooms.  Each building had been 

previously assessed as part of the Continuous Commissioning process, and basic 

information about the buildings and their HVAC system operation before CC was 

recorded.  The conclusions reached through the pre-screening methodology were 

examined in light of observations and conclusions made by CC engineers to see if they 

were the same.  Observations are discussed in this chapter.  Daily energy consumption 

and historical weather data over various lengths of time before CC were used for all 

buildings.   

 

Duncan Dining Hall 

Duncan Dining Hall is a student dining facility on Texas A&M University’s 

campus that consists of dining and food preparation areas, a bakery, and offices.  It has a 
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main floor, a basement, and a mezzanine floor.  The total floor area is approximately 

128,482 and the building’s AHUs are single-duct constant volume (ESL 2008a).  The 

pre-screening procedure defined in Chapter IV was performed on daily Duncan Dining 

Hall data from September 1, 2006 through June 30, 2007.   

 The energy balance load plot with minimized RMSE is shown in Figure 7.  The 

RMSE was about 3.9 MMBtu, and the modified RMSPE was 5.7%.  The MBE was less 

than 0.06 MMBtu, and the residual, shown in pink in Figure 7, is centered about 

approximately the horizontal axis as a result. 

 

 

Figure 7  lmn plot for Duncan Dining Hall with minimized RMSE. 
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 Another important observation can be made from the electricity vs. time 

reference plot, shown in Figure 8.  The pattern in electricity consumption can give an 

idea of the building’s occupancy patterns if it has not yet been established or if that 

information was not provided by building owners.  The pattern for Duncan Dining Hall 

is clear for the fall and spring semesters:  four consecutive days at peak values, followed 

by a day with a decrease of about one-third the difference between maximum and 

minimum values, followed by two days at minimum values.  These correspond to 

Monday through Thursday, Friday, and the weekend, respectively.  Christmas break, 

spring break, and summer break are also easily identified in the plot.  A reasonable 

conclusion is that occupancy approximately coincides with electricity use; if this was 

found not to be the case, the cause for erratic electricity consumption could be 

investigated as a potential source for energy savings.   
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Figure 8  Electricity vs. time plot for Duncan Dining Hall. 

 

The dining and food preparation was reported to be generally occupied during 

the fall and spring semesters from 6:00 AM until 8:30 PM Monday through Thursday, 

and from 6:00 AM until 2:30 PM on Fridays.  The bakery is in operation from 2:00 AM 

until noon on weekdays (ESL 2008a).  The closure for dinner on Friday corresponds 

with the decreased value of measured electricity noted on Fridays, and the unoccupied 

periods on weekends and breaks correspond to the minimum values.  The peak values 

therefore correspond to Monday through Thursday, days with the longest occupancy 

period.  This partitioning of the electricity data is illustrated in Figure 9. 
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Figure 9  Electricity vs. time plot for Duncan Dining Hall showing the different types of 
days by occupancy. 
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Fridays 

weekdays 
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In conclusion, the pre-screening methodology was able to identify several 

properties of Duncan Dining Hall.  The combined value of ����� � �'(����, was found 

to be about 31,000 9:; ".= F G%S  through the pre-screening methodology.  This value 

was deemed reasonable after site observations.  Also, the occupancy schedule was also 

correctly observed by examining the electricity vs. time plot. 

 

Sanders Corps of Cadets Center 

The Sanders Corps of Cadets Center is a one-story building on Texas A&M 

University’s campus that houses a museum, a small library, offices, and conference and 

reception rooms.  The total floor area is 19,363 ft2 and the building is served by one 

single-duct, variable volume AHU with terminal reheat (ESL 2008b).  Daily data from 

February 26, 2007 through July 21, 2007 was used for the analysis. 

The energy balance load plot with minimized RMSE is shown in Figure 10.  The 

RMSE was 0.56 MMBtu, representing about 6.8% of the maximum measured �	
 

spread.  The MBE was 0.018 MMBtu. 
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Figure 10  lmn plot for Sanders Corps of Cadets Center with minimized RMSE. 

 

The occupancy schedule can be gathered from Figure 11:  generally occupied on 

weekdays and generally unoccupied on weekends.  It was confirmed that the building is 

generally occupied from 8:00 AM until 5:00 PM on weekdays (ESL 2008b). 
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Figure 11  Electricity vs. time plot for Sanders Corps of Cadets Center showing the 
weekday peaks and weekend decreases in electricity use. 

 

In conclusion, the combined value of ����� � �'(����, was found to be about 

5,000 9:; ".= F G%S  through the pre-screening methodology.  Site observations led to 

the conclusion that this value is reasonable for this building.  Secondly, the schedule was 

easily and correctly observed in an automatic already-formatted plot.  Thirdly, the pre-

screening tool’s indications that the fraction of electricity contributing to the building 

load were reinforced by observations made at the building and further information about 

the HVAC equipment.  
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Veterinary Medicine Large Animal Hospital 

The Veterinary Medicine Large Animal Hospital (VMLAH) primarily consists of 

equine medical and surgery wards, equine exam rooms, a food animal complex, an 

intensive care unit, a pharmacy, a radiology section, veterinary classrooms, and offices.  

The total floor area is 140,865 ft2 and the HVAC systems include seven single duct 

variable volume AHUs, four constant volume 100% outside air AHUs, and ten fan coil 

units (ESL 2008c).  Daily data from September 1, 2006 through July 31, 2007 was used 

for the analysis. 

The �	
 plot with minimized RMSE is shown in Figure 12.  The RMSE for this 

data set was 3.8 MMBtu, representing about 3.7% of the maximum measured �	
 range.  

The MBE was 0.11 MMBtu. 

 



 46

 

Figure 12  Energy balance load plot for the Veterinary Medicine Large Animal Hospital 
with minimized RMSE. 

 

An important observation can be made from the electricity vs. time plot, shown 

in Figure 13.  This plot shows that there is very little difference—about 7%—between 

weekday electricity use and weekend electricity use.  This means that either the building 

is being occupied approximately the same amount every day or that most or all HVAC 

equipment and plug loads remain in use all the time despite dips in occupancy levels.  If 

the latter were later proven to be true, energy could be saved by implementing night 

and/or weekend setbacks.  In this case, all areas of the building were reported to be open 

all day, every day (ESL 2008c). 
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Figure 13  Electricity vs. time plot for the Veterinary Medicine Large Animal Hospital. 

 

In conclusion, this tool estimated the combined value of ����� � �'(���� to be 

about 54,000 9:; ".= F G%S  through the pre-screening methodology.  Site observations 

confirmed this value to be reasonable.  Secondly, a change in operation was easily and 

successfully identified, since the analysis of each data set resulted in lower errors than 

that of the combined data set. 
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Summary 

 The three case studies presented in this chapter illustrate the utility of the pre-

screening methodology developed through this research.  The Excel-based pre-screening 

tool was able to effectively produce reasonable estimates for the combined value of 

����� � �'(����. 

 In addition to the correct identification of specific parameters, the ready-made 

approach with pre-formatted plots made the process of examining the data much faster 

and easier than starting from scratch with a spreadsheet of data. 

 

Table 1  Summary of errors for the three case studies. 

 
Duncan Dining 

Hall 

Sanders Corps 
of Cadets 

Center 

VMLAH 
(data after 
11/22/06) Average 

EBL RMSE 
(MMBtu) 3.9 0.56 3.9 2.8 

EBL MBE 
(MMBtu) 0.058 0.018 0.23 0.10 

EBL modified 
RMSPE (%) 5.7% 6.9% 3.7% 5.4% 

 

 The errors for the energy balance load, cooling, and heating for all three 

buildings are summarized in Table 1.  As can be seen in the table, the energy balance 

load RMSE percentages were consistently close to the average of 5.4%.   
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CHAPTER VI 

SUMMARY 

 

In this thesis, a pre-screening methodology to aid in determining potential energy 

savings in commercial buildings was developed, presented, applied to case study 

buildings, and discussed.  First, the objectives and motivation for this research were 

stated in Chapter I, followed by a review of the wide range of existing pre-screening 

methods in Chapter II.  Merits and limitations of existing methods were discussed as 

applicable to the present research. 

The steps taken to develop the pre-screening methodology and accompanying 

Excel-based tool were then detailed in Chapter III.  The use of the energy balance 

method as the basis for the pre-screening methodology was presented. 

In Chapter IV, the pre-screening methodology and the tool used to perform the 

pre-screening were then described in full.  The three step procedure was outlined and 

explained step-by-step. 

In Chapter V, three buildings on Texas A&M University’s College Station, TX 

campus served as case studies in the application of the pre-screening methodology.  The 

three buildings were different from each other in many ways:  one was a small museum 

and office building, one a large dining facility with a commercial kitchen, and one a 

large veterinary medicine hospital with offices and classrooms as well.  The results from 

the pre-screening were presented, explained, and summarized for each building and then 

all three.   
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The pre-screening methodology developed and presented in this thesis was able 

to accomplish its objectives.  First, it was self-contained, in that it required no 

comparison to other buildings or sample sets to provide useful information.  Secondly, 

estimates of the combined value of ����� � �'(���� were found to be reasonable after 

site observations.  Third, the methodology provides numerous shortcuts and tools via the 

use of already-formatted tables, plots, and input and output cells.  And finally, the pre-

screening methodology has been proven to have the potential to provide useful 

information that can reduce analysis time and consequently reduce the expense of a 

Continuous Commissioning assessment.  



 51

REFERENCES 

 

ASHRAE. 1984. ASHRAE Handbook:  Fundamentals. Atlanta, GA: American Society 
of Heating, Refrigerating and Air-Conditioning Engineers, Inc. 

ASHRAE. 1996. ASHRAE Guideline 1-1996, HVAC&R Technical Requirements for the 
Commissioning Process. Atlanta, GA: American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Inc. 

ASHRAE. 2001. ANSI/ASHRAE Standard 62-2001, Ventilation for Acceptable Indoor 
Air Quality. Atlanta, GA: American Society of Heating, Refrigerating and Air-
Conditioning Engineers, Inc. 

ASHRAE. 2003. Energy Use and Management. Chap. 35 in 2003 ASHRAE Handbook--
HVAC Applications, SI Edition, 35.1-19. Atlanta, GA: American Society of Heating, 
Refrigerating and Air-Conditioning Engineers, Inc. 

ASHRAE. 2004. ANSI/ASHRAE Standard 55-2004, Thermal Environmental Conditions 
for Human Occupancy. Atlanta, GA: American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Inc. 

ASHRAE. 2007. ANSI/ASHRAE Standard 105-2007, Standard Methods of Measuring, 
Expressing and Comparing Building Energy Performance. Atlanta, GA: American 
Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc. 

Baltazar, J.C., and D.E. Claridge. 2007. Methodology for the Determination of Potential 
Energy Savings in Commercial Buildings. Proceedings of the 7th International 
Conference for Enhanced Building Operations. San Francisco, CA. Available at 
http://hdl.handle.net/1969.1/6209. 

Baltazar-Cervantes, J.C. 2006. Development of an Automated Methodology for 
Calibration of Simplified Air-Side HVAC System Models and Estimation of Potential 
Savings from Retrofit/Commissioning Measures. PhD dissertation, Mechanical 
Engineering Department, Texas A&M University, College Station, TX. 

Caudana, B., F. Conti, G. Helcke, and R. Pagani. 1995. A Prototype Expert System for 
Large Scale Energy Auditing in Buildings. Pattern Recognition 28(10):1467-75. 

Cengel, Yunus A. 2007. Heat and Mass Transfer: A Practical Approach. 3rd. Chapter 1, 
Introduction and Basic Concepts. New York, NY: McGraw-Hill. 

Claridge, D., J. Haberl, M. Liu, J. Houcek, and A. Aather. 1994. Can You Achieve 150% 
of Predicted Retrofit Savings? Is It Time for Recommissioning? Proceedings of the 



 52

ACEEE 1994 Summer Study on Energy Efficiency in Buildings. Washington, D.C.: 
American Council for an Energy-Efficient Economy, 5.73-87. 

Claridge, D.E., M. Liu, Y. Zhu, M. Abbas, A. Athar, and J. Haberl. 1996. 
Implementation of Continuous Commissioning in the Texas LoanSTAR Program: "Can 
You Achieve 150% of Estimated Retrofit Savings" Revisited. Proceedings of the 1996 
ACEEE Summer Study on Energy Efficiency in Buildings. Washington, D.C.: American 
Council for an Energy-Efficient Economy, 4.59-67. 

Claridge, D.E., C.H. Culp, M. Liu, S. Deng, W.D. Turner, and J.S. Haberl. 2000. 
Campus-Wide Continuous Commissioning of University Buildings. Proceedings of the 
2000 ACEEE Summer Study on Energy Efficiency in Buildings. Washington, D.C.: 
American Council for an Energy-Efficient Economy, 3.101-12. 

Deng, S. 1997. Development and Application of a Procedure to Estimate Overall 
Building and Ventilation Parameters from Monitored Commercial Building Energy Use. 
MS thesis, Mechanical Engineering Department, Texas A&M University, College 
Station, TX. 

Deng, S., D.E. Claridge, W.D. Turner, Jr., H.L. Bruner, L. Williams, and J.G. Riley. 
2006. A Ten-Year, $7 Million Energy Initiative Marching on: Texas A&M University 
Campus Energy Systems CC. Proceedings of the 6th International Conference for 
Enhanced Building Operations. Shenzhen, China, VI. Available at 
http://hdl.handle.net/1969.1/5346. 

EIA. 2002. 1999 Commercial Buildings Energy Consumption Survey: Building 
Characteristics. Energy Information Administration (EIA), Office of Energy Markets 
and End Use, Washington, D.C.: U.S. Department of Energy. 

EIA. 2006. 2003 Commercial Buildings Energy Consumption Survey: Consumption and 
Expenditures Tables. Energy Information Administration (EIA), Office of Energy 
Markets and End Use, Washington, D.C.: U.S. Department of Energy. 

EIA. 2007. International Energy Annual 2005. Energy Information Administration 
(EIA), Washington, D.C.: U.S. Department of Energy. 

ESL. 2008a. Duncan Dining Hall. Continuous Commissioning Report. Energy Systems 
Laboratory, Texas A&M University, College Station, TX. 

ESL. 2008b. Sanders Corps of Cadets Center. Continuous Commissioning Report. 
Energy Systems Laboratory, Texas A&M University, College Station, TX. 

ESL. 2008c. Veterinary Medicine Large Animal Hospital. Continuous Commissioning 
Report. Energy Systems Laboratory, Texas A&M University, College Station, TX. 



 53

Fels, M. 1986. PRISM: An Introduction. Energy and Buildings 9:5-18. 

Gardiner, B.L., M.A. Piette, and J.P. Harris. 1984. Measured Results of Energy 
Conservation Retrofits in Non-Residential Buildings: An Update of the BECA-CR Data 
Base. Proceedings of the ACEEE 1984 Summer Study on Energy Efficiency in Buildings, 
D-40-48. 

Gatton, T.M., S. Jaeger, Y. Lee, and M.A. Beaudry. 1995. Expert System to Determine 
Energy-Saving Retrofit Potential of Public Buildings. ASHRAE Transactions 
101(2):163-71. 

Haberl, J.S., and P.S. Komor. 1990a. Improving Energy Audits: How Annual and 
Monthly Consumption Data Can Help. ASHRAE Journal 32(8):26-33. 

Haberl, J.S., and P.S. Komor. 1990b. Improving Energy Audits: How Daily and Hourly 
Consumption Data Can Help. ASHRAE Journal 32(9):26-36. 

Hoshide, R.K. 1995. Effective Energy Audits. Energy Engineering 92, no. 6:6-17. 

Hyndman, R.J., and A.B. Koehler.  2005.  Another Look at Measures of Forecast 
Accuracy.  Working Paper 13/05, Department of Econometrics and Business Statistics, 
Monash University, Melbourne, Australia. 

Landman, D.S. 1998. Development of Pre-Screening Indices to Improve Energy 
Analysis of Public K-12 Schools. MS thesis, Mechanical Engineering Department, 
Texas A&M University, College Station, TX. 

Liu, M., A. Athar, A. Reddy, D. Claridge, J. Haberl, and E. White. 1994a. Reducing 
Building Energy Costs Using Optimized Operation Strategies for Constant Volume Air 
Handling Systems. Proceedings of the Ninth Symposium on Improving Building Systems 
in Hot and Humid Climates. Arlington, TX, 192-204. 

Liu, M., J. Houcek, A. Athar, A. Reddy, D. Claridge, and J. Haberl. 1994b. Identifying 
and Implementing Improved Operation and Maintenance Measures in Texas LoanSTAR 
Buildings. Proceedings of the ACEEE 1994 Summer Study on Energy Efficiency in 
Buildings. Washington, D.C.: American Council for an Energy-Efficient Economy, 
5.153-66. 

Liu, M., D.E. Claridge, and W.D. Turner. 2002. Continuous Commissioning Guidebook. 
Federal Energy Management Program, Office of Energy Efficiency and Renewable 
Energy, U.S. Department of Energy. Available at 
http://www1.eere.energy.gov/femp/operations_maintenance/om_ccguide.html. 



 54

Liu, M., D.E. Claridge, and W.D. Turner. 2003. Introduction to the DOE Continuous 
Commissioning Guidebook – Maximizing Building Energy Performance and Efficiency. 
Proceedings of the Architectural Engineering 2003 Conference. Austin, TX. 
 
Liu, M., D.E. Claridge, J.S. Haberl, and W.D. Turner. 1997. Improving Building Energy 
System Performance by Continuous Commissioning. Proceedings of the 32nd 
Intersociety Energy Conversion Engineering Conference. Honolulu, HI: American 
Institute of Chemical Engineers, 1606-12. 

Mazzucchi, R.P. 1992. A Guide for Analyzing and Reporting Building Characteristics 
and Energy Use in Commercial Buildings. ASHRAE Transactions 98(1):1067-80. 

NCDC. 2008. National Climatic Data Center. Asheville, NC. Available at 
www.ncdc.noaa.gov/oa/ncdc.html. 

Reynolds, C., P. Komor, and M. Fels. 1990. Using Monthly Billing Data to Find Energy 
Efficiency Opportunities in Small Commercial Buildings. Proceedings of the ACEEE 
1990 Summer Study on Energy Efficiency in Buildings. Washington, D.C.: American 
Council for an Energy-Efficient Economy, 10.221-32. 

Rock, Brian A. 2006. Ventilation for Environmental Tobacco Smoke. Chapter 3, Indoor 
Environmental Quality. Boston, MA: Butterworth-Heinemann. 21-42. 

Shao, X. 2005. First Law Energy Balance as a Data Screening Tool. MS thesis, 
Mechanical Engineering Department, Texas A&M University, College Station, TX. 

Sharp, T. 1996. Energy Benchmarking in Commercial Office Buildings. Proceedings of 
the 1996 ACEEE Summer Study on Energy Efficiency in Buildings. 4.321-9. 

Sharp, T.R. 1998. Benchmarking Energy Use in Schools. Proceedings of the 1998 
ACEEE Summer Study on Energy Efficiency in Buildings. 3.305-16. 

Turner, W.D., M. Liu, D.E. Claridge, and J.S. Haberl. 1996. Improving Building Energy 
System Performance by Continuous Commissioning. Technical Report ESL-TR-96/07-
01, Energy Systems Laboratory, Texas A&M University, College Station, TX. 

Verdict, M. 2006. The Business and Technical Case for Continuous Commissioning for 
Enhanced Building Operations. Proceedings of the 6th International Conference for 
Enhanced Building Operations. Shenzhen, China, VII. 

Wei, G., S. Deng, D.E. Claridge, and W.D. Turner. 2001. Energy Conservation Through 
Continuous Commissioning. Proceedings of the 36th Intersociety Energy Conversion 
Engineering Conference. Savannah, GA: The American Society of Mechanical 
Engineers, 669-73. 



 55

Xu, C., D. Claridge, D. Hicks. 2008. Continuous Commissioning Report for Institute of 
Biosciences and Technology, Texas A&M Health Science Center, Houston, Texas. 
Technical Report ESL-ITR-08-06-02, Energy Systems Laboratory, Texas A&M 
University, College Station, TX. 
 
Zhu, Y. 2005. A Methodology to Pre-screen Commercial Buildings for Potential Energy 
Savings Using Limited Information. PhD dissertation, Mechanical Engineering 
Department, Texas A&M University, College Station, TX. 

 
 
 
 
 
 
 
 
 
 
 



 56

VITA 

 

Name: Dave C. Hicks 

Address: 5 Third Street, Suite 320 
 San Francisco, CA  94103 
 
Education: B.S., Mechanical Engineering, Texas A&M University, 2007 


