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Executive Summary 
The National Renewable Energy Laboratory (NREL) has a long history of developing analytical 
and empirical methods to test and diagnose building energy modeling tools and calibration 
techniques (Judkoff  et al. 1995, 2010, 2016; Neymark et al. 2002, 2008a, 2008b, 2016). Some of 
these methods have become Standard Methods of Test through the American National Standards 
Institute (ANSI) and the American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers (ASHRAE) (ANSI/ASHRAE Standard 140; ANS BSR/RESNET 1201-2016). This 
report describes a set of simulation based tests developed for assessing the performance of no 
touch building audit tools and presents results for a representative, available tool. This is an 
analytical approach to assessing the representative tool. A companion report (Cai et al. 2016) 
describes an empirically based set of tests derived from field data that was applied to the same no 
touch building audit tool. Analytical and empirical validation methods each have advantages and 
disadvantages. Using both approaches together provides a more complete testing and diagnostic 
process (Judkoff et al. 1983/2008, 2006). 

Building audits are conducted in many commercial buildings to reduce building energy costs and 
improve building operation. Because the audits typically require significant input obtained by 
building engineers, they are usually only affordable for larger commercial building owners. In an 
effort to help small building and business owners gain the benefits of an audit at a lower cost, no 
touch building audit tools have been developed to remotely analyze a building’s energy 
consumption. The America Saves project, led by the National Trust for Historic Preservation, 
uses a no touch building audit tool to analyze small commercial building utility data and provide 
energy efficiency solutions to small buildings in historic downtown areas across the United 
States. This tool (which will be referred to as the “Tool” for the remainder of the report) was 
used as a representative tool for developing a methodology to test performance of no touch 
building audit tools. The methodology is described in this report. At a high level, this Tool serves 
small buildings and businesses by: 

 Disaggregating different types of energy end uses in buildings 
submetering 

 Estimating the potential energy savings that can be achieved by retrofitting a building  

 Diagnosing building operating issues. 

T , 
and a too-simplistic model that reduces fidelity of the results. This balance of robustness is 
important, especially for tools like the one assessed in this report whose target audience (i.e., 
small businesses and small commercial building owners) need quick, streamlined, and 

 While the above listed 
functions do not represent a comprehensive building audit, they help building owners to justify 
the cost and benefits of a more detailed building audit that may lead to building retrofits. A major 
concern of using these types of tools is their accuracy in performing an automated building audit. 
To assess the accuracy, NREL and Purdue University developed a methodology to assess no-
touch audit tools by evaluating the Tool’s three functions mentioned above. The evaluation 
methodology was designed to be replicable for other no touch building audit tools on the market, 
enabling others to evaluate additional tools in the future.  
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Because it is necessary to assess no-touch audit tools across many combinations of building 
types and potential causes of high-energy consumption, it would be costly to perform the 
evaluation  alone. Therefore, a simulation-based evaluation method was 
developed to facilitate a broad sampling of the parameter space with thousands of test cases. In a 
companion report, data was collected from fourteen real buildings to develop a set of empirical 
tests (Cai et al. 2016). Empirical and analytical test methods each have different advantages and 
disadvantages, and using them together results in a more complete testing process.  

In this work, building simulation results were generated for typical commercial buildings (Deru 
et al. 2011; Thornton et al. 2011; Goel et al. 2014) under a variety of building types, vintages, 
climates, levels of technology, and operating issues. Simulated energy uses derived from the 
model results were then compared to estimates from the Tool to assess its accuracy in 
disaggregating energy end uses, estimating annual energy use, and estimating annual energy 
savings. The tool used twelve months of simulated electric and gas utility bill data along with 
simple building characteristic information as primary inputs to perform these functions.  To 
quantify the accuracy of the energy end use estimates, the bias and uncertainty of the estimated 
annual energy uses, normalized energy end uses, and cost ratios of energy end uses are 
presented. The quantification of the accuracy of the energy savings estimates also involves the 
calculation of bias and uncertainty by comparing a pre- and post-retrofit scenario. True diagnosis 
and false alarm rates for the Tool’s different alarms signaling probable causes of high energy use 
are also presented to assess the Tool’s accuracy in diagnosing operating issues. 

The project team created 2,952 sets of simulation results to evaluate the Tool. Each set of 
simulation results is a test case. The test cases were created based on five different types of 
buildings (small office, medium office, standalone retail buildings, primary schools, and main-
street buildings), four vintages (addressing common construction techniques relevant to pre-
1980, post-1980, 20014, and 2013 eras) and four different climate zones (2A, 4B, 4C, and 5A) 
under ASHRAE (2014). 
presented below from the representative tool that was tested.  

 The results show that the Tool typically estimates electric end uses with a bias (over or 
under prediction) within ±5% and uncertainty between 2.5-
office buildings where the bias is within ±8% with an uncertainty of 18%. 

 The results show that the Tool typically estimates gas end uses with a bias within ±5% 
and uncertainty between 1-
+8% g, ventilation, and air 
conditioning equipment. 

 The end use cost ratios for primary schools and medium office buildings had 
uncertainties greater than 10%.  

 The energy saving estimates had uncertainties greater than 20% for all building types. 
The Tool tends to underestimate energy in primary schools, where 
energy savings were overestimated by more than 10%.  
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 In terms of its accuracy in diagnosing building operating issues, it was found that the 
Tool was most accurate in diagnosing: 

o High summer gas use in standalone retail buildings with a true diagnosis rate of 
73.6%, 

o Unnecessary reheat in medium offices with a true diagnosis rate of 50%, and 

o High electricity baseloads in office and main-street buildings, with true diagnosis 
rates ranging from 52.4% to 72.1%.  

 False alarm rates for the Tool’s message flags were generally higher than desirable for 
many building types. 



 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

Table of Contents 
1 Introduction ........................................................................................................................................... 1 
2 Overview of the Representative No Touch Audit Tool ..................................................................... 4 

2.1 Literature Review on Inverse Modeling and Energy Signature Analysis Tools ........................... 4 
2.2 End Use Disaggregation ................................................................................................................ 5 
2.3 Estimation of Potential Energy Savings ........................................................................................ 7 
2.4 Identification of Probable Causes of High Energy Use ................................................................. 7 

3 Assessment Methodology for No Touch Audit Tools ....................................................................... 8 
3.1 Overview ....................................................................................................................................... 8 
3.2 Software Tools ............................................................................................................................ 10 

4 Creation of Building Simulation Results .......................................................................................... 12 
4.1 Baseline Building Models ........................................................................................................... 12 
4.2 Baseline Model Perturbations ..................................................................................................... 14 

5 Evaluation of Estimated Energy End Use Disaggregation ............................................................. 19 
5.1 Evaluation of Estimated Annual Energy Use .............................................................................. 19 
5.2 Evaluation of Estimated Energy End Use Ratios ........................................................................ 21 
5.3 Summary ..................................................................................................................................... 25 

6 Evaluation Estimated Potential Energy Savings ............................................................................. 25 
6.1 Cost Savings Calculation ............................................................................................................ 25 
6.2 Energy Cost Savings Calculation from Building Simulation Results ......................................... 26 
6.3 Evaluation Results and Discussion .............................................................................................. 27 
6.4 Summary ..................................................................................................................................... 30 

7 Evaluation of Message Flag Accuracy ............................................................................................. 30 
7.1 Message Flag Definitions ............................................................................................................ 30 
7.2 Evaluation Methodology for Message Flags Independent of One Another (Flags N, E, I, K, and 

L) ................................................................................................................................................. 31 
7.3 Evaluation Methodology a  .. 34 
7.4 Evaluation Methodology and Results for Multiple Flags with Similar Operating Issues (Flags D 

and M) ......................................................................................................................................... 36 
7.5 

B, C, O, and P) ............................................................................................................................ 40 
7.6 Summary ..................................................................................................................................... 43 

8 Conclusions ........................................................................................................................................ 44 
References ................................................................................................................................................. 45 
Appendix A. Small Office, Medium Office, Standalone Retail, and Primary School Building 

Model Descriptions ............................................................................................................................ 49 
Appendix B. Description of the Main-Street Building Model ......................................................... 54 
Appendix C. Test Matrices To Create Simulation Test Set ............................................................ 59 
Appendix D. Criteria to Assign Flags to the Building Simulation Results ................................... 66 
Appendix E. Calculation of Bias and Uncertainty To Assess Accuracy of an Estimation  

Method  ........................................................................................................................................ 71 
Appendix F. Bias and Uncertainty Plots To Evaluate Accuracy of Estimates of Annual Energy 

Uses, Annual Energy Costs, Energy End Use Ratios, and Cost Ratios ....................................... 73 
Appendix G. Evaluation Results of the Tool Message Flags ......................................................... 93 
 

  



 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

List of Figures 
Figure 1. Flow chart providing an overview of the NREL evaluation procedure ......................................... 9 
Figure 2. Flow chart illustrating the procedure to create the building simulation results ........................... 10 
Figure 3. Percentage bias and uncertainty of annual energy uses of  (a) electricity and (b) gas for different 

building types ......................................................................................................................... 20 
Figure 4. Percentage bias and uncertainty of annual energy cost for each building type ........................... 21 
Figure 5. Bias and uncertainty of (a) electricity and (b) gas energy end use ratios  for different building 

types ....................................................................................................................................... 22 
Figure 6. Bias and uncertainty of estimated cost ratios for energy end uses in different building types .... 23 
Figure 7. Bias and uncertainty of energy end uses of primary schools  modeled in different vintages for 

(a) electricity and (b) gas........................................................................................................ 24 
Figure 8. Bias and uncertainty of electricity energy end use ratios for medium offices of different 

vintages .................................................................................................................................. 24 
Figure 9. Bias and uncertainty of the Tool’s energy cost savings estimates for (a) small offices, (b) 

medium offices, (c) standalone retail buildings, (d) primary schools, and (e) main-street 
buildings ................................................................................................................................. 28 

Figure 10. Histograms of normalized cost savings deviations for (a) pre-1980 main-street buildings, and 
(b) 2013 small office buildings .............................................................................................. 29 

Figure A-1. Division of thermal zones for the small office model (Thornton et al. 2011) ......................... 49 
Figure A-2. Division of thermal zones for the medium office model (Thornton et al. 2011) ..................... 50 
Figure A-3. Division of thermal zones for the standalone retail model (Thornton et al. 2011) .................. 51 
Figure A-4. Division of thermal zones for the primary school model (Thornton et al. 2011) .................... 52 
Figure B-1. 3-D drawing of the main-street building model ...................................................................... 54 
Figure F-1. Bias and uncertainty of annual energy use estimates for small office buildings under different 

vintages in terms of (a) gas and (b) electricity ....................................................................... 73 
Figure F-2. Bias and uncertainty of annual energy use estimates for small office buildings under different 

climate zones in terms of (a) gas and (b) electricity .............................................................. 73 
Figure F-3. Bias and uncertainty of annual energy use estimates for medium office buildings under 

different vintages in terms of (a) gas and (b) electricity ........................................................ 74 
Figure F-4. Bias and uncertainty of annual energy use estimates for medium office buildings under 

different climate zones in terms of (a) gas and (b) electricity ................................................ 74 
Figure F-5. Bias and uncertainty of annual energy use estimates for standalone retail buildings under 

different vintages in terms of (a) gas and (b) electricity ........................................................ 75 
Figure F-6. Bias and uncertainty of annual energy use estimates for standalone retail buildings under 

different climate zones in terms of (a) gas and (b) electricity ................................................ 75 
Figure F-7. Bias and uncertainty of annual energy use estimates for primary school buildings under 

different vintages in terms of (a) gas and (b) electricity ........................................................ 76 
Figure F-8. Bias and uncertainty of annual energy use estimates for primary school buildings under 

different climate zones in terms of (a) gas and (b) electricity ................................................ 76 
Figure F-9. Bias and uncertainty of annual energy use estimates for main-street buildings under different 

vintages in terms of (a) gas and (b) electricity ....................................................................... 76 
Figure F-10. Bias and uncertainty of annual energy use estimates for main-street buildings under different 

climate zones in terms of (a) gas and (b) electricity .............................................................. 77 
Figure F-11. Bias and uncertainty of annual energy cost estimates for small office buildings under 

different vintages .................................................................................................................... 77 
Figure F-12. Bias and uncertainty of annual energy cost estimates for small office buildings under 

different climate zones ........................................................................................................... 78 
Figure F-13. Bias and uncertainty of annual energy cost estimates for medium office buildings under 

different vintages .................................................................................................................... 78 



 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

Figure F-14. Bias and uncertainty of annual energy cost estimates for medium office buildings under 
different climate zones ........................................................................................................... 79 

Figure F-15. Bias and uncertainty of annual energy cost estimates for standalone retail buildings under 
different vintages .................................................................................................................... 79 

Figure F-16. Bias and uncertainty of annual energy cost estimates for standalone retail buildings under 
different climate zones ........................................................................................................... 80 

Figure F-17. Bias and uncertainty of annual energy cost estimates for primary school buildings under 
different vintages .................................................................................................................... 80 

Figure F-18. Bias and uncertainty of annual energy cost estimates for primary school buildings under 
different climate zones ........................................................................................................... 81 

Figure F-19. Bias and uncertainty of annual energy cost estimates for main-street buildings under 
different vintages .................................................................................................................... 81 

Figure F-20. Bias and uncertainty of annual energy cost estimates for main-street buildings under 
different climate zones ........................................................................................................... 82 

Figure F-21. Bias and uncertainty of energy end use ratio estimates for small office buildings under 
different vintages .................................................................................................................... 82 

Figure F-22. Bias and uncertainty of energy end use ratio estimates for small office buildings under 
different climate zones ........................................................................................................... 83 

Figure F-23. Bias and uncertainty of energy end use ratio estimates for medium office buildings under 
different vintages .................................................................................................................... 83 

Figure F-24. Bias and uncertainty of energy end use ratio estimates for medium office buildings under 
different climate zones ........................................................................................................... 84 

Figure F-25. Bias and uncertainty of energy end use ratio estimates for standalone retail buildings under 
different vintages .................................................................................................................... 84 

Figure F-26. Bias and uncertainty of energy end use ratio estimates for standalone retail buildings under 
different climate zones ........................................................................................................... 85 

Figure F-27. Bias and uncertainty of energy end use ratio estimates for primary school buildings under 
different vintages .................................................................................................................... 85 

Figure F-28. Bias and uncertainty of energy end use ratio estimates for primary school buildings under 
different climate zones ........................................................................................................... 86 

Figure F-29. Bias and uncertainty of energy end use ratio estimates for main-street buildings under 
different vintages .................................................................................................................... 86 

Figure F-30. Bias and uncertainty of energy end use ratio estimates for main-street buildings under 
different climate zones ........................................................................................................... 87 

Figure F-31. Bias and uncertainty of cost ratio estimates for small office buildings under different 
vintages .................................................................................................................................. 87 

Figure F-32. Bias and uncertainty of cost ratio estimates for small office buildings under different climate 
zones ...................................................................................................................................... 88 

Figure F-33. Bias and uncertainty of cost ratio estimates for medium office buildings under different 
vintages .................................................................................................................................. 88 

Figure F-34. Bias and uncertainty of cost ratio estimates for medium office buildings under different 
climate zones .......................................................................................................................... 89 

Figure F-35. Bias and uncertainty of cost ratio estimates for standalone retail buildings under different 
vintages .................................................................................................................................. 89 

Figure F-36. Bias and uncertainty of cost ratio estimates for standalone retail buildings under different 
climate zones .......................................................................................................................... 90 

Figure F-37. Bias and uncertainty of cost ratio estimates for primary school buildings under different 
vintages .................................................................................................................................. 90 

Figure F-38. Bias and uncertainty of cost ratio estimates for primary school buildings under different 
climate zones .......................................................................................................................... 91 



 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

Figure F-39. Bias and uncertainty of cost ratio estimates for main-street buildings under different  
vintages .................................................................................................................................. 91 

Figure F-40. Bias and uncertainty of cost ratio estimates for main-street buildings under different climate 
zones ...................................................................................................................................... 92 

 



 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

List of Tables 
Table 1. Key Parameters Used by the Tool To Determine Building Energy End Uses ................................ 6 
Table 2. Description of the Tool’s Message Flags ........................................................................................ 8 
Table 3. Building Types Selected from the Commercial Reference Building Models  and the Commercial 

Prototype Building Models .................................................................................................... 12 
Table 4. Climate Zones, Their Characteristics, and Their Representative Cities ....................................... 13 
Table 5. Perturbations Applied to the Baseline Models .............................................................................. 14 
Table 6. Perturbation Values Applied to the Small and Medium Office Building Models ........................ 16 
Table 7. Perturbation Values Applied to the Standalone Retail Building Models  in Pre-1980 and Post-

1980 Vintages ........................................................................................................................ 16 
Table 8. Perturbation Values Applied to the Standalone Retail Building Models (2004 and 2013 Vintages) 

and the Main-Street Building Models (All Vintages) ............................................................ 16 
Table 9. Values of Perturbations to the Primary School Models ................................................................ 17 
Table 10. Number of Simulation Results for Each Building Type ............................................................. 18 

Savings ................................................................................................................................... 26 

Flag Related to a Particular Building Operating Issue ........................................................... 31 
Table 13. True Diagnosis and False Alarm Rates for Flag N ..................................................................... 32 
Table 15. True Diagnosis and False Alarm Rates for Flag I ....................................................................... 33 
Table 16. True Diagnosis and False Alarm Rates for Flag K ..................................................................... 33 
Table 17. True Diagnosis and False Alarm Rates for Flag L ...................................................................... 34 

Pair of Flags ........................................................................................................................... 34 

Building Types ....................................................................................................................... 35 

Flag M To Diagnose Cases with an Inefficient Shell and Ventilation ................................... 36 
Flag M To 

Diagnose Cases with Inefficient Shell and Ventilation .......................................................... 37 
Table 22. True and False Alarm Rates for Flags D and M  without Considering the Supplementary 

Function of Flag M ................................................................................................................ 37 
Function of Flag M To Diagnose 

Cases with an Inefficient Shell and Ventilation ..................................................................... 38 
Table 24. Performance Indicators for Flag M with and without the Supplementary Function ................... 39 

nosis .......... 40 
Table 26. True Diagnosis and False Alarm Rates after Combining the Diagnoses of Flags D and M  into a 

Single Diagnosis .................................................................................................................... 40 

Electricity Baseload ............................................................................................................... 41 

Electricity Load Dominates the Total Electricity Baseload ................................................... 41 
Table 29. Accuracies to Evaluate How the Tool Diagnoses Flags A, B, C, O, and P ................................ 42 

according to the Electricity Baseload for Small Offices ........................................................ 42 

according to the Electricity Baseload for Primary Schools .................................................... 43 
Table A-1. HVAC Equipment in the Small Office Models Based on Vintage ........................................... 49 
Table A-2. HVAC Equipment in the Medium Office Models Based on Different Vintages ..................... 50 
Table A-3. Functions of Thermal Zones in a Primary School Model ......................................................... 52 



 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

Table A-4. HVAC Equipment in the Primary School Models Based on Different Vintages ..................... 53 
Table B-1. Detailed Description of the Pre-1980 Main-Street Building Model ......................................... 55 
Table B-2. Changes To Create the 2013 Main-Street Building Model ....................................................... 58 
Table C-1. Baseline Model Perturbations for Small and Medium Office Buildings .................................. 59 
Table C-2. Perturbations Applied to the Pre-1980 and Post-1980 Standalone Retail Baseline Models ..... 61 
Table C-3. Perturbations Applied to the Baseline Models for the 2004 and 2013 Standalone Retail and 

Main-Street Buildings ............................................................................................................ 62 
Table C-4. Perturbations Applied to the Primary School Baseline Models ................................................ 64 
Table D-1. Definition of Flags A, B, and C according to the Documentation of the Tool ......................... 66 
Table D-  Airflow Increased by 200% in the 

Same Climate Zone of the Same Building Type .................................................................... 67 
Table D-3. List of Buildings Containing Reheat Devices ........................................................................... 69 
Table D-  ..................................................... 70 
Table G-1. Evaluation Results of Message Flags for Small Office Buildings ............................................ 93 
Table G-2. Evaluation Results of Message Flags for Medium Office Buildings ....................................... 94 
Table G-3. Evaluation Results of Message Flags for Standalone Retail Buildings .................................... 95 
Table G-4. Evaluation Results of Message Flags for Primary Schools ...................................................... 96 
Table G-5. Evaluation Results of Message Flags for Main-Street Buildings ............................................. 97 
 



1 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

1 Introduction 
No touch audit technologies offer a great opportunity to lower transactional costs in prioritizing 
buildings and businesses with high potential for energy savings, and in determining the best 
suited efficiency solutions to pursue. They are different from conventional audit processes and 
technologies in that they only need simple information to conduct a building audit, such as utility 
bills and floor area, which are readily available to building owners. They do not require the 

uditor or collecting submetered data such as hourly electricity 

(NREL) and Purdue University (Purdue) collaborated as part of the America Saves project team 
to develop a method for assessing no-touch audit tools. The method was used to evaluate a 
representative no touch audit technology (referred to as the “Tool” in this report).  

The America Saves project strives to deliver energy efficiency solutions to small businesses in 
communities across the nation that aim to save energy, reduce utility costs, and boost profits 
(America Saves 2015). Led by the National Trust for Historic Preservation (NTHP) and its 
subsidiary, Preservation Green Lab (PGL), and funded in part by the U.S. Department of Energy 
(DOE), the America Saves project delivers energy efficiency support and solutions to small 
business communities by leveraging building and energy use data, remote analytics, and the 
NTHP’s network of National Main Street Centers.  

The National Main Street Center, Inc., (NMSC) is a national organization committed to historic 
preservation-based community revitalization (NMSC 2015). More than 2,000 communities are 
registered with the NMSC, and the America Saves project aims to leverage this network to 

2015). As part of this effort, the America Saves project supports NMSC coordinators and 
community leaders in guiding their local small businesses through energy data collection, audits, 
feedback, and “no hassle” energy retrofits—stimulating employment growth and improving 
energy efficiency within their communities (America Saves 2015). 

By applying utility data disaggregation and analytical tools (such as no touch audit technologies) 
to these smaller communities and “hard-to-reach” customers, America Saves helps utilities 
engage with small businesses and nonprofit customers to deliver cost-effective, scalable energy 
solutions (America Saves 2015). As part of this process, the America Saves project employs a no 
touch audit technology (referred to as the  “Tool” in this report) that disaggregates energy end 
uses from monthly electric and gas utility data (Reichmuth and Turner 2010).  

The Tool is used by the project to analyze portfolios of buildings and identify buildings that have 

efficiency, energy modeling, and evaluation of fault detection and diagnostics tools, NREL and 
Purdue were brought on to the project as third-party reviewers to provide an objective, technical 
review of the Tool and assess its accuracy. Using this opportunity, NREL and Purdue 
collaborated to develop a robust and replicable process to evaluate this and other no touch audit 
technologies available on the market under a variety of circumstances.  

This report 
Energy Simulation Test (BESTEST) series of reports provided a way to test and diagnose the 
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internal mathematics, physics and algorithms in building energy models and became the basis for 
ANSI/ASHRAE 140, Standard Method of Test for the Evaluation of Building Energy Analysis 
Computer Programs (Judkoff et al. 1995; Neymark et al. 2002, 2008a, 2008b, 2016). The 
BESTEST method uses a combination of analytical, comparative, and empirical tests (Judkoff et 
al. 1983/2008, 2006). -

disaggregation of energy end uses and the prediction of energy savings (Judkoff et al. 2010, 
2011, 2016) That work became the basis for ANSI BSR/Residential Energy Services Network 
(RESNET) 1201-2016, Standard Method of Test for the Evaluation of Building Energy Analysis 
Model Calibration Methods. This report generally follows the methodological framework of 
ANS BSR/1201-2016. Simulations were performed to develop 2,952 test cases specifically 
designed for testing no-touch audit tools. The simulation results act as a surrogate for real 
building data. There are several advantages to this kind of analytical approach in addition an 
empirical field testing approach. 

 The simulated data is by definition perfectly true and complete, so if there is disagreement 
between the tool outputs and the simulated data, it has to be because of the tool, not the data. 

 The simulated data can be easily generated for a broad array of test cases providing a 
comprehensive test set. 

 The simulated data can produce highly diagnostic test cases. 

Empirical field testing is also important because it provides a bottom line test under conditions 
that are most similar to how a tool will actually be used in practice. Ideally, both kinds of tests 
will be available because each has pros and cons and together they provide a more complete 
testing process. Field data from 14 actual buildings was collected and used to further assess the 
Tool in a companion report (Cai et al. 2016). 

Efforts were conducted by Lawrence Berkeley National Laboratory (LBNL) to develop a testing 
procedure and metrics to assess the performance of automated measurement and verification 
(M&V) tools (Granderson et al. 2015). However, automated M&V tools serve a different 
purpose and audience than no touch audit technologies; they predict energy savings after a 
retrofit, rather than identify probable causes of high energy use. Thus, the two assessment 
methods, although similar, are both necessary in assessing the different types of tools. 
Additionally, Lee et al. (2015) compared a number of no touch audit technologies based on their 
interface, requirements from users, target audience, and other features. However, the study did 
not develop a method to assess the accuracy of the tools. The suite of test cases presented in this 
report is unique and was developed in a way that can be adopted by other entities to assess 
additional tools on the market. 

The no touch audit tool estimates building energy end uses and diagnoses probable causes of 
high energy use in commercial buildings. The building energy end uses include:  

 Electric heating, cooling, and baseload energy consumption (baseload energy includes 
miscellaneous energy consumed by the building that is not associated with heating or cooling 
energy) 

 Gas heating and baseload energy consumption. 
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Inputs to the Tool include monthly utility bill data and simple descriptive information that a 
nontechnical building owner could provide, such as the building floor area and occupancy. The 
T
energy end use.  

The evaluation was conducted by comparing the energy end use breakdown calculated by the 
Tool from simulated monthly utility data to an equivalent dataset that NREL and Purdue 
produced using advanced modeling techniques. Simulated utility bill data sets were provided as 
inputs to the Tool using EnergyPlus and OpenStudio modeling software for small and medium 
sized office buildings, primary schools, retail buildings, and main-
with retail on the first floor and office on the second floor). The simulated data was developed 
using DOE’s Commercial Reference Building Models (Deru et al. 2011) and the Pacific 
Northwest National Laboratory’s (PNNL) Commercial Prototype Building Models (Thornton et 
al. 2011; Goel et al. 2014). These models account for different vintages (addressing common 
construction techniques relevant to pre-1980, post-1980, 2004, and 2013 eras), and four 
American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) 
defined climate zones (ASHRAE 2013a):  

 2A, hot-humid climate, repre  

 -  

 -marine, represented by Seattle, Washington 

 5A, cool-humid, represented by Chicago, Illinois.  

OpenStudio Commercial Reference and Prototype Building Models were used to automate the 
model generation process. These models were developed by national laboratories using data 
from the Commercial Building Energy Consumption dataset, to represent typical commercial 
building performance. This technical report provides a detailed discussion of the replicable 
modeling and evaluation process used to assess the accuracy of the tool’s ability to disaggregate 
energy end uses, to calculate potential energy savings, and identify probable causes of high 
energy use.  

The remainder of this report is divided into eight sections with appendices. Those sections are 
summarized below: 

 Section 2: An overview of the Tool 

 Section 3: A general description of the tool assessment method 

 Section 4: Creation of building simulation results 

 Section 5: Evaluation methods and results of the accuracy of energy end use disaggregation 

 Section 6: Evaluation methods and results of the accuracy of potential energy saving 
estimates 

 Section 7: Evaluation methods and results of the accuracy of the Tool’s message flags 

 Section 8: Conclusions about the findings and future work 
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 Appendices: Details about building models, test matrices, bias and uncertainty calculations, 
and evaluation results. 

2 Overview of the Representative No Touch Audit 
Tool 

The representative no touch audit tool uses inverse modeling and energy signature analysis to 
gain insights into building performance (Reichmuth and Turner 2010). The Tool uses curve-
fitting techniques to solve for key parameters that reproduce typical energy use patterns in 
relation to outside air temperature, providing a monthly, temperature-correlated view of energy 
consumption by fuel type. It has four major functions: provide a usage base case model, 
disaggregate energy end uses, estimate potential energy savings, and identify potential causes of 
high energy use. This type of tool differs from others because it uses billing data for all fuel 
types to devise a simple whole building energy model. The parameters of this model can be 
benchmarked. For scenarios where the Tool is looking at building energy use over time, those 
parameters allow for adjustment to the model as the building undergoes both routine and non-
routine changes.   

2.1 Literature Review on Inverse Modeling and Energy Signature 
Analysis Tools 

Inverse modeling and energy signature analysis are documented methods that can help identify 
opportunities for energy efficiency in buildings by analyzing utility bills and climatic data 
together. A number of tools currently on the market incorporate inverse modeling and energy 
signature analysis into their capabilities—somewhat similar to the Tool, others have different 
goals. Lee et al. (2015) reviewed the features and capabilities of 18 energy retrofit toolkits and 
provided a comprehensive summary of their energy conservation measures and calculation 
engines. Many of these tools use empirical data-driven methods or benchmarking to identify 
buildings with potential for energy savings. The toolkits that use more sophisticated energy-
modeling software have the ability to provide a more robust and detailed analysis of energy 

also concluded that there is a fine line between having a detailed modeling method that requires 
time a -simplistic model that reduces fidelity of the results. This balance of 
robustness is important, especially for tools like the one assessed in this report whose target 
audience (i.e., small businesses and small commercial building owners) needs quick, 

 

ASHRAE Guideline 14 was developed to fill a need for a standardized set of energy (and 
demand) savings calculation procedures (ASHRAE 2014). The procedures calculate energy, 
demand, and water savings using measured pre- and post-retrofit utility billing data. They also 
encompass all types of facilities and apply to all forms of energy (ASHRAE 2015). Kissock and 
Mulqueen (2008) also describe a four-step method to identify building energy efficiency 
opportunities using advanced billing analysis. The method uses a four-step process to analyze 12 
months of energy data by fuel type and normalizes it to weather data. Regression models use 
three parameters: (1) weather independent energy use, (2) heating or cooling slopes, and (3) the 
balance point temperature. The weather-normalized output can then be used to benchmark a 
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building’s energy use to multiple buildings, thus enabling the average, best, and worst energy 
performers to be identified. It also can show how building performance changes over time.  

Additionally, Abels et al. (2011) describes an inverse modeling method using regression models 
of utility billing data against weather and industrial production data. The models described here 
are incorporated into the ASHRAE Inverse Modeling Toolkit (Kissock et al. 2001) and are 
recommended by the International Performance Measure and Verification Protocol Committee 
(IPMVPC) (NREL 2002). 

In the field of inverse modeling, regression fits are typically applied to only one fuel at a time, 
and usually a fit with statistical parameters, not engineering parameters (i.e., a correlation, not an 
engineering model). The Tool is different than other tools described in the literature because it 
fits a model of a building considering all fuel types to the billing data for all fuel types of a 
building.  

The Tool’s approach uses calibrated and aggregated engineering parameters to describe a 
building model that considers all fuel types, and is fitted simultaneously to the billing data for all 
fuel types of a building. The presumed  terms of 
engineering parameters is that these parameters can be benchmarked and lend themselves to 
estimating the energy use for altered states if the building undergoes change.  

2.2 End Use Disaggregation 
The Tool disaggregates 12-month utility bill data for different fuel types. The energy signatures 
are derived from curve-fitting techniques that solve for key engineering parameters, reproducing 
observed energy-use patterns in relation to average monthly weather data (Reichmuth and Turner 
2010). The Tool uses the reproduced observed energy-use patterns to create an “equivalent 
analog building model.” The engineering parameters from this model are compared to typical 
engineering parameters derived from a large sample of analyzed buildings to benchmark building 
energy use, to determine probable causes of high energy use, and to estimate energy savings. The 
primary independent variable in these models is the average monthly temperature, with seasonal 
changes being the primary driver.  

The Tool uses a proprietary set of algorithms and equations to identify key parameters of the 
reference model. The key parameters were chosen by considering the energy balance of a 

iable sets, and 
helps solve for the building energy end uses (Reichmuth and Turner 2010). The key parameters 
are listed in Table 1. 
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Table 1. Key Parameters Used by the Tool To Determine Building Energy End Uses 

Parameter Method to Estimate the Values 

Internal electricity use by lighting and 
equipment per floor area 

Solved by proprietary algorithms 

External electricity use per floor area Fixed ratio of internal electricity use 

Aggregate heat transfer conductance Solved by proprietary algorithms 

Heating equipment efficiency Assumed to be 75% 

Cooling equipment coefficient of 
performance (COP) 

Solved by proprietary algorithms 

Rate of service hot water use Solved by proprietary algorithms 

Maximum ambient temperature with 
heating operation 

Solved by proprietary algorithms 

Minimum ambient temperature with 
cooling operation 

Solved by proprietary algorithms 

Gas heat to electric heat ratio Solved by proprietary algorithms 

 

Upon solving for the key parameters in Table 1 the Tool uses the parameters in the analog 
building model to estimate annual building energy end uses for the reference model, including: 

 Electric heating, cooling, and baseload energy consumption 

 Gas heating and baseload energy consumption. 

To aid the analysis, the Tool considers additional descriptive information that is simple enough 
for a nontechnical building owner to provide. These additional inputs include: 

 Building location 

 Year of construction 

 Overall floor area 

 Space types and associated floor areas 

 Number of occupants and percentage of occupied floor area 

 Occupied hours per week 

 Amount of space without temperature control 

 Amount of space subjected to heating and cooling equipment control 

 Space heating equipment type (gas furnace, heat pump, etc.) 

 Type of energy for heating water (electricity, gas, etc.). 



7 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

2.3 Estimation of Potential Energy Savings 
The Tool uses the engineering parameters of the reference model to estimate energy savings. 
This process is different than processes used by automated M&V tools, as it compares 
parameters derived from 12 months of utility data to assumed typical values to estimate potential 
electricity and gas savings. In contrast, automated M&V tools use historical interval data (at 
much higher resolutions such as one minute time steps) to predict how much energy a building 
would have consumed if it had not undergone a retrofit. This predicted energy consumption is 
then compared to the actual energy consumption of the building that had undergone a retrofit, to 
calculate real energy savings. Automated M&V tools provide a more cost-effective and timely 
way to calculate energy savings after a building retrofit (Granderson et al. 2015). 

The Tool can also estimate potential energy savings by benchmarking building energy use to a 
dataset of typical engineering parameters for similar building types. Benchmarking, however, 
requires a database of building parameters for comparison, which can be difficult to assemble in 
certain situations. Generally speaking, the savings estimate quantitatively outlines the potential 
energy and cost savings benefit that can be achieved through a building retrofit. 

2.4 Identification of Probable Causes of High Energy Use 
The Tool incorporates a number of automated messages (message flags) that are triggered when 
indicators within the benchmarking process suggest probable causes of high energy use. The 
message flags, denoted by a letter of the alphabet, are described in Table 2.  
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Table 2. Description of the Tool’s Message Flags 

Flag Description Definition 

A Low electric baseload 
energy 

The electricity baseload per floor area is estimated in the reference 
model to be below 9.15 W/m2 (0.85 W/ft2) 

B Slightly high electric 
baseload energy 

The electricity baseload per floor area is estimated in the reference 
model to be between 9.15 W/m2 (0.85 W/ft2) and 14.53 W/m2 (1.35 
W/ft2) 

C Very high electric 
baseload energy 

The electricity baseload per floor area is estimated in the reference 
model to be between 14.53 W/m2 (1.35 W/ft2) and 29.06 W/m2 (2.7 
W/ft2) 

O Ultra-high with high 
internal electricity 
baseload 

The electricity baseload per floor area is estimated in the reference 
model to be higher than 29.06 W/m2 (2.7 W/ft2) and associated with 
high internal gains 

P Ultra-high with high 
external electricity 
baseload 

The electricity baseload per floor area is estimated in the reference 
model to be higher than 29.06 W/m2 (2.7 W/ft2) and associated with 
external gains 

D Inefficient shell and 
ventilation 

Air infiltration or heat transfer across the exterior envelope is higher 
than expected for the building 

E Inefficient cooling 
equipment 

Cooling efficiency seems to be lower than expected 

M Inefficient heating 
equipment 

Heating efficiency seems to be lower than expected 

H High relative heat use Space conditioning is running more than necessary to meet heating 
requirements  

I High relative cooling 
use 

Space conditioning is running more than necessary to meet cooling 
requirements 

K  High summer gas 
use 

Gas uses is much higher than anticipated during summer months 

L Inappropriate 
operation of electric 
heat 

Unnecessary use of reheat during the cooling season 

Q Low relative heat use Energy used to heat a building is lower than expected 

N Possible erratic 
operation 

Potential errors in utility bill data or data input 

3 Assessment Methodology for No Touch Audit Tools 
3.1 Overview 
A methodology was developed to assess no touch audit tools, using the representative no touch 

To evaluate tool performance, the tool’s estimates of energy end uses 
were compared to a corresponding set of simulated values to quantify the accuracy. Simulated 



9 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

results were created to represent realistic monthly utility and building end use values for 
comparison with the Tool estimates. The procedure is illustrated in the flow chart in Figure 1, 
and was managed using programming scripts written in R, which is a language and environment 
for statistical computing and graphics. 

 
Figure 1. Flow chart providing an overview of the NREL evaluation procedure 

 

To evaluate the performance of the Tool fairly and reliably, the building simulation results in 
Figure 1 satisfied criteria listed below. The simulation results: 

 Considered the major types of buildings that are applicable to both the Tool and the America 
Saves project 

 Used building models that represent typical buildings in the United States 

 Considered both old and new building construction practices and heating, ventilation, and air 
conditioning (HVAC) technologies 

 Considered all building operation issues that can be diagnosed by the Tool. 

In order to satisfy these criteria, building models representing various types of typical buildings 
found across the United States, with different vintages and multiple HVAC technologies, were 
created as baseline models. The baseline models were then perturbed to create a database of 
simulation results with various operating conditions and issues. The database was then used to 
evaluate the accuracy of the Tool’s end use disaggregation and potential savings estimates. A 
flow chart illustrating the procedure to create the simulation results is shown in Figure 2. 

Create building simulation results

Obtain inputs required by the 
Tool

Process the cases by the Tool

Calculate the corresponding 
known values of the variables 

estimated by the Tool from 
the simulation results

comparing the estimates from the Tool to the 
simulated values

Analysis of 
the Tool

R script 
Analysis

 

values from simulation results 
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Figure 2. Flow chart illustrating the procedure to create the building simulation results 

perturbations were managed with Ruby programming scripts in OpenStudio. The baseline 
models were mainly selected from the Commercial Reference Building Models and the 
Commercial Prototype Building Models. The baseline model for the main-street building type 
was unavailable from these two building model sets, but was derived by combining building 
attributes from the retail and small commercial building models. Annual simulations were 

inputs required by the Tool. 

For each simulation scenario, energy end uses, potential energy savings, and building operating 
issues were identified from the energy simulation results. These values were considered to be the 
correct values that were compared to the estimated results from the Tool.  

3.2 Software Tools 
EnergyPlus 
EnergyPlus (DOE 2015a) is an open-source building simulation program that estimates building 
energy use based on the building envelope, building occupancy, HVAC equipment, water use, 
weather, etc. It also estimates building performance metrics such as water consumption, 
ventilation, occupant thermal comfort, and life cycle costs, to facilitate overall building design 
and performance optimization. 

OpenStudio 
OpenStudio (DOE 2015b) is a platform that enhances the functionality of EnergyPlus by using 
object-oriented programming to modularize the component models in EnergyPlus. The 
OpenStudio graphical user interface helps users create EnergyPlus building simulation files more 

Identify perturbations to 
impose on the building 
models to create high-
energy issues that are 
detectable by the Tool

Find or create baseline 
building models

Impose operating or building 
construction issues to the 

baseline models to simulate 
buildings that have potential for 

energy savings

Run each building model 
using the building 

simulation software

Gather the simulated 
building energy end use 

data required for evaluation

 

Identify perturbations to 
impose on the building 
models to create high-
energy issues that are 

suggested to be 
detectable by the Tool 
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easily than older methods using the EnergyPlus input file editor IDFEditor. The modularization 
also allows users to develop their own Ruby programming scripts (OpenStudio and EnergyPlus 
Measure scripts) to change building models programmatically and automate parametric studies 
of building performance with EnergyPlus. The platform can also be connected to a cloud service 
(OpenStudio Server), which allows users to conduct large-scale parametric studies or building 
optimization without having their own supercomputer infrastructure. 

Ruby 
Ruby (Ruby 2015) is one of the high-level object-oriented programming languages that can be 
used to interact with EnergyPlus component models. Its high-level nature allows 
nonprogrammers to learn to use it easily, and its object-oriented nature allows users to 
programmatically change building models without manually and repeatedly looking up 

project, it was used to write the EnergyPlus Measure scripts that were used to perturb the 
baseline building models with various building operating issues from the baseline models. 

R 
R (The R Foundation 2015) is a programming language that is designed for statistical analysis, 
data manipulation, and more. Because of its effectiveness in managing large data sets and its 

programming language to manage the OpenStudio Server. This project also requires similar 
capabilities for its data post-processing, so R was used to create the post-processing scripts to 
analyze the building simulation results from the OpenStudio Server. 

Commercial Reference Building Models 
The Commercial Reference Building Models (Deru et al. 2011) are a set of EnergyPlus building 
models that were developed by the national laboratories to model the energy consumption and 
thermal comfort of typical U.S. commercial buildings that were constructed before 2004. They 
include models for various building types, such as small offices and schools, in various climate 
zones and building vintages. Research on a multitude of building properties was conducted to 
ensure that the model parameters represented the typical buildings found in the United States. 
Since the Commercial Reference Building Model development, the reference building library has 
been widely used for a number of applications such as assessing the effectiveness of fault 
detection and diagnostics tools (Henze et al. 2015), optimal building design methods (Zhang et 
al. 2012), and sensitivity studies for building energy consumption (Hygh et al. 2012). These 
models were used in this project to represent typical commercial buildings built in the United 
States before 2004. 

Commercial Prototype Building Models 
The Commercial Prototype Building Models (Thornton et al. 2011; Goel et al. 2004) are a set of 
EnergyPlus building models developed based on the Commercial Reference Building Models in 
order to simulate the energy consumption and thermal comfort in typical commercial buildings 
that satisfy the energy codes published after 2004. Similar to the Commercial Reference Building 
Models, these models are used to study building energy consumption under different scenarios 
such as changes of building energy consumption in recent decades (Hong et al. 2013), the effect 
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of urban heat island effects on buildings (Sun et al. 2014), and the effect of different insulation 
materials on building performance (Shrestha et al. 2014). 

4 Creation of Building Simulation Results 
4.1 Baseline Building Models 
According to Figure 1 and Figure 2, the creation of the simulated building energy data started 
with the development of the baseline building models. In order to evaluate the Tool fairly, the 
baseline models covered a range of building types, vintages, and climate zones that are 
applicable to both the Tool and the America Saves project. The Commercial Reference Building 
Models and the Commercial Prototype Building Models were used for the baseline models, 

-street building models. The main-street building model was created by 
OpenStudio, combining building attributes from the retail and small commercial building 
models. In total, 2,952 building simulations were created for this study. This does not consider 
every combination; it was necessary to limit the number of cases to avoid infeasible time for 
evaluation. The process to red
this report.  

Building Types 
The building types considered for this study are representative of small commercial buildings 
that are common in main-street communities across the United States. An overview of the 

-street buildings, is listed in Table 3. It should be noted 
efinition of “small;” however, this building type is 

still prevalent in the small building sector and the Tool developers 
this building type. 

Table 3. Building Types Selected from the Commercial Reference Building Models  
and the Commercial Prototype Building Models 

Building Type Floor Area Number of Floors 

Small office 511 m2 (5,500 ft2) 1 

Medium office 4,982 m2 (53,628 ft2) 3 

Standalone retail 2,294 m2 (24,962 ft2) 1 

Primary school 6,871 m2 (73,960 ft2) 1 

 

should read Deru et al. (2011), Thornton et al. (2011), and Goel et al. (2014) for a more 
comprehensive description of specific input parameters used in the models. 

Because the Commercial Reference Building Models and the Commercial Prototype Building 
Models don’t include models for main-street buildings typically found in historic downtown 
areas (a major focus of the America Saves project), a main-street building model was created by 
combining baseline models for the retail and small office buildings. The building simulates a 
two-story historic downtown building with a total floor area of 1,191 m2 (12,820 ft2). It includes 
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a retail store on the ground floor and office space on the second floor. Additional details are 
 

Climate Zones 
In order to evaluate the Tool against a range of U.S. climate zones, four climate zones were 
chosen to represent the major climatic characteristics that are found across the United States. 
These climate zones are listed in Table 4.  

Table 4. Climate Zones, Their Characteristics, and Their Representative Cities 

Climate Zones Characteristics Representative Cities 

2A Hot and humid Houston, Texas 

4B Mixed and dry Albuquerque, New Mexico 

4C Mixed and marine Seattle, Washington 

5A Cool and humid Chicago, Illinois 

 

The climate zone characteristics follow the classification system in ASHRAE Standard 169 
(ASHRAE 2013a), and the representative cities are mapped to the representative cities found in 
the Commercial Reference Building Models. The representative cities determine the typical 
meteorological year (TMY) data used in the baseline models. The TMY3 weather data set was 

appropriately per climate zone. Details of these differences are described in Appendices A and B. 

Vintages 
Building vintage also affects the simulated building materials, HVAC equipment, electric and 
gas load density, etc., in each model. Similar to climate zones, the Commercial Reference 
Building Models and Commercial Prototype Building Models contain models for seven different 
vintages and it was infeasible to use all of them. To represent the buildings constructed in 
different years, the building models with vintages pre-1980 and post-1980 were selected from the 
Commercial Reference Building Models and the building models with vintages 2004 and 2013 
were selected from the Commercial Prototype Building Models. The spectrum of the four 
vintages from the pre-1980 era to 2013 should represent the building construction practices 
found in those different years respectively. 

For the main-street building models that are not part of the Commercial Reference Building 
Models and the Commercial Prototype Building Models, it was assumed that they were built 
before 1980 and their building materials were modeled in reference to the pre-1980 Commercial 
Reference Building Models. However, to create a baseline model representing a retrofitted main-
street building, the HVAC equipment and electric load density were modeled in reference to both 
the pre-1980 Commercial Reference Building Models and the 2013 Commercial Prototype 
Building Models. Hence the pre-1980 vintage for main-street buildings represents an original 
main-street building, and the 2013 vintage represents a “retrofitted” main-street building. 
Additional details about the baseline main-  
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Baseline Model Summary 
In summary, 64 baseline models, including four vintages and four climate zones, were used for 
small office, medium office, standalone retail, and primary schools. These baseline models were 
pulled from the Commercial Reference Building Models and the Commercial Prototype Building 
Models. Eight main-street building models, including two vintages and four climate zones, were 
also developed, resulting in a total of 72 baseline models. 

4.2 Baseline Model Perturbations 
To evaluate the accuracy of the Tool fairly, the building simulation results incorporated 
numerous operating issues, simulating high energy use that aligned with the Tool’s message 
flags. The issues were created by changing the baseline model in accordance with the description 
of the message flags in the Tool documentation. To ensure that the model perturbation had a 
significant change to the simulated energy use and energy cost, the building simulation results 

significant evaluation.  

Types of Building Model Perturbations Relevant to the Tool 
In order to identify parameters within the model that, if perturbed, would trigger the message 
flags in Section 2, the HVAC equipment, shell efficiency, and internal electric loads were 

in Table 5. 

Table 5. Perturbations Applied to the Baseline Models 

Type of 
Perturbation 

Expected Effect on 
the Building Model 

Potential Flags To Be 
Triggered 

Applicable 
Baseline Models 

Change in 
electric 
equipment 
power density 

Change in the 
internal electric load 
of the building 

Flags related to different 
electricity baseload levels (A, B, 
C, and O) 

Small and 
medium office 

Offset in the 
thermostat 
heating set point  

Increase or 
reduction of the 
heating load of the 
building 

Flags related to high heating use, 
low heating use, high summer 
gas use, or use of reheat (H, K, 
L, and Q) 

All 

Offset in the 
thermostat 
cooling set point  

Increase in the 
building cooling 
load 

Flags related to high cooling use 
(I) 

All 

Increase in 
external lighting 

Increase in the 
external electric 
load of the building 
(multiplier applied to 
total electric load) 

Flags related to high external 
electricity consumption (P) 

All 
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Type of 
Perturbation 

Expected Effect on 
the Building Model 

Potential Flags To Be 
Triggered 

Applicable 
Baseline Models 

Increase in hot 
water 
consumption 

Increase in the use 
of energy by the 
natural gas or 
electric hot water 
heater 

Flags related to high summer gas 
use for buildings with a natural 
gas water heater or high 
electricity baseload for buildings 
with an electric water heater (K, 
B, C, and O) 

All except 
standalone retail 
in pre-1980 and 
post-1980 
vintages  

Increase in 
infiltration airflow 

Increase in 
infiltration and heat 
transfer between 
the building and the 
surroundings 

Flags related to an inefficient 
shell and ventilation (D) 

All 

Reduction in gas 
furnace 
efficiency 

Low efficiency gas 
furnace 

Flags related to low heating 
efficiency for buildings with gas 
furnaces (M) 

All 

Increase in 
HVAC 
equipment size 

Increased cycling 
operation of air 
conditioners and 
heat pumps 

Flags related to inefficient cooling 
coefficient of performance or low 
heating efficiency for buildings 
with heat pumps (E and M) 

All 

Change in 
internal lighting 
power density 

Change in the 
internal electric load 
of the building 

Flags related to different 
electricity baseload levels in 
buildings with significant 
electricity plug-load power 
densities (A, B, C, and O) 

Standalone retail, 
primary school, 
and main-street 
building 

Reduction in 
cooling 
equipment rated 
coefficient of 
performance 

Low efficiency 
cooling equipment 

Flags related to inefficient cooling 
coefficient of performance for 
buildings with low operation of 
HVAC equipment cycling (E) 

Primary school 

 

Table 5 shows that all message flags besides flag N (denoting possible erratic operation or 
inconsistency in utility bill reporting) can be triggered by changing the baseline model. The 
process to trigger the flags is discussed at the end of this section. The A, B, C, and O flags 
(related to internal electric baseload levels) are triggered differently for each building type 
because the significance of the perturbations to building performance differs between building 
types. The hot water consumption in the pre-1980 and post-1980 standalone retail models is 
negligible, and thus was not increased. Flag E (inefficient cooling equipment), in the primary 
school models was triggered differently than other building models, because the primary school 
models have variable-air-volume (VAV) and two-speed cooling systems. With VAV and two-
speed cooling systems, it was too difficult to cycle the cooling equipment on and off in the 
model, enough to significantly reduce the COP. Thus, the rated COP value was directly reduced 
to trigger Flag E in the primary school models. The quantitative values of the perturbations in 
Table 5 are tabulated in Table 6, Table 7, Table 8, and Table 9. 
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Table 6. Perturbation Values Applied to the Small and Medium Office Building Models 

Changes to electric equipment plug-load power densities -50%, +100%, +200%, +400%, +600% 

Thermostat heating set point offset -3K, -2K, +1K, +2K, +3K (-5.4°R, -
3.6°R, +1.8°R, +3.6°R, +5.4°R) 

Thermostat cooling set point offset -2K, -1K (-3.6°R, -1.8°R) 

Increase in external lighting -50%, +200%, +400%, +700%, +900% 

Increase in hot water consumption +200%, +400% 

Increase in infiltration airflow +200% 

Reduction in gas furnace efficiency -50%, -25% 

Increase in HVAC equipment size +50%, +100% 

 

Table 7. Perturbation Values Applied to the Standalone Retail Building Models  
in Pre-1980 and Post-1980 Vintages 

Changes to internal lighting -80%, -60%, +100%, +200%, +400% 

Thermostat heating set point offset -3K, -2K, +1K, +2K, +3K (-5.4°R, -
3.6°R, +1.8°R, +3.6°R, +5.4°R) 

Thermostat cooling set point offset -2K, -1K (-3.6°R, -1.8°R) 

Increase in external lighting -50%, +200%, +400%, +700%, +900% 

Increase in infiltration airflow +200% 

Reduction in gas furnace efficiency -50%, -25% 

Increase in HVAC equipment size +50%, +100% 

 

Table 8. Perturbation Values Applied to the Standalone Retail Building Models (2004 and 2013 
Vintages) and the Main-Street Building Models (All Vintages) 

Change in internal lighting -80%, -60%, +100%, +200%, +400% 

Thermostat heating set point offset -3K, -2K, +1K, +2K, +3K (-5.4°R, -
3.6°R, +1.8°R, +3.6°R, +5.4°R) 

Thermostat cooling set point offset -2K, -1K (-3.6°R, -1.8°R) 

Increase in external lighting -50%, +200%, +400%, +700%, +900% 

Increase in hot water consumption +200%, +400% 

Increase in infiltration airflow +200% 

Reduction in gas furnace efficiency -50%, -25% 

Increase in HVAC equipment size +50%, +100% 
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Table 9. Values of Perturbations to the Primary School Models 

Changes to internal lighting -80%, -60%, +100%, +200%, +400% 

Thermostat heating set point offset -3K, -2K, +1K, +2K, +3K (-5.4°R, -
3.6°R, +1.8°R, +3.6°R, +5.4°R) 

Thermostat cooling set point offset -2K, -1K (-3.6°R, -1.8°R) 

Increase in external lighting -50%, +200%, +400%, +700%, +900% 

Increase in hot water consumption +200%, +400% 

Increase in infiltration airflow +200% 

Reduction in gas furnace efficiency -50%, -25% 

Increase in HVAC equipment size +50%, +100% 

Reduction in cooling equipment COP -20%, -10% 

 

Design of Test Matrices 
Test matrices of perturbation values were created for different combinations of perturbations that 
were applied to the baseline models. This helped to create additional cases that contain 
combinations of flags that are not represented in Table 5, such as D and H, and to evaluate 
whether the Tool is accurate in identifying high energy issues in these scenarios. For a 
comprehensive evaluation, two types of test matrices were constructed for each building type—a 

on 
perturbations created using the statistical Latin hypercube sampling (LHS).  

(Cheng and Druzdzel 2000). LHS uses an even sampling method to ensure that each value (or 
range of values) is represented evenly within the samples, no matter which value might turn out 
to be more important (Cheng and Druzdzel 2000). The resulting set of random inputs yields a 
very smooth distribution that minimizes the number of runs to obtain an accurate distribution of 
output variables (Langner et al. 2014). In this situation, LHS calculates the combination of 
perturbations and the values for each perturbation. However, because the programming scripts 
that offset the heating and cooling thermostat set points cannot be implemented simultaneously, 

individual perturbations were applied to the primary school baseline model (according to Table 
9), and the LHS algorithm created two test matrices of eight cases representing the perturbation 
combinations. 

Summary of Test Matrices 
After creating the test matrices for each baseline model, the resultant number of cases for each 
building type is shown in Table 10. 
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Table 10. Number of Simulation Results for Each Building Type 

Building Type Number of Cases 

Small office 624 

Medium office 624 

Standalone retail 624 

Primary school 688 

Main-street building 312 

 

The total number of cases in Table 10 
simulation results that the Tool developers and NREL agreed to evaluate. The simulation 
scenarios were submitted to the OpenStudio Server for simulation, and the results were post-
processed using R software. The details of the resultant test matrices for each baseline model are 
described  

Criteria for Evaluating Message Flags  
Although the test matrices are intended to trigger the Tool’s message, the perturbations do not 

of a building are not affected by infiltration, an increase in infiltration may not be significant 
enough to alter the energy consumption and trigger a flag. Conversely, if an increase in 
infiltration significantly increases the heating and cooling load and raises the energy cost for a 
building owner, a flag should be triggered. To ensure that the triggered flags are significant to a 
building owner, the simulation cases were evaluated with the following criteria: 

 Is there is a significant operating issue related to the perturbation? 

 Is the annual building energy cost significantly changed by the perturbation? 

rates and energy costs were increased significantly by the perturbation. If the perturbation does 
not change the energy cost significantly, the infiltration problem should not be communicated to 
the building owners. 

The simulation results are checked by the two criteria qualitatively, and the mathematical criteria 

electric baseload energy, are defined quantitatively, and it is not necessary to use the above 
criteria to check if the Tool should raise the message flags. To determine whether a simulation 
result should be associated with flag A, B, C, O, or P, the electricity baseload per floor area is 
calculated and the result is classified according to the flag definitions in Section 2. Further details 

 

Simulation Results for Message Flag N 
Unlike the other message flags, flag N refers to scenarios where utility data look erratic and 
incorrect when compared to the building activity and average monthly temperature. This could 
be caused by a building owner accidentally switching the input of an electric or gas bill for a 
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winter month with a summer month. The Tool identifies this inconsistency by raising flag N and 
recommends that the users correct their data. To create perturbed scenarios to trigger flag N, 
simulation results were created by switching two monthly electricity and gas consumption values 
randomly for 16 simulation results per building type. The switch was conducted between 
monthly utility data that were at least three months apart, so that the random switch was not 
conducted with months that are in the same season. 

5 Evaluation of Estimated Energy End Use 
Disaggregation 

The Tool uses monthly utility data to create a simplified building model and estimates the 
amount of energy allotted to the five different energy end uses (electric heating, cooling, and 
baseload energy consumption; and gas heating and baseload energy consumption). Because the 
estimated energy end uses are reported to building owners, it is necessary to check their 
accuracy.  

The Tool uses regression algorithms to calibrate the simplified building model to provided 
monthly gas and electric utility data. As with any regression process, the sum of the calibrated 
monthly energy uses will not be identical to the annual energy consumption that is provided in 
the utility data, unless they are adjusted slightly to match the true values. For the analysis 
presented in this report, the Tool developers chose to use the calibrated, unadjusted values 
derived by the regression algorithms alone. Although the deviation between the actual and 
derived annual energy uses can propagate to the estimated energy end uses, the differences 
between the totals are generally between 1-2%. 

similar comparison, but with annual energy costs. However, to account for this, the Tool was 
evaluated in two ways: by evaluating the accuracy of the estimated annual energy uses in a 
standard fashion, and by evaluating the accuracy of the energy end use ratios, which are 
calculated by normalizing each end use to the annual energy use by fuel type. The second 
method enables an evaluation of the energy end uses independently of the deviation between the 
estimated and actual annual energy end uses. 

5.1 Evaluation of Estimated Annual Energy Use 
To evaluate the accuracy of the Tool’s estimate of annual energy use, the percentage bias and 
uncertainty of the estimated annual energy uses were calculated for each simulation result listed 
in Table 10 s how 
accurate the estimate is (is it over- or under-predicting?) and the uncertainty indicates 
of repeatability of the bias. A small bias and a small uncertainty show that the estimation has a 
good fit, because the estimation can repeatedly give accurate estimations. If an estimate has a 
small bias and large uncertainty, the estimation is only occasionally accurate. Likewise, if an 
estimate has a large bias and a small uncertainty, the estimation is always inaccurate. The results 
for the different building types are plotted in Figure 3. 
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Figure 3. Percentage bias and uncertainty of annual energy uses of  

(a) electricity and (b) gas for different building types 

The results in Figure 3 show that the largest deviation for annual electricity estimation occurs 
with primary schools with a bias of -2.6% and an uncertainty of 5.3%. This means that the Tool 
underestimates the annual electricity consumption by 2.6%, with an uncertainty of 5.3%. The gas 
estimates are different. The biases for primary schools and main-street buildings are higher than 

the tool to estimate 
annual gas use correctly. In small offices, medium offices, and standalone retail buildings, heat 
pumps or gas furnaces provide the primary heating. However, both heat pumps and gas furnaces 
are used as primary heating equipment in retrofitted main-street buildings, and water boilers and 
gas furnaces are used in primary schools. This causes large biases for primary schools and main-
street buildings in Figure 3(b). The annual gas use estimation for small offices also has a bias of -
17.2% and an uncertainty of 132.5%. Some small offices have negligible gas consumption 
because their interior is mainly heated by electricity. In these scenarios, even if the Tool 
estimates the gas consumption slightly different from the simulation values, it will cause a large 
percentage difference. This results in large bias and uncertainty for small offices in Figure 3(b). 

and gas consumption were evaluated by annual energy cost, rather than energy use. Combining 
electricity and gas use by simple summation of electricity and gas use is inappropriate because 

—
meaning, people can do much more work with one unit of electricity than with one unit of gas. 
Alt

energy building definitions (DOE 2015c), but this system has a different purpose of supporting 
the designation of zero energy. For this effort, a process is needed that is simple, directly related, 
and immediately connected to business financials. Hence energy cost was chosen to combine 
electricity and gas in this project. The annual energy cost was calculated by using the average 
2013 gas and electricity cost for different U.S. states (EIA 2015a, b). The average percentage 
bias and uncertainty of the estimated annual energy cost for each building type is plotted in 
Figure 4. 

(a) (b)
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Figure 4. Percentage bias and uncertainty of annual energy cost for each building type 

The results in Figure 4 show that the large gas consumption deviation for small offices (as seen 
in Figure 3) would not affect users significantly because the bias is only -0.7% and the 
uncertainty is 1.5%. However, the bias and uncertainty for primary schools and main-street 
buildings, as shown in Figure 4, are higher than 7% and 10% respectively, and the annual energy 
costs are overestimated. The cause may lie in the type of heating equipment found within the 
buildings.  

Additional plots of bias and uncertainties for the estimates of annual energy use and annual 
 

5.2 Evaluation of Estimated Energy End Use Ratios 
To evaluate the accuracy of how the tool estimates energy end uses independently of the 
deviation between the estimated and correct (from the building simulation) annual energy use, 
the assessment considers energy end use ratios that are calculated by normalizing the energy end 
uses with the annual energy use per fuel type. For the simulated energy end uses, the energy end 
use ratios were calculated by normalizing them with the annual energy use per fuel type. The end 
use ratios were calculated using equations (1) and (2). 

Correct electricity end use ratio =
Electricity end use

Total annual electricity use from building simulation 
 (1) 

Correct gas end use ratio =
Gas end use

Total annual gas use from building simulation
 (2) 

 

The energy end use ratios estimated by the Tool were calculated by equations (3) and (4). 
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Estimated electricity end use ratio =
Estimated electricity end use

Total annual electricity use estimated by the Tool
 

(3) 

Estimated gas end use ratio =
Estimated gas end use

Total annual gas use estimated by the Tool
 

(4) 

 

Because the energy end use ratios are normalized by the annual energy use, their magnitudes are 
independent of the difference between the estimated and correct annual energy use. The bias and 
uncertainty of the estimated energy end use ratios are calculated based on the differences 

ted in Figure 5. 

 
Figure 5. Bias and uncertainty of (a) electricity and (b) gas energy end use ratios  

for different building types  

Figure 5 
electricity baseload found in medium offices. Most gas end uses are estimated within a bias of 

of the estimation is not very high because most uncertainty values in Figure 5 are higher than 
0.05.  

To understand the deviation relative to the overall building performance, the energy end use cost 
ratios were calculated. Similar to the calculation of the energy end use ratios, the cost ratios were 
calculated by normalizing the energy end uses by the annual energy costs that are estimated by 
the average 2013 energy costs (EIA 2015a, b). Equations (5) and (6) were used to calculate the 
cost ratios.  

Correct cost ratios of energy end uses =
Cost of energy end use

Annual energy cost from building simulation
 

(5) 

(a) (b)
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Estimated cost ratios of energy end uses =
Estimated cost of energy end use

Annual energy cost estimated by the Tool
 

(6) 

The bias and uncertainty of the estimated cost ratios are plotted in Figure 6. 

 

 

Figure 6. Bias and uncertainty of estimated cost ratios for energy end uses in different building 
types 

The electricity costs shown in Figure 6 scatter similarly to their counterparts in Figure 5, but the 
gas cost ratios shown in Figure 6 cluster around the origin much more closely than that of Figure 
5. This is a result of the smaller significance of cost for gas than that of electricity in the total 
energy cost of a building. Figure 6 also shows that the Tool is more accurate when the buildings 
are smaller and simpler. This is illustrated by the smaller bias and uncertainty for small offices, 
standalone retail buildings, and main-street buildings. The medium offices and primary schools 
behave differently. Further investigation was conducted to check the results of primary schools 
and medium offices, and the bias and uncertainty of the energy end use ratios for primary 
schools of different vintages are plotted in Figure 7. 
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Figure 7. Bias and uncertainty of energy end uses of primary schools  

modeled in different vintages for (a) electricity and (b) gas 

Figure 7 shows that the major reason for the Tool’s overestimation and high uncertainty of the 
gas baseload cost ratio (shown in Figure 6) is associated with the 2004 and 2013 primary 
schools. In the pre-1980 and post-1980 primary school models, the heating equipment is 
modeled with water boilers and the estimates are more accurate. However, in the 2004 and 2013 

heating equipment reduced the accuracy of the Tool’s estimate of gas heating, thus affecting the 
gas baseload as well. This causes the larger bias and uncertainty of energy end uses for primary 
schools in Figure 6. 

The larger bias and uncertainty associated with the medium office electricity baseload (shown in 
Figure 6) was further investigated by plotting the bias and uncertainty for electricity energy end 
use ratios for different vintages. The results are shown in Figure 8. 

  
Figure 8. Bias and uncertainty of electricity energy end use ratios for medium offices of different 

vintages 

(a) (b)
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Figure 8 shows that the electricity baseload and heating for medium offices is estimated with 
larger biases and uncertainties for post-1980 buildings than the pre-1980 buildings. A 
comparison of HVAC equipment between these vintages finds that the pre-1980 medium offices 
use constant speed fans with no reheat, while the other medium offices use variable-speed fans 
with electric reheat. The addition of the reheat and variable-speed fans to the newer buildings 
increases the difficulty for the Tool to estimate the electricity baseload and heating energy 
accurately. This results in a larger bias and uncertainty for medium office buildings as shown in 
Figure 6. 

5.3 Summary 
To summarize, the Tool shows a larger bias and uncertainty in annual energy use estimations for 
primary schools and main-street buildings. If the Tool developers eliminated the slight deviation 
between the calibrated, unadjusted energy values derived by their regression algorithms alone, 
and the actual annual energy calculated by the utility bill data, ,the energy end use estimation 
would most likely be unbiased for small office, standalone retail buildings, and main-street 
buildings with acceptable uncertainty. Regardless of the deviation, the tool was less accurate in 
estimating the gas or electricity baseload in the newer primary schools and medium offices due 

, or its ability to disaggregate larger internal loads. 

Detailed plots of bias and uncertainty of energy end uses and cost ratios 
for reference. 

6 Evaluation Estimated Potential Energy Savings 
The Tool can help encourage building owners to retrofit their buildings by identifying potential 

vings estimates, 
electricity and gas savings were calculated from the building simulation results and compared to 
the energy savings estimated by the Tool.  

6.1 Cost Savings Calculation 
Although the Tool estimates electricity and gas savings separately, the evaluation considers the 
fuel types together because energy cost savings are dependent on the interaction of the different 

electric use for plug loads, the tool should recommend that the owners reduce plug load energy 
and should estimate positive electricity savings. However, if the plug load electricity is reduced 
to the point where gas is increased to make up for a loss of heat from electric equipment, the tool 
should account for negative savings in gas (even if the electric savings are greater). For a proper 
evaluation, electric and gas savings are combined using average 2013 energy costs (EIA 2015a, 
b). The total cost savings are calculated using equation (7). 

Estimated potential cost savings = (Estimated electricity savings) × (Electricity cost)
+  (Estimated gas savings) × (Gas cost) 

(7) 

Since estimated energy savings can be negative, it is possible for equation (7) to yield negative 
cost savings. If the value from equation (7) is negative, it is assumed that the owners will either 
do nothing or investigate a potential operations or maintenance fault, and that the estimated 
potential cost savings is zero. 



26 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

6.2 Energy Cost Savings Calculation from Building Simulation 
Results 

Because building energy savings is the difference between current and post-retrofit energy 
consumption, it is necessary to define post-retrofit energy consumption. For each building 
simulation result fromTable 10, energy cost savings was calculated for two cases: (1) energy cost 
savings calculated by comparing a perturbed model to the baseline building model, and (2) 
savings calculated by comparing a model to the standard efficient case, which is defined as the 
most current model (i.e., 2013 vintage) for each building type. 

Baseline Case 
The baseline building model, without any perturbations as described in Section 4.2, was used as 
the baseline case for calculating potential energy cost savings. Under this scenario, it is assumed 

deviate from the baseline model.  

To calculate the potential cost savings, the electric and gas savings were calculated separately 
using equations (8) and (9). 

Electricity savings from baseline case = Annual electricity use of the current case   
 Annual electricity use in the baseline case 

(8) 

Gas savings from baseline case = Annual gas use of the current case   
 Annual gas use in the baseline case 

(9) 

The electric and gas savings from equations (8) and (9) can be used to calculate the correct cost 
savings from the baseline case by equation (10). 

Cost savings from baseline case = (Electricity savings from baseline case) 
(Electricity cost) +  (Gas savings from baseline case)(Gas cost) 

(10) 

Standard Efficient Case 
The newest vintage baseline model for each building type was used as the standard efficient case 
for calculating energy cost savings compared to an older building or perturbed building models. 

Table 11. 

Table 11. Example of the Baseline and Standard Efficient Case  
Used To Calculate Potential Energy Savings 

 Building Simulation 
Result 

Corresponding 
Baseline Case 

Corresponding Standard 
Efficient Case 

Climate zone 5A 5A 5A 

Building type Primary school Primary school Primary school 

Vintage pre-1980 pre-1980 2013 

Perturbation Increasing internal lighting 
intensity by 100%  

None None 
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As represented in Table 11
increasing the internal lighting intensity by 100% from a pre-1980 primary school model in 
climate zone 5A. Because the newest vintage considered in the project is 2013, the 
corresponding standard efficient case comes from the 2013 primary school model in climate 
zone 5A without an applied perturbation. 

Under this scenario, it is assumed that the building owners could achieve energy savings by 
retrofitting their building with standard 2013 building practices applied to the building envelope, 
HVAC equipment, and other building systems. This scenario usually results in more energy 
savings than retrofitting to the baseline case, but would require much more capital to implement 
the retrofit. The electricity and gas savings were calculated using equations (11) and (12). 

Electricity savings from standard efficient case = Annual electricity use of the current case - 
 Annual electricity use in the standard efficient case 

(11) 

Gas savings from standard efficient case = Annual gas use of the current case - 
 Annual gas use in the standard efficient case 

(12) 

The energy cost savings from the standard efficient case were calculated using equation (13). 

Cost savings for the standard efficient case  
= (Electricity savings from standard efficient case )  ×  (Electricity cost)

+  (Gas savings from the standard efficient case)  ×  (Gas cost) 

(13) 

 

6.3 Evaluation Results and Discussion 
the Tool’s savings estimates, the normalized deviation, calculated by 

equation (14)  

Estimated potential cost savings - Correct cost savings 
Annual energy costs from the building simulation result

 (14) 

Because building owners might check the significance of cost savings relative to their annual 
energy costs, the deviation of the estimated cost savings from the correct cost savings was 
normalized by the annual energy costs of the building before a retrofit. The deviations were used 
in calculating bias and uncertainties that are plotted in Figure 9. 
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Figure 9. Bias and uncertainty of the Tool’s energy cost savings estimates for (a) small offices, (b) 
medium offices, (c) standalone retail buildings, (d) primary schools, and (e) main-street buildings 

Figure 9 shows that the cost savings from the baseline case have smaller biases than the cost 
savings from the standard efficient case for small and medium offices. This means that the Tool 
is effectively using the baseline case for calculating cost savings for the small and medium 
offices. For standalone retail and main-street buildings, the biases for the cost savings from the 

(a) (b)

(c) (d)

(e)
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baseline case are positive and the biases for the cost savings from the standard efficiency case are 
negative. This shows that the Tool’s baseline for calculating energy savings lies somewhere 
between the baseline model and the standard efficient case. For primary schools, Figure 9(d) 
shows that the Tool’s cost savings estimates for the standard efficient cases have a small bias and 
the Tool cost savings estimates for pre-1980 to 2004 vintages are relative to the standard 
efficient case. 

It is clear from Figure 9 that the Tool significantly overestimates the cost savings potential for 
2013 primary schools. Although there are significant biases for other types of 2013 buildings, the 
biases are negative. This means that the Tool will not give false hopes of cost savings for 
building owners interested in retrofitting their buildings. However, the overestimation of cost 
savings for the 2013 primary school could encourage building owners to investigate a retrofit 
even if it is not warranted. Hence the intent of this tool in providing a high-level first look at 
potential savings must be emphasized to the users, and owners should understand that a more in-
depth assessment will be needed. 

Figure 9 also shows that the tool’s cost savings estimates are unreliable with uncertainties greater 
than 20%. Because the older buildings usually show larger uncertainty than newer buildings, this 

Figure 10 using histogram plots of normalized cost savings deviations 
from the baseline case for small office buildings. 

 
Figure 10. Histograms of normalized cost savings deviations for (a) pre-1980 main-street 

buildings, and (b) 2013 small office buildings 

The histogram in Figure 10(a) has a wider spread than the histogram in Figure 10(b), which 
shows that the deviation of the estimated cost savings compared to the true cost savings is likely 
to be larger for pre-1980 small office buildings than for 2013 small office buildings. This 

Figure 9) than for 
newer buildings. In summary, the Tool cost savings estimates are less reliable for older buildings 
than for newer ones. It should also be noted that the spread in cost savings, shown in both 
histograms in Figure 10, are large with multiple peaks. This suggests that the tool does not have 
a consistent retrofit target for evaluating potential energy savings.  

(a) (b)
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6.4 Summary 
To summarize, the accuracy of the cost savings estimates predicted by the Tool was evaluated. 
Because the post-retrofit performance target that the Tool uses to estimate savings is proprietary, 
two reference cases were considered—the baseline case and the standard efficient case. By 
comparing the biases and uncertainties of the cost savings estimates calculated in reference to 
these two cases, it was found that the cost savings estimates of small and medium offices, on 
average, reference the baseline case while the cost savings estimates for primary schools are 
more in line with the standard efficient case. It can also be concluded that the standalone retail 
and main-street buildings lie between the baseline and standard efficient case, and the reference 
cases change pending building type and vintage. It is important to note that the Tool 
overestimates potential cost savings for the 2013 primary school buildings. It is also important to 
note that the the Tool cost savings estimates have large uncertainty, which implies that the Tool’s 
cost savings estimates could be unreliable and the tool is inconsistent in identifying retrofit 
performance targets for different building types. 

7 Evaluation of Message Flag Accuracy  
In addition to estimating energy end uses and potential energy cost savings for retrofits, the Tool 
also alerts building owners to operational and construction-related issues in their buildings using 
a series of message flags. This section first discusses the design of the message flags in terms of 
their effectiveness and clarity to communicate building issues to the owners. Then an assessment 
of message flag accuracy is presented and discussed.  

7.1 Message Flag Definitions 
Categorizing Electricity Baseload Energy Use (Flags A, B, C, O, and P) 
The Tool provides four main categories of message flags for electricity baseload use: (A) low, 
(B) slightly high, (C) very high, and (O or P) ultra-high. The categories are designed to be 

categorization does not include a class for “normal” electric baseload energy use, building 
owners will always be alerted with at least one electric baseload issue. 

different types of buildings may have different standards for high and low electricity baseload 
-2013 

(ASHRAE 2013b), the standard lighting power density of a retail space is 13.6 W/m2 (1.26 
W/ft2) and is 54.5% higher than that of an office space, which is 8.8 W/m2 (0.82 W/ft2). When 
the Tool uses the same classification scheme for all building types, it may mistakenly classify 
retail stores as “slightly high electricity baseload” when the baseload is normal. Hence the tool 
developers should consider using different electricity baseload classification schemes for 
different types of buildings. 

Message Flags Unrelated to Energy Savings: Flag Q 
While the Tool aims to alert building owners of operation issues that affect energy use, there is a 
flag, “low relative heat use,” that is meant to indicate that a building has poor thermal comfort or 
inadequate occupancy scheduling. However, the meaning of this flag is not well communicated 
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in the documentation of the Tool, and the developers should consider adding a clarified 
planation or removing the flag. 

7.2 Evaluation Methodology for Message Flags Independent of One 
Another (Flags N, E, I, K, and L) 

The N, E, I, K, and L message flags are not related to other flags, and their accuracy can be 

classification algorithms (Fawcett 2006). The matrices for these flags are developed by 
considering the building simulation results as the correct results and the Tool analysis results as 
the estimated results. With these results, the data points are allocated to four classes as shown in 
Table 12. 

Table 12. Example of a 2x2 Confusion Matrix Used To Assess the Accuracy of the Tool in 
Triggering a Flag Related to a Particular Building Operating Issue 

 Simulation Results 
with the Issue 

Simulation Results 
without the Issue 

The Tool raises the flag related to the issue True diagnosis False alarm 

The Tool does not raise the flag False negative True negative 

 

Table 12 the Tool analysis 
the Tool correctly flags the issue, the result is 

categori the Tool does not flag it, then it is 
categorized under “False negative.” A “False alarm” is associated with a case where the Tool 

the Tool does not issue 
a flag, then this situation is categorized as “True negative.” After categorizing all cases and 
counting the number of cases in each class, the true diagnosis and false alarm rates are calculated 
by equations (15) and (16). 

True diagnosis rate = 
Number of true diagnoses

Number of simulation cases with the flag
 

(15) 

False alarm rate = 
Number of false alarms

Number of simulation cases without the flag
 

(16) 

Even more important than a high true diagnosis rate, the false alarm rate should be low so as to 
 

Flag N 
Flag N 
with the issue in addition to the cases listed in Table 10. To assess the accuracy of the Tool in 
triggering flag N, confusion matrices were drawn considering the 80 results with the issue and 
the additional cases in Table 10 without the issue. The true diagnosis and false alarm rates are 
tabulated in Table 13. 
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Table 13. True Diagnosis and False Alarm Rates for Flag N 

Building Type True Diagnosis Rate False Alarm Rate 

Small office 12.5% 0% 

Medium office 6.3% 0% 

Standalone retail 18.8% 0% 

Primary school 37.5% 0% 

Main-street building 0.0% 0% 

 

Table 13 shows that the false alarm rates were zero for all types of buildings. The true diagnosis 
-street buildings. For the main-

street buildings, the tool is not useful in diagnosing possible erratic operation and occupancy 
issues. 

One possible reason for the low true diagnosis rates is that switching monthly data may not have 
caused a change significant enough to affect the energy usage pattern in ways that would trigger 
Flag N.  

Flag E 
Flag E is related to inefficient cooling COP of building cooling equipment. This was simulated 
by either increasing the size of the HVAC equipment to increase the on-off cycling of equipment 
(which is less efficient), or by reducing the COP of the equipment from the rated condition. The 
true diagnosis and false alarm rates for this flag are tabulated in Table 14. 

Table 14. True Diagnosis and False Alarm Rates for Flag E 

Building Type True Diagnosis Rate False Alarm Rate Cases with Flag E from 
the Simulation Results 

Small office 0.0% 0.9% 82 

Medium office 0.0% 3.4% 61 

Standalone retail 13.3% 2.8% 45 

Primary school 1.5% 0.8% 195 

Main-street building 0.0% 0.0% 24 

 

These results show that the tool cannot identify any cases with low cooling COP in small offices, 
medium offices, and main-street buildings. For standalone retail buildings and primary schools, 
the results are somewhat better with true diagnosis rates that are higher than the false alarm rates.  

Flag I 
Flag I is related to the overuse of cooling in a building. The true diagnosis and false alarm rates 
are tabulated in Table 15. 
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Table 15. True Diagnosis and False Alarm Rates for Flag I 

Building Type True Diagnosis Rate False Alarm Rate Cases with Flag I from 
the Simulation Results 

Small office 16.3% 8.0% 86 

Medium office 20.8% 14.0% 87 

Standalone retail 31.2% 18.6% 93 

Primary school 54.2% 17.5% 83 

Main-street building 8.6% 3.6% 35 

 

The results show that the true diagnosis rates are always higher than the false alarm rates 
indicating that the tool is more likely to get the right answers than wrong ones. However, only 
the true diagnosis rate for primary schools is greater than 50%. 

Flag K 
Flag K relates to unusually high summer gas use. Its true diagnosis and false alarm are tabulated 
in Table 16. 

Table 16. True Diagnosis and False Alarm Rates for Flag K 

Building Type True Diagnosis Rate False Alarm Rate Cases with Flag K from 
the Simulation Results 

Small office 25.8% 0.2% 31 

Medium office 0.0% 0.0% 93 

Standalone retail 73.6% 12.6% 110 

Primary school 100.0% 100.0% 114 

Main-street building 100.0% 72.0% 44 

 

The results show that the tool performs best in standalone retail buildings, with a true diagnosis 
rate of 73.6% and low false alarm rate of 12.6%. The performance for the small office is also 
reasonable with a true diagnosis rate of 25.8% and false alarm rate of 0.2%. However, the tool 
does not perform well for main-street buildings, with a false alarm rate of 72.0%. Furthermore, 
the tool performance is low for the medium office (no correct diagnoses), primary schools 
(always diagnoses the flag regardless of the case), and main-street buildings (a high false alarm 
rate that is not much lower than the true diagnosis rate).  

Flag L 
Flag L relates to the use of reheat during warm and summer months. The Tool performance 
results for this flag are tabulated in Table 17. 
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Table 17. True Diagnosis and False Alarm Rates for Flag L 

Building Type True Diagnosis Rate False Alarm Rate Cases with Flag L from 
the Simulation Results 

Small office Not available 5.9% 0 

Medium office 50.0% 7.1% 20 

Standalone retail Not available 2.7% 0 

Primary school 9.1% 7.4% 22 

Main-street building Not available 0.6% 0 

 

Table 17 shows that the flag is only applicable to two building types because not all of the 
building types use reheat devices. Thus, the true diagnosis rate of flag L is undefined for those 
buildings without reheat. However, the tool flags this issue despite the absence of reheat devices 
in the buildings and hence, the results show false alarm rates for small office, standalone retail, 
and main-street buildings. Among the buildings with reheat devices, the tool performs much 
better for the medium office with a 50% true diagnosis rate and a low false alarm rate.  

7.3 Evaluation Methodology and Results for Pairs of Mutually 
Exclusive Flags (Flags H and Q) 

When operating issues associated with two flags that 

 Table 18 where flag 1 and flag 2 
 

Table 18. Example of a 3x3 Confusion Matrix Used To Assess the Accuracy of the Tool  
in Triggering a Pair of Flags  

 Simulation Results 
with Issues Related to 
Flag 1 

Simulation Results without 
Any Issues Related to Flag 1 
or 2 

Simulation Results 
with Issues Related to 
Flag 2 

Diagnosed with 
flag 1 

True diagnosis for flag 1 False alarm for flag 1 False diagnosis for flag 
1 

No diagnosis 
for flag 1 or 2 

False negative True negative False negative 

Diagnosed with 
flag 2 

False diagnosis for flag 
2 

False alarm for flag 2 True diagnosis for flag 2 

 

After classifying each simulation result into the nine classes shown in Table 18, the number of 
cases under each class is counted and used to calculate the performance indicators for flags 1 and 
2: true diagnosis, false diagnosis, and false alarm rates. For flag 1, these indicators are calculated 
using equations (17), (18), and (19). 
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True diagnosis rate for flag 1= 
Number of true diagnoses for flag 1

Number of simulation cases with flag 1 issue
 

(17) 

False alarm rate for flag 1 = 
Number of false alarms for flag 1

Number of simulation cases without
 flag 1 and 2 issues

 
(18) 

False diagnosis rate for flag 1 = 
Number of false diagnoses for flag 1

Number of simulation cases with flag 2 issues
 

(19) 

True diagnosis rate for flag 1 in equation (17) indicates how often the Tool can correctly 
diagnose the cases with the flag 1 issue. False alarm rates for flag 1 in equation (18) indicates 
how often the Tool diagnoses flag 1 without the presence of flag 1 and 2 issues. False diagnosis 
rate for flag 1 in equation (19) indicates how often the cases with a flag 2 issue are diagnosed 
with flag 1. A high false diagnosis rate implies that the tool is likely to incorrectly raise flag 1 
when flag 2 should be raised. The same rates are calculated for flag 2 to evaluate the 
performance of the tool in diagnosing flag 2 issues. 

There is only one pair o the Tool: flag H (high relative heating use) 

lags H and 
(17), (18), and (19) 

and tabulated in Table 19. 

Table 19. True Diagnosis, False Diagnosis Rates, and False Alarm Rates  
for Flags H and Q for Different Building Types 

Building 
Type 

Flag H Flag Q 

True 
Diagnosis 

Rate 

False 
Diagnosis 

Rate for Flag 
H 

False 
Alarm 

Rate for 
Flag H 

True 
Diagnosis 

Rate 

False 
Diagnosis 

Rate for Flag 
Q 

False 
Alarm 

Rate for 
Flag Q 

Small 
office 

28.5% 0% 10.0% 14.3% 10.0% 7.8% 

Medium 
office 

34.9% 0% 14.7% 8.7% 0.0% 6.0% 

Standalone 
retail 

13.7% 0% 3.6% 33.3% 27.4% 22.6% 

Primary 
school 

33.0% 0% 17.7% 23.1% 33.0% 18.9% 

Main-street 
building 

4.5% 0% 0.7% 50.0% 22.7% 24.6% 
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The results show that the true diagnosis rate of flag H is higher than the false alarm rates for all 
building types. However, none of the true diagnosis rates for flag H are higher than 50%. Similar 

n the cases for primary schools. In 
these cases, the true diagnosis rate is lower than the false alarm rate and the tool is more likely to 
claim a case with high usage of heat when it actually has a low heat use. 

7.4 Evaluation Methodology and Results for Multiple Flags with 
Similar Operating Issues (Flags D and M) 

The Tool documentation indicates that flag D (inefficient shell and ventilation) and flag M 

problem. Although their main functions would alert building owners to operating issues that are 
physically different, the documentation indicates that some inefficient shell and ventilation issues 
may be alerted by flag M instead of flag D because of the difficulty in separating the issues 
completely in its simplified mathematical model. To accommodate this supplementary function, 
the two flags were evaluated together. To determine appropriate performance indicators for the 
two flags, confusion matrices were constructed to classify the cases, first without considering the 
supplementary function, and secondly to classify them according to the rules in Section 7.2. The 
resultant confusion matrices are shown in Table 20 and Table 21. 

Table 20. Confusion Matrix for Flag M with and without Considering the Supplementary Function  
of Flag M To Diagnose Cases with an Inefficient Shell and Ventilation 

 With Inefficient Shell and Ventilation 
(D) 

Without Inefficient Shell or Ventilation 
(D) 

With Low Heating 
Efficiency (M) 

Without Low 
Heating Efficiency 
(M) 

With Low 
Heating 
Efficiency (M) 

Without Low 
Heating Efficiency 
(M) 

Diagnosed with 
flag D and M 

True diagnosis  False alarm True diagnosis  False alarm 

Diagnosed with 
flag D but not 
M 

False negative True negative False negative True negative 

Diagnosed with 
flag M but not 
D 

True diagnosis  False alarm True diagnosis  False alarm 

No diagnosis of 
D nor M 

False negative True negative False negative True negative 
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Table 21. Confusion Matrix for Flag D without Considering the Supplementary Function of Flag M 
To Diagnose Cases with Inefficient Shell and Ventilation 

 With Inefficient Shell and Ventilation 
(D) 

Without Inefficient Shell or Ventilation 
(D) 

With Low Heating 
Efficiency (M) 

Without Low 
Heating Efficiency 
(M) 

With Low 
Heating 
Efficiency (M) 

Without Low 
Heating Efficiency 
(M) 

Diagnosed with 
flag D and M 

True diagnosis False alarm 

Diagnosed with 
flag D but not 
M 

Diagnosed with 
flag M but not 
D 

False negative True negative 

No diagnosis of 
D nor M 

 

When the supplementary function of flag M is not considered, the classes for flag D and M 
(shown in Table 20 and Table 21) are not affected by the conditions or diagnoses related to the 
other flag. The classes of true diagnosis, false alarm, false negative, and true negative in Table 20 
only depend on whether flag M is triggered by the Tool and if the building equipment has low 
heating efficiency. Similarly, the classes in Table 21 only depend on if flag D is triggered by the 
Tool and if the building has an inefficient shell and ventilation issue. The true and false alarm 
rates calculated from Table 20 and Table 21 are tabulated in Table 22. 

 

Table 22. True and False Alarm Rates for Flags D and M  
without Considering the Supplementary Function of Flag M 

Building Type Flag D Flag M 

True Diagnosis Rate False Alarm Rate True Diagnosis Rate False Alarm Rate 

Small office 62.9% 45.1% 15.5% 9.4% 

Medium office 60.7% 39.1% 21.3% 14.9% 

Standalone retail 92.7% 76.3% 0.7% 3.9% 

Primary school 93.9% 84.3% 5.9% 6.2% 

Main-street 
building 

100.0% 82.8% 7.7% 13.3% 
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Table 22 shows that all true diagnosis rates are higher than the false alarm rates for flag D, and 
the tool is often able to distinguish the inefficient shell and ventilation issues from cases without 
those issues. However, the results also show that the false alarm rate for flag D ranges from 
39.1% to 84.3%. For flag M, the false alarm rates are higher than the true diagnosis rates for 
standalone retail buildings, primary schools, and main-street buildings. This shows that the tool 
does a poor job of distinguishing low heating efficiency from cases with normal heating 
efficiency. The true diagnosis rates for flag M for small and medium size offices are also low 

 

whether the low true diagnosis rates for flag M are related to the supplementary 
Table 20 was modified to accommodate the supplementary 

function in Table 23. 

Table 23. Confusion Matrix for Flag M Considering the Supplementary Function of Flag M To 
Diagnose Cases with an Inefficient Shell and Ventilation 

 With Inefficient Shell and Ventilation 
(D) 

Without Inefficient Shell or Ventilation 
(D) 

With Low Heating 
Efficiency (M) 

Without Low 
Heating Efficiency 
(M) 

With Low 
Heating 
Efficiency (M) 

Without Low 
Heating Efficiency 
(M) 

Diagnosed with 
flag D and M 

True diagnosis  False alarm True diagnosis  False alarm 

Diagnosed with 
flag D but not 
M 

False negative True negative False negative True negative 

Diagnosed with 
flag M but not 
D 

Weak diagnosis  Weak diagnosis True diagnosis  False alarm 

No diagnosis of 
D nor M 

False negative False negative False negative True negative 

 

The differences between Table 20 and Table 23 are underlined in Table 23. When the building 
has both issues but only diagnoses flag M, it is considered incomplete and termed a weak 
diagnosis. When the building has an inefficient shell and ventilation but normal (not low) heating 
efficiency, flag M only serves as the supplementary function and is considered a weak diagnosis. 
It is not considered a true diagnosis because it could be interpreted as low heating efficiency 
when in reality, the building does not have that issue. If the building has the inefficient shell and 
ventilation but no diagnosis of flags D or M, flag M fails to serve its supplementary function and 
is considered a false negative. In comparing Table 20 with Table 23, it’s shown that the 
supplementary function reduces the number of false alarms for flag M, at the sacrifice of true 
diagnosis and true negative rates. Because the supplementary function introduced a weak 
diagnosis, a new performance indicator called “weak diagnosis rate” was introduced. This is 
calculated by equation (20). 
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Weak diagnosis rate = 
Number of weak diagnoses

Number of simulation cases with inefficient shell and ventilation
 (20) 

Because the number of true negatives for flag M was changed by the supplementary function, the 
true negative rate was calculated by equation (21). 

True negative rate = 
Number of true negatives

Number of simulation cases without low heating efficiency issues
 (21) 

 

Without the supplementary function, the true negative rate can be calculated by subtracting 1 
from the false alarm rate. Because the supplementary function only involves the function of flag 

Table 21. Hence the 
performance of the tool in triggering flag D remains the same with the supplementary function. 
The performance indicators for flag M with and without the supplementary function are 
tabulated in Table 24. 

Table 24. Performance Indicators for Flag M with and without the Supplementary Function 

 With the Supplementary Function Without the Supplementary Function 

True 
Diagnosis 

Rate 

False 
Alarm 

Rate 

Weak 
Diagnosis 

Rate 

True 
Negative 

Rate 

True 
Diagnosis 

Rate 

False 
Alarm 

Rate 

True 
Negative 

Rate 

Small office 13.8% 7.6% 10.5% 86.2% 15.5% 9.4% 90.6% 

Medium office 13.1% 13.7% 11.2% 80.8% 21.3% 14.9% 85.1% 

Standalone 
retail 

0.7% 3.7% 0.9% 95.4% 0.7% 3.9% 96.1% 

Primary school 5.9% 6.2% 0.0% 93.8% 5.9% 6.2% 93.8% 

Main-street 
building 

7.7% 13.3% 0.0% 86.7% 7.7% 13.3% 86.7% 

 

The results show that the supplementary function has negligible effect on the true diagnosis, 
false alarm, and true negative rates for standalone retail buildings, primary schools, and main-
street buildings. The supplementary function improves the diagnosis of flag M for small offices 
as shown by its large weak diagnosis rate. However, the supplementary function negatively 
affects the diagnosis performance in medium offices because it reduces the true diagnosis rate 
from 21.3% to 13.1%, and the tool can no longer distinguish between the cases with or without 
low heating efficiency issues. 

To evaluate whether the accuracy of the Tool can be improved by combining flags D and M into 
one flag, true diagnosis and false alarm rates for the different building types were calculated by 
considering the diagnoses related to flags D and M to be the same diagnosis. This is shown in the 

Table 25. 
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Table 25. Confusion Matrix Combining the Diagnoses of Flags D and M into a Single Diagnosis 

 Buildings with Inefficient 
Shell and Ventilation or 
Equipment with Low Heating 
Efficiency (D or M) 

Buildings without Inefficient 
Shell and Ventilation and 
Equipment with Low Heating 
Efficiency (D or M) 

Diagnoses with flags D or M True diagnosis False alarm 

No diagnoses with flags D and M False negative True negative 

 

The true diagnosis and false alarm rates are tabulated in Table 26. 

Table 26. True Diagnosis and False Alarm Rates after Combining the Diagnoses of Flags D and M  
into a Single Diagnosis 

Building Type True Diagnosis Rate False Alarm Rate 

Small office 76.8% 44.4% 

Medium office 65.1% 47.3% 

Standalone retail 94.7% 74.2% 

Primary school 93.6% 86.1% 

Main-street building 100.0% 82.2% 

 

In comparing Table 26 and Table 22, the results show that combining flags D and M increases 
the true diagnosis rates but does not reduce the false alarm rates significantly. This shows that 
diagnoses with flags D and M are being triggered by building issues other than an inefficient 
shell and ventilation and inefficient heating equipment. These two flags should be studied more 
carefully to identify the causes of the high false alarm rates. 

7.5 Evaluation Methodology and Results For Multiple Flags That Are 
Mutually Exclusive (Flags A, B, C, O, and P) 

similarly to Table 18, the evaluation would contain too many performance indicators if the false 
diagnosis rates were calculated in a similar manner. A new evaluation scheme was determined 
based on the classification methods that categorize flags A, B, C, O, and P. The classification for 
these flags considers two methods: 

 Electricity baseload per floor area 

 Internal electric load relative to the electricity baseload. 

If the electricity baseload per floor area is estimated to be lower than 29.1 W/m2 (2.7 W/ft2), it 
will be classified with flags A, B, or C. For buildings with an estimated electricity baseload per 
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floor area higher than 29.1 W/m2 (2.7 W/ft2), they will be classified as O or P, according to the 
dominance of internal electricity load to the total electricity baseload. If the internal electricity 
load is the dominant factor, the building will be diagnosed with a flag O. Otherwise, flag P will 

 

To assess the accuracy of the Tool in classifying building electricity baseload correctly, the 
confusion m Table 27 was drawn. 

Table 27. Confusion Matrix To Assess the Accuracy of the Tool in Classifying Buildings according 
to Electricity Baseload 

Electricity 
Baseload per 
Floor Area 

Lower than 9.1 
W/m2 (0.85 W/ft2) 

Between 9.1 
W/m2 (0.85 W/ft2) 
and 14.5 W/m2 
(1.35 W/ft2) 

Between 14.5 
W/m2 (1.35 W/ft2) 
and 29.1 W/m2 
(2.7 W/ft2) 

Higher than 29.1 
W/m2 (2.7 W/ft2) 

Diagnosed with 
flag A 

Correct diagnosis False diagnosis False diagnosis False diagnosis 

Diagnosed with 
flag B 

False diagnosis Correct diagnosis False diagnosis False diagnosis 

Diagnosed with 
flag C 

False diagnosis False diagnosis Correct diagnosis False diagnosis 

Diagnosed with 
flag O or P 

False diagnosis False diagnosis False diagnosis Correct diagnosis 

 

evaluated separately, only the accuracy of the tool in categorizing buildings into the correct class 
was evaluated. The accuracy of the Tool was calculated by equation (22). 

Accuracy to classify building
electricity baseload  = 

Number of correct diagnoses in Table 27
Total number of simulation cases in Table 27

 
(22) 

 

To assess the 
was developed, as seen in Table 28. 

Table 28. Confusion Matrix To Assess the Accuracy of the Tool in Identifying whether Internal 
Electricity Load Dominates the Total Electricity Baseload 

 Internal Electricity Load 
Dominates the Total Electricity 
Baseload 

External Electricity Load 
Dominates the Internal 
Electricity Baseload 

Diagnosed with flag O Correct diagnosis False diagnosis 

Diagnosed with flag P False diagnosis Correct diagnosis 

 



42 

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

Table 27, there are no false alarms, and only the accuracy of 
correct classification is needed. The accuracy of the Tool in identifying whether the internal 
electricity load dominates the total electricity baseload was calculated by equation (23).  

Accuracy to identify whether the
internal electricity load dominates

the total electricity baseload
 = 

Number of correct diagnoses in Table 28
Total number of simulation cases in Table 28

 (23) 

The accuracies from equations (22) and (23) for different building types are tabulated in Table 
29. 

Table 29. Accuracies to Evaluate How the Tool Diagnoses Flags A, B, C, O, and P 

 Accuracy in Classifying 
Buildings Based on 
Electricity Baseload 

Accuracy in Identifying whether the 
Internal Electricity Load Dominates 

the Total Electricity Baseload 

Small office 92.0% 65.1% 

Medium office 84.9% 72.1% 

Standalone retail 85.7% 33.0% 

Primary school 78.9% 0.0% 

Main-street building 86.9% 52.4% 

 

Table 29 shows that the Tool classified the buildings correctly between 78.9% and 92.0% of the 
cases. In an effort to understand why the accuracy is higher for small offices than for primary 
schools, the confusion matrices for the two building types are presented in Table 30 and Table 
31. 

Table 30. Confusion Matrix To Assess the Accuracy of the Tool in Classifying Buildings Correctly 
according to the Electricity Baseload for Small Offices 

Electricity 
Baseload per 
Floor Area 

Lower than 9.1 
W/m2 (0.85 

W/ft2) 

Between 9.1 W/m2 
(0.85 W/ft2) and 
14.5 W/m2 (1.35 

W/ft2) 

Between 14.5 W/m2 
(1.35 W/ft2) and 
29.1 W/m2 (2.7 

W/ft2) 

Higher than 
29.1 W/m2 (2.7 

W/ft2) 

Diagnosed with 
flag A 65 2 0 0 

Diagnosed with 
flag B 3 109 36 0 

Diagnosed with 
flag C 0 0 251 3 

Diagnosed with 
flag O or P 0 0 6 149 
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Table 31. Confusion Matrix To Assess the Accuracy of the Tool in Classifying Buildings Correctly 
according to the Electricity Baseload for Primary Schools 

Electricity 
Baseload per 
Floor Area 

Lower than 9.1 
W/m2 (0.85 

W/ft2) 

Between 9.1 W/m2 
(0.85 W/ft2) and 
14.5 W/m2 (1.35 

W/ft2) 

Between 14.5 W/m2 
(1.35 W/ft2) and 
29.1 W/m2 (2.7 

W/ft2) 

Higher than 
29.1 W/m2 (2.7 

W/ft2) 

Diagnosed with 
flag A 14 24 0 0 

Diagnosed with 
flag B 1 145 113 0 

Diagnosed with 
flag C 0 0 300 0 

Diagnosed with 
flag O or P 0 0 7 84 

 

A comparison of Table 30 with Table 31 shows that there are more cases in the upper triangular 
 in Table 31 than that of Table 30. This is due to an 

underestimation of electricity baseload in primary schools. 

Table 29 also shows that the Tool is less capable in identifying the source of high electricity 
baseload in standalone retail buildings and primary schools than for the other building types. A 
possible reason is the uneven internal electricity baseload in standalone retail buildings and 
primary schools. In both building types, there are particular areas where the internal electricity 
per area is higher than the rest of the building, including special sales areas in standalone retail 
buildings and kitchen areas in the primary schools. If the Tool does not estimate the electricity 

incorrectly classify the building. 

7.6 Summary 
The Tool’s performance in triggering message flags that diagnose building operating issues was 
analyzed qualitatively and quantitatively. Results from the qualitative analysis concluded that the 
tool should be modified to output a category of “normal” electricity baseload, and to utilize a 
classification scheme that changes with different building types. It should also focus its 
development on issues that have the biggest effect on energy cost savings.  

Methods to quantify the performance of the Tool in correctly triggering message flags depend on 
the individual flags or combination of flags. For each circumstance, different confusion matrices 
were developed according to the nature of the message flags. The Tool performed best in the 
following areas: 

 Diagnosis of high summer gas use in standalone retail buildings 

 Diagnosis of unnecessary reheat in medium offices 
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 Classification of electricity baseload 

 Identification of high electricity baseload in office and main-street buildings.  

The accuracy for the other message flags could use improvement. The performance indicators for 
all of the  

8 Conclusions 
A comprehensive test suite for evaluating the performance of no touch audit tools was developed 
by NREL and Purdue. The testing approach compares building simulation results to no-touch 
audit tool estimates for a wide variety of building types, building vintages, climate zones, 
envelope performance, and building operating issues. Three functions found in no-touch audit 
tools were evaluated: estimations of building energy end uses, estimations of potential energy 
savings, and tool alerts that signal envelope performance and building operation issues. The 

electric and gas end uses. The accuracy of potential energy savings estimates 
comparing pre- and post-retrofit cases. The tool alerts were evaluated by determining true 
diagnosis and false alarm rates for each type of alert. The test set developed in this work could be 
used for additional no touch audit tools that perform in the same or similar manner. 

In order to develop the comprehensive test suite and methodology for assessing no-touch audit 
tools, a representative tool was used as a test case in this study. Results from the assessment 
show that the tool had fairly 
medium office buildings. Its performance in triggering alerts that signal performance and 
operation issues varied —the most accurate alerts (also referenced as “message flags”) are 
summarized in Section 7.6. False alarm rates were generally too high. The magnitude of the 
tool’s bias and uncertainty for estimating energy end use cost ratios were less than 5% and 10%, 
respectively, for small offices, standalone buildings, and main-street buildings. The tool 
underestimates predicted energy savings for most buildings , where 
the tool overestimates predicted energy savings. With respect to the various performance and 
operational alerts, the tool could reliably diagnose issues related to high summer gas use in 
standalone retail buildings, possible reheat in medium office buildings, and high electricity 
baseloads in office and main-street buildings. The tool’s true diagnosis and false alarm rates for 
the other operating issues require improvement before it should be considered reliable. There 
were also small deviations (less than 1-2%) between the tool estimates and simulation results for 
total annual energy use in primary schools and main-street buildings, due to the tool’s regression 
algorithms used to calibrate the model. The testing results may improve if the calibrated, 
simplified model values are adjusted to match the simulated monthly utility bill data. 

In a parallel companion report, NREL is supplementing the simulated evaluation with actual 
building energy performance data (Cai et al. 2016). NREL plans to compare the energy end use 
breakdowns and identify possible causes of high energy use from the Tool with submetered field 
data.  
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Appendix A. Small Office, Medium Office, Standalone 
Retail, and Primary School Building Model 
Descriptions 

efly describes the configuration of the Commercial Reference Building Models 
(Deru et al. 2011) and the Commercial Prototype Building Models (Thornton et al. 2011; Goel et 
al. 2014) for small office, medium office, standalone retail, and primary school buildings. For 
additional details regarding electricity load densities in the thermal zones and the reasoning 
behind the definition of the materials, see Deru et al. (2011), Thornton et al. (2011), and Goel et 
al. (2014). 

A.1 Small Office Buildings 
The small office model simulates a typical small office building found in the United States. It 
represents a single-story building with a floor area of 511 m2 (5,500 ft2). Its internal space is 
divided into five thermal zones as shown in Figure A-1. 

 
Figure A-1. Division of thermal zones for the small office model (Thornton et al. 2011) 

All thermal zones are considered for office use, and the HVAC load densities, occupancy density 
schedules, and electricity load densities are identical. The internal equipment power densities and 
building envelope characteristics change according to the vintages, showing the advances of 
building technologies through time. The HVAC equipment for the different vintages is tabulated 
in Table A-1. 

Table A-1. HVAC Equipment in the Small Office Models Based on Vintage 

Vintages Heating Equipment Cooling 
Equipment 

Water Heater Air Distribution 

Pre-1980 and 
post-1980 

Gas furnaces Packaged air 
conditioners 

Natural gas water 
heaters 

Single-zone 
constant air 
volume (CAV) 
system 2004 and 2013 Air-source heat 

pumps with 
supplemental gas 
heat 

Air-source heat 
pumps 

Electric water 
heaters 
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A.2 Medium Office Buildings 
The medium office model represents a typical medium office building in the United States. It 
represents a three-story office building with a total floor area of 4,982 m2 (53,628 ft2). It is 
divided into 15 thermal zones with 5 thermal zones on each floor as shown in Figure A-2. 

 
Figure A-2. Division of thermal zones for the medium office model (Thornton et al. 2011) 

Similar to the small office model, all thermal zones are considered for office use, and the 
occupancy schedules, load densities, etc., per zone are the same. The HVAC equipment for 
different vintages is listed in Table A-2. 

Table A-2. HVAC Equipment in the Medium Office Models Based on Different Vintages 

Vintages Heating 
Equipment 

Cooling 
Equipment 

Water Heater Air Distribution 

Pre-1980 Gas furnaces Packaged air 
conditioners 

Natural gas 
water heaters 
 

Single-zone VAV system 

Post-1980, 2004, 
and 2013 

Multi-zone VAV system 
with electric reheat 

 

A.3 Standalone Retail Buildings 
The standalone retail models simulate the operation of small retail stores that occupy an 
individual building in the United States. The model simulates one floor with a floor area of 2,294 
m2 (24,962 ft2), and its space is divided into four thermal zones as shown in Figure A-3. 
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Figure A-3. Division of thermal zones for the standalone retail model (Thornton et al. 2011) 

The division of thermal zones in Figure A-3 is due to the different functions of each building 
area. The smallest thermal zone serves as the entrance to the retail store and its HVAC 
equipment consists of a unit heater. The small thermal zones to the left of the entrance serve as a 
special sales area and have a higher electric load density than the main sales area (large middle 
zone). The top thermal zone represents storage or inventory space and has a lower electric load 
and occupancy densities than the main sales area.  

The HVAC equipment simulated in the standalone retail model are generally the same despite 
the building vintage. Besides the front entrance thermal zone, the other zones are supported by 
packaged air conditioners with gas furnaces and constant air volume systems. The only 
difference between the old (pre-1980 and post-1980) and new buildings (2004 and 2013), is the 
use of electric heaters versus gas furnaces in the front entrance, respectively. 

A.4 Primary School Buildings 
The primary school model simulates a typical primary education building in the United States. It 
consists of one floor with a floor area of 6,871 m2 (73,960 ft2). It is divided into 25 zones as 
shown in Figure A-4. 
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Figure A-4. Division of thermal zones for the primary school model (Thornton et al. 2011) 

The different thermal zones are used for different functions as tabulated in Table A-3. 

Table A-3. Functions of Thermal Zones in a Primary School Model 

Function Number of Thermal Zones 

Classrooms 12 

Computer room 1 

Corridors 4 

Administrative area 1 

Gymnasium 1 

Mechanical room 1 

Media center 1 

Lobby 1 

Kitchen 1 

Cafeteria 1 

Bathroom 1 

 

The HVAC equipment in the primary school models is tabulated in Table A-4. 
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Table A-4. HVAC Equipment in the Primary School Models Based on Different Vintages 

Vintages Heating 
Equipment 

Cooling 
Equipment 

Water Heater Air Distribution 

Pre-1980 and 
post-1980 

Boiler Packaged air 
conditioners 

Natural gas 
water heaters 

Mix of CAV and VAV systems 
with hot water reheat 

2004 and 2013 Boiler and gas 
furnaces 
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Appendix B. Description of the Main-Street Building 
Model 
A main-street building model was developed in OpenStudio and manipulated to create multiple 
simulation cases to test the accuracy of the Tool on historic downtown buildings. The model 
represents a two-story building with a retail store on the ground floor and an inventory space at 
the back, and office space on the second floor. Because main-street buildings are usually older or 
historic buildings, its building envelope, occupancy schedule, lighting, electric load density, etc., 
reference to the pre-1980 load profiles for the small office and standalone retail reference models 
(Deru et al. 2011). A drawing of its configuration is shown in Figure B-1. 

 
Figure B-1. 3-D drawing of the main-street building model 

 

To illustrate the difference in building performance at different locations, TMY3 weather data 
 

Table 4) and affiliated construction materials (Deru et al. 2011) were used. To represent main-
street buildings that have been retrofitted with new HVAC equipment, the models were modified 
to simulate the HVAC equipment in the 2013 small office and standalone retail models (Goel et 
al. 2014). In total, eight baseline models were created to represent main-street buildings with old 
and new HVAC equipment in four climate zones.  

A detailed description of the pre-1980 baseline model is tabulated in Table B-1. 
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Table B-1. Detailed Description of the Pre-1980 Main-Street Building Model 

Form  

Floor area 1,191 m2 

Number of floors 2 

Overall dimension 14.09 m x 42.27 m x 10.06 m 

Window area 12.09 m x 1.52 m  

Window locations All exposed surface (excluding exposed surface of 
the plenum floor and the back side of the ground 
floor) 

Shading geometry None 

Boundary conditions Adiabatic on the two sides 

Thermal zoning Three thermal zones on the top floor and three 
thermal zones on the ground floor 

Floor to ceiling height 4.57 m on the ground floor and 3.05 m on the 
upper floor 

Floor to floor height 5.79 m on the ground floor and 4.27 m on the 
upper floor 

Glazing sill height 1.14 m on the ground floor and 0.9 m on the upper 
floor 

Construction  

Exterior walls Steel framed wall 
Wood siding + Steel framed wall insulation + 0.5 
inch gypsum 

Roof Insulation above deck 
Roof membrane + insulation + metal decking 

Ceiling below roof Uninsulated stud wall 

Plenum interface Carpet and concrete mass wall 

Foundation Carpet and concrete mass wall 

Internal furnishing 6-in. standard wood 

Infiltration per exterior surface 0.001133 m3/s-m2 

HVAC  

Heating equipment One gas furnace per thermal zone 

Cooling equipment One packaged air conditioner per thermal zone 

Ventilation One economizer for outdoor air ventilation per 
thermal zone on the ground floor 
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Air distribution One CAV per thermal zone 

Supply fan Pressure rise at 622 Pa with efficiency at 65% 

Sizing Autosized to design day 

HVAC efficiency Equipment efficiency on the upper floor follows 
pre-1980 small office building 
Equipment efficiency on the ground floor follows 
pre-1980 retail building 

HVAC Control  

Thermostat set point 24.0°C cooling/ 21.0°C heating 

Thermostat setback 26.7°C cooling/ 15.6°C heating 

Supply air temperature Maximum 50°C, minimum 10°C 

Economizer control Algorithm based on dry bulb temperature 
difference between outdoor air and return air 

Ventilation Algorithm follows outdoor air requirement in 
ASHRAE Standard 62.1-1999 

Service water heating  

Storage tank volume 0.1764 m3 

Fuel Natural gas 

Thermal efficiency 80% 

Maximum capacity 984,870 W 

Water temperature set point at outlet 60°C 

Water peak flow rate 0.0000631 m3/s 

Occupancy  

Office space 18.58 m2/person 

Retail space 6.19 m2/person 

Retail back space 27.87 m2/person 

Schedules Occupancy schedule on the upper floor follows 
pre-1980 small office building 
Occupancy schedule on the ground floor follows 
pre-1980 retail building 

Lighting  

Office space 19.48 W/m2 

Retail space 36.25 W/m2 

Retail back space 12.55 W/m2 

Schedules Lighting control schedule on the upper floor follows 
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pre-1980 small office building 
Lighting control schedule on the ground floor 
follows pre-1980 retail building 

Electric plug load  

Office space 10.76 W/m2 

Retail space 3.23 W/m2 

Retail back space 8.07 W/m2 

Schedules Electric plug load control schedule on the upper 
floor follows pre-1980 small office building 
Electric plug load control schedule on the ground 
floor follows pre-1980 retail building 

Exterior lighting  

Peak power 5,717 W 

Schedule Lights on in the evening 

 

To model the retrofitted 2013 main-street building, changes to the HVAC equipment, water 
-1980 

building model. This involves the modeling of more efficient HVAC equipment, reduction of 
peak water flow rates, and reduction of electricity power consumption. The changes are tabulated 
in Table B-2.  
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Table B-2. Changes To Create the 2013 Main-Street Building Model 

HVAC  

Heating equipment One gas furnace per thermal zone on the ground 
floor and one air-source heat pump per thermal 
zone on the upper floor 

Cooling equipment One packaged air conditioner per thermal zone on 
the ground floor and one air-source heat pump per 
thermal zone on the upper floor 

HVAC efficiency Equipment efficiency on the upper floor follows 
2013 small office building 
Equipment efficiency on the ground floor follows 
2013 retail building 

Service water heating  

Storage tank volume 0.3528 m3 

Fuel Natural gas 

Thermal efficiency 82% 

Maximum capacity 16,719 W 

Water temperature set point at outlet 60°C 

Water peak flow rate 0.000022948 m3/s 

Lighting  

Office space 8.83 W/m2 

Retail space 15.5 W/m2 

Retail back space 7.57 W/m2 

Electric plug load  

Office space 6.78 W/m2 

Exterior lighting  

Peak power 2,325 W 
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Appendix C. Test Matrices To Create Simulation Test 
Set 

4.2, to create the 
simulation results inTable 10. For small and medium office buildings, variables in each baseline 
model were perturbed with multipliers according to Table C-1, creating 39 simulation results for 
each baseline model. 

Table C-1. Baseline Model Perturbations for Small and Medium Office Buildings 

Internal 
Electricity 

Load 
Multiplier 

Heating 
Set 

Point 
Offset 

Cooling 
Set 

Point 
Offset 

External 
Electricity 

Load 
Multiplier 

Hot Water 
Peak Flow 
Multiplier 

Infiltration 
Airflow 

Multiplier 

Gas Furnace 
Efficiency 
Multiplier 

HVAC 
Equipment Size 

Multiplier 

0.50 0 0 1 1 1 1 1 

0.50 0 -1 1 3 1 1 1.50 

0.50 1 0 1 3 1 1 1.50 

1 0 0 1 1 1 0.50 1 

1 0 0 1 1 1 0.75 1 

1 0 0 0.50 1 1 1 1 

1 0 -2 1 1 1 1 1 

1 0 -1 1 1 1 1 1 

1 -3 0 1 1 1 1 1 

1 -2 0 1 1 1 1 1 

1 1 0 1 1 1 1 1 
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1 2 0 1 1 1 1 1 

1 3 0 1 1 1 1 1 

1 0 0 3 1 1 1 1 

1 0 0 5 1 1 1 1 

1 0 0 8 1 1 1 1 

1 0 0 10 1 1 1 1 

1 0 0 1 3 1 1 1 

1 0 0 1 5 1 1 1 

1 0 0 1 1 3 1 1 

1 0 0 10 5 1 0.75 1.50 

1 2 0 10 5 1 0.75 1.50 

1 0 0 1 1 1 1 1.50 

1 0 0 1 1 1 1 2 

1 0 -1 3 3 3 1 2 

1 0 0 3 3 3 1 2 

2 0 0 1 1 1 1 1 

3 0 -2 0.50 5 1 0.50 1 

3 -3 0 0.50 5 1 0.50 1 

3 0 0 8 3 3 0.75 1 

3 3 0 8 3 3 0.75 1 

3 0 0 1 1 1 1 1 

5 0 0 1 1 1 1 1 

5 0 -1 8 1 3 1 1 

5 1 0 8 1 3 1 1 

7 0 0 1 1 1 1 1 

7 0 -2 3 1 1 0.50 2 

7 -3 0 3 1 1 0.50 2 

 

For standalone retail buildings, because the pre-1980 and post-1980 models do not simulate any 
hot water consumption, the perturbations applied to the pre-1980 and post-1980 baseline models 
were different from those applied to the 2004 and 2013 baseline models. For pre-1980 and post-
1980 baseline models, the list of changes in each of their baseline models is shown in Table C-2. 
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Table C-2. Perturbations Applied to the Pre-1980 and Post-1980 Standalone Retail Baseline Models 

Internal 
Lighting 

Load 
Multiplier 

Heating 
Set Point 

Offset 

Cooling 
Set Point 

Offset 

External 
Electricity 

Load 
Multiplier 

Infiltration 
Airflow 

Multiplier 

Gas 
Furnace 

Efficiency 
Multiplier 

HVAC 
Equipment 

Size 
Multiplier 

0.20 0 -2 10 1 0.75 1.50 

0.20 -2 0 10 1 0.75 1.50 

0.20 0 -2 8 3 0.75 1 

0.20 0 0 1 1 1 1 

0.20 -3 0 8 3 0.75 1 

0.40 -3 0 10 3 1 1.50 

0.40 0 0 1 1 1 1 

0.40 0 -2 10 3 1 1.50 

1 -3 0 1 1 1 1 

1 0 0 1 1 0.50 1 

1 2 0 1 1 1 1 

1 0 0 3 1 1 1 

1 0 0 1 3 1 1 

1 0 0 1 1 0.75 1 

1 0 -2 1 1 1 1 

1 0 0 1 1 1 2 

1 0 -1 1 1 1 1 

1 2 0 1 1 1 2 

1 0 0 1 1 1 1.50 

1 0 0 0.50 1 1 1 

1 3 0 1 1 1 1 

1 0 0 8 1 1 1 

1 1 0 1 1 1 1 

1 0 0 10 1 1 1 

1 -2 0 1 1 1 1 

1 0 0 5 1 1 1 

1 0 0 1 1 1 2 

2 0 0 1 1 1 1 
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2 0 -1 0.50 3 0.50 2 

2 0 0 1 3 0.75 1.50 

2 3 0 1 3 0.75 1.50 

2 1 0 0.50 3 0.50 2 

3 0 0 5 1 0.50 1 

3 0 -1 5 1 0.50 1 

3 0 0 1 1 1 1 

5 0 0 1 1 1 1 

5 3 0 3 1 1 1 

5 0 0 3 1 1 1 

 

The 2004 and 2013 standalone retail building models simulate a water heater and the hot water 
peak flow was changed. The same type of perturbations were also be made to all of the main-
street building baseline models. These perturbations are listed in Table C-3. 

Table C-3. Perturbations Applied to the Baseline Models for the 2004 and 2013 Standalone Retail 
and Main-Street Buildings 

Internal 
Lighting 

Load 
Multiplier 

Heating 
Set Point 

Offset 
Cooling Set 
Point Offset 

External 
Electricity 

Load 
Multiplier 

Hot Water 
Peak Flow 
Multiplier 

Infiltration 
Airflow 

Multiplier 

Gas 
Furnace 

Efficiency 
Multiplier 

HVAC 
Equipment 

Size 
Multiplier 

0.20 -3 0 10 1 1 0.75 2 

0.20 0 -2 10 1 1 0.75 2 

0.20 0 0 1 1 1 1 1 

0.40 1 0 0.50 5 1 0.50 1.50 

0.40 2 0 1 3 3 1 1.50 

0.40 0 0 1 1 1 1 1 

0.40 0 0 1 3 3 1 1.50 

0.40 0 -1 0.50 5 1 0.50 1.50 

1 0 0 1 1 1 1 1 

1 0 0 1 1 1 1 2 

1 0 0 1 1 1 0.50 1 

1 -3 0 5 1 3 0.50 1 

1 0 0 5 1 1 1 1 

1 0 0 10 1 1 1 1 

1 1 0 1 1 1 1 1 

1 0 0 1 5 1 1 1 
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1 -3 0 1 1 1 1 1 

1 0 0 1 1 1 0.75 1 

1 0 0 3 1 1 1 1 

1 0 -1 1 1 1 1 1 

1 2 0 1 1 1 1 1 

1 0 0 1 3 1 1 1 

1 0 -2 1 1 1 1 1 

1 0 0 8 1 1 1 1 

1 0 0 1 1 1 1 1.50 

1 0 0 0.50 1 1 1 1 

1 0 0 1 1 3 1 1 

1 -2 0 1 1 1 1 1 

1 3 0 1 1 1 1 1 

1 0 -2 5 1 3 0.50 1 

2 0 0 1 1 1 1 1 

3 1 0 8 5 1 1 1 

3 0 -1 8 5 1 1 1 

3 0 0 5 3 3 1 1 

3 3 0 5 3 3 1 1 

3 0 0 1 1 1 1 1 

5 0 0 1 5 1 0.75 2 

5 0 0 1 1 1 1 1 

5 0 -1 1 5 1 0.75 2 

 

The rated cooling equipment COPs in the baseline primary school models were perturbed to 
create more cases with inefficient cooling equipment COPs. These perturbations are listed in 
Table C-4. 
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Table C-4. Perturbations Applied to the Primary School Baseline Models 

Internal 
Lighting 

Load 
Multiplier 

Heating 
Set 

Point 
Offset 

Cooling 
Set 

Point 
Offset 

External 
Electricity 

Load 
Multiplier 

Hot Water 
Peak 
Flow 

Multiplier 

Infiltration 
Airflow 

Multiplier 

Gas 
Furnace 

Efficiency 
Multiplier 

HVAC 
Equipment 

Size 
Multiplier 

Cooling 
COP 

Multiplier 

0.20 0 0 1 1 1 1 1 1 

0.20 0 -1 3 1 3 0.50 1.5 1 

0.20 0 0 3 1 3 0.50 1.5 1 

0.40 3 0 8 5 1 0.75 1 0.90 

0.40 2 0 10 3 3 0.50 2 0.80 

0.40 0 0 10 3 3 0.50 2 0.80 

0.40 0 0 8 5 1 0.75 1 0.90 

0.40 0 0 1 1 1 1 1 1 

1 0 0 1 1 1 1 1 1 

1 0 0 1 1 1 0.75 1 1 

1 0 0 3 1 1 1 1 1 

1 -2 0 1 1 1 1 1 1 

1 0 -1 1 1 1 1 1 1 

1 0 0 1 1 3 1 1 1 

1 0 0 1 1 1 1 1 0.80 

1 0 0 10 1 1 1 1 1 

1 0 -2 1 1 1 1 1 1 

1 0 0 1 1 1 1 1.50 1 

1 0 0 0.50 1 1 1 1 1 

1 0 0 5 1 1 1 1 1 

1 0 0 1 1 1 1 2 1 

1 2 0 1 1 1 1 1 1 

1 0 0 1 5 1 1 1 1 
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1 0 0 1 1 1 1 1 0.90 

1 3 0 1 5 1 0.75 2 0.80 

1 0 0 1 5 1 0.75 2 0.80 

1 3 0 1 1 1 1 1 1 

1 -3 0 1 1 1 1 1 1 

1 0 0 1 3 1 1 1 1 

1 1 0 1 1 1 1 1 1 

1 0 0 1 1 1 0.50 1 1 

1 0 0 8 1 1 1 1 1 

2 0 0 1 1 1 1 1 1 

2 0 0 0.50 5 3 0.50 1 0.90 

2 0 -1 0.50 5 3 0.50 1 0.90 

3 1 0 0.50 3 1 1 2 0.80 

3 0 -1 0.50 3 1 1 2 0.80 

3 -2 0 5 1 1 1 1 0.90 

3 0 0 1 1 1 1 1 1 

3 0 -2 5 1 1 1 1 0.90 

5 0 0 1 1 1 1 1 1 

5 -3 0 5 3 3 0.75 1.5 1 

5 0 -2 5 3 3 0.75 1.5 1 
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Appendix D. Criteria to Assign Flags to the Building 
Simulation Results 

the Tool triggers its message flags 
correctly, correct message flags should be assigned to the building simulation results from Table 
10 according to the definitions of the message flags, and the assignment should be compared 
with the Tool 

mulation cases according to the following criteria: 

 Is there a significant issue? 

 Is the cost of energy of the building changed significantly by the issue? 

each 
Flags of different natures (flags A, B, C, O, P, and N) use a different set of mathematical criteria 
to determine if a building simulation result is associated with them.  

Flags A, B, and C 
The assignment of flag A, B, and C depends on the electricity baseload per floor area as shown 
in Table D-1 according to the documentation of the Tool. 

Table D-1. Definition of Flags A, B, and C according to the Documentation of the Tool 

Flag Electricity Baseload per Floor Area 

A Lower than 9.15 W/m2 (0.85 W/ft2) 

B Between 9.15 W/m2 (0.85 W/ft2) and 14.53 W/m2 (1.35 W/ft2) 

C Between 14.53 W/m2 (1.35 W/ft2) and 29.06 W/m2 (2.7 W/ft2) 

 

The assignment of the message flags to the building simulation results is conducted according to 
the electricity baseload per floor area. Unlike the electricity baseload in the Tool that is estimated 
from the tool inputs, the electricity baseload in the building simulation results is calculated by the 
electricity plug load defined in the input files to EnergyPlus, and the electricity baseload per 
floor area is calculated by equation (D-1). 

Electricity baseload
per floor area  = 

Floor area
 (D-1) 

Flags O and P 
The assignments of flags O and P to the building simulation results are similar to that of flags A, 
B, and C—the assignment depends on the electricity baseload per floor area. Flags O and P can 
only be assigned to buildings with electricity baseload per floor area from equation (D-1) greater 
than 29.06 W/m2 (2.7 W/ft2

them can be assigned each time. The selection of flag O or P can be done by interpreting the 
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difference between flags O and P mathematically. Flag O refers to buildings in which high 
electricity baseload is caused by an increase of internal electricity load, and flag P refers to 
buildings in w
To determine if the internal electricity load is the dominant factor of the high electricity 
baseload, the ratio in equation (D-2) can be calculated. 

Annual internal electricity gain - Annual internal electricity gain of the standard efficient case
Annual electricity baseload - Annual electricity baseload of the standard efficient case

 
(D
-2) 

where the standard efficient case is defined in Section 6.2. 

If the ratio in equation (D-2) is higher than 0.5, the internal electricity gain is the major cause of 
the high electricity baseload and the flag O should be assigned to the building simulation result. 
Otherwise, flag P should be assigned. 

Flag D 

assigned to a building simulation result, the infiltration airflow of a simulation must first be 
increased according to Table 5. Its annual infiltration heat transfer gain and annual infiltration 

case by more than 10%, as defined in Section 6.2. This tests if the related issue, inefficient shell 
and ventilation, is significantly triggered by the perturbation—the increase of infiltration airflow. 

the energy cost of the building. This is done by checking if the cost increase from the annual 
energy cost of the baseline case by increased infiltration is higher than 5% of the annual energy 
cost of the standard efficient case. The calculation is conducted by equation (D-3). 

Annual energy cost - Annual energy cost of the baseline case
Annual energy cost of the standard efficient case

 (D-3) 

The reason to normalize equation (D-3) by the annual energy cost of the standard efficient case is 
to emphasize the significance of energy cost in buildings with a costly baseline case. This can be 

wo buildings in the same climate zones of the same type of 
building in Table D-2.  

Table D-2. Example Comparison of Two Buildings with Infiltration Airflow Increased by 200% in 
the Same Climate Zone of the Same Building Type 

Building Vintage Energy 
Cost 

[$/m2] 

Energy Cost 
of the 

Baseline 
Case [$/m2] 

Energy Cost of 
the Standard 

Efficient Case 
[$/m2] 

Percentage 
Increase from 

the Baseline 
Case 

Ratio from 
Equation (D-

3) 

1 pre-
1980 

30 25 20 20% 25% 

2 2013 24 20 20 20% 20% 
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Table D-2 shows that the significance of the infiltration airflow increase to the cost of two 
buildings is the same if the percentage increase from the baseline case is considered directly. 
However, because the same type of buildings in the same climate zone are considered, the higher 
energy cost of building 1 than that of building 2 should be emphasized. This emphasis is brought 
by normalizing the difference of energy cost by the energy cost of the standard efficient case 
instead of the cost of the baseline case. This results in the last column in Table D-2, which shows 
that the cost increase in building 1 is more significant than that of building 2. 

Flag E 
Flag E is triggered when there is inefficient cooling COP in the building and is only assigned to 
simulation cases with reduced HVAC equipment size or rated cooling equipment COP. This 
ensures that the equipment is degraded by perturbations that are related to cooling equipment 
operating efficiency. The cooling cost per cooling load of the building simulation result is 

cooling equipment COP is degraded significantly by the perturbations. Lastly, similar to flag D, 
its annual energy cost is compared with that of the baseline case by equation (D-3), and the result 
from equation (D-3) must be greater than 10% to ensure that the cooling COP degradation is 
significant to the overall building operation. If a building simulation result passes these tests, it is 
assigned with a flag E to indicate that its cooling equipment has a low COP. 

Flag M 

building simulation result can be confirmed by first checking if the gas furnace efficiency is 
reduced or if the HVAC equipment size has been increased. If the building model is changed by 
either of these perturbations, the total heating cost per heating load in the result is calculated. If 
the total heating cost per heating load has been increased by more than 10% from the baseline 
case, the inefficient heating operation can be confirmed and the ratio in equation (D-3) is 
calculated. If the ratio is greater than 5%, the significant increase of energy cost by the low 
heating efficiency can be confirmed and the building simulation result should be associated with 
a flag M. 

Flag H 
ne if flag H 

should be assigned to a building simulation result, the thermostat heating set point is checked to 
ensure that it is higher than that of the baseline case. If the thermostat heating set point is 
increased from that of the baseline model, the heating load delivered by the heating equipment in 
the building simulation result is compared with that of the baseline case. If the heating load is 
10% higher than that of the baseline case, it is proved that the change of thermostat set point 
increases the heating load significantly. The ratio in equation (D-3) is then calculated. If the ratio 
is higher than 5%, it shows that the energy cost of the building is significantly affected by the 
increase of heating load, and flag H is assigned to the building simulation result. 

Flag I 

the issue in the building simulation result 
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set point is lower than that of the baseline case. If it is, the annual average cooling load per floor 
area in the result is compared to that of the baseline case. If the cooling load has increased by 

the ratio in equation (D-3) is higher than 5%, the energy cost is considered to be significantly 
increased by the high cooling use, and flag I is assigned to the building. 

Flag K 
Flag K refers to high summer gas use in the building. A building simulation result is associated 
with flag K only if its perturbation is related to high summer gas use according to Table 5—an 
increase of hot water consumption, an increase of thermostat heating set point, or a reduction of 
gas furnace effici
to September 23, Encyclopædia Britannica 2015) is calculated. If the increase of gas cost from 
the baseline case is higher than 0.5% of the summer energy cost of the baseline case, the 
perturbation is said to have increased the summer gas cost significantly and the ratio in equation 
(D-3) is calculated based on summer energy cost rather than annual energy cost. Flag K is only 
assigned to a building simulation if the ratio is higher than 5% to prove that the increase of 
summer gas cost is important to the building owners. 

Flag L 
Flag L refers to unnecessary reheat operation when the average daily temperature is higher than 
18.3°C (65°F). Only results with the increase of heating thermostat set point shown in Table 5 
may be associated with flag L. Because not all types of buildings tested contain reheat devices, 
only buildings that have reheat devices listed in Table D-3 may be associated with flag L. 

Table D-3. List of Buildings Containing Reheat Devices 

Vintage\Building 
Type 

Small Office Medium 
Office 

Standalone 
Retail 

Primary 
School 

Main-Street 
Building 

Pre-1980 No No No Yes No 

Post-1980 No Yes No Yes No 

2004 No Yes No Yes No 

2013 No Yes No Yes No 

 

If a building has its thermostat heating set point increased and has a reheat device according to 
Table D-3, its average heating cost per day when the daily average temperature is higher than 

than 0.5% 
However, to know if the issue is significant enough to be communicated to the building owners, 
the ratio in equation (D-3) is calculated with the average energy cost per day during the high 
temperature period in the standard efficient case as the denominator. If the ratio is higher than 
5%, the reheat issue can be said to have increased the building energy cost significantly, and flag 
L should be assigned to the simulation result. 
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Flag Q 

assigned to a building simulation result, the criteria in Table D-4 are checked. 

Table D-4. Criteria To Assign Flag Q to a Building Simulation Result 

Criteria Variable Value 

Type of perturbation Lowering of heating thermostat 
set point 

Exists 

Significance of heating load to 
perturbation 

Annual heating delivered by 
heating equipment 

10% lower than that of the 
baseline case 

Significance of energy cost to 
heating load 

Ratio in equation (D-3) Lower than -5% 

  

If all criteria in Table D-4  

Flag N 
Flag N refers to possible erratic operation or occupancy in buildings. The process of assigning 
flag N is discussed in Section 4.2. 
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Appendix E. Calculation of Bias and Uncertainty To 
Assess Accuracy of an Estimation Method 
Bias and uncertainty are statistical representations of the deviation between estimates of a 
variable and their corresponding correct values. Bias describes the average deviation between an 
estimate of a variable and its correct value, and uncertainty quantifies the repeatability of the bias 
for each estimate. A method with high magnitude of bias but small uncertainty is a method that 
either overestimates or underestimates the variable consistently, and a method with small 
magnitude of bias but large uncertainty is a method that can only correctly estimate the variable 
occasionally. An accurate estimation method should give unbiased estimation consistently and its 
magnitudes of bias and uncertainty should be small.  

To assess the accuracy of an estimation method of a variable by calculating bias and uncertainty, 
a good sample of variables and their corresponding estimates from the estimation method should 
be obtained. The deviation between a correct value of the variable and its corresponding 
estimates should be normalized with an appropriate reference for proper comparison. The bias 
and uncertainty of the estimation method can be calculated based on the normalized values of 
deviation in the sample to assess the accuracy of the estimation method. 

E.1 Choice of a Sample 
To fairly assess the accuracy of an estimation method, the bias and uncertainty should be 
calculated from a sample that represents the population of the variables in reality. If the sample is 
not appropriately chosen to represent the population, the bias and the uncertainty calculated may 
not fairly justify the accuracy of an estimation method. For instance, if the accuracy of an 
estimation method of building electricity consumption based on ambient temperature is assessed 
by using building data from hot climate zones only, the bias and uncertainty calculated from the 
assessment will not represent its performance for buildings in cold climate zones. Hence the 
sample of variables must be chosen to represent the whole population of variables so that the bias 
and uncertainty calculated will fairly assess the accuracy of an estimation method. 

E.2 Quantification of the Deviation between Estimates and Correct 
Values of a Variable 
To calculate the meaningful bias and uncertainty of an estimation method, the deviation used to 
calculate the bias and uncertainty should be normalized appropriately to fit the application of the 
estimation method. For instance, if the estimated variable is the energy savings after retrofit, the 
deviation will be the difference between the estimated and correct values of energy savings 
normalized by their building energy cost before retrofit. The energy cost before retrofit is chosen 
to normalize the difference because building owners justify the importance of energy savings 
relative to their energy cost before retrofit. If the deviations are not normalized, it will be 
difficult to analyze the bias and uncertainty if the sample contains a wide range of energy savings 
values. Hence the deviation between the estimates and correct values must be normalized 
appropriately in order to calculate meaningful values of bias and uncertainty. 
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E.3 Calculation of Bias 
Upon defining the deviation and calculating the deviations for each data point in the sample, the 
bias of the estimation method can be calculated by equation (E-1). 

Bias = 
1

 (E-1) 

Equation (E-1) shows that bias is calculated by averaging all deviations between estimates and 
their correct values in a sample. A positive bias means overestimation and a negative bias means 
underestimation. If an estimation method is unbiased, the magnitude of its bias should be 
negligible. 

Although no normalization of variables is presented in equation (E-1), the evaluation of the Tool 
s are discussed 

in Sections 5 and 6. 

E.4 Calculation of Uncertainty 
Uncertainty of a variable can be quantified by multiple methods. It can be quantified by different 
statistical indicators of the spread of population such as c
(ASHRAE 2010) and coefficient of variation for M&V tools (ASHRAE 2014). Because the Tool 
will only be used once per building and each building owner will usually be responsible for one 
building only, the uncertainty of its estimates should show the possible range of values that an 
estimate may appear for one future observation. This range equals to the prediction interval of an 
estimate and can be calculated by equation (E-2) (Montgomery 2004). 

Prediction interval = , (1 +
1

) (E-2) 

Although a similar equation in ASHRAE Guideline 14 (ASHRAE 2014) considers N as the 
number of months in the data point, the evaluation in this report  the accuracy of the 
tool to estimate variables calculated annually, such as annual energy savings and annual energy 
end uses, and N in equation (E-2) refers to the number of building simulation cases involved in 
the evaluation rather than the number of months in the data points. 

(E-2) is usually set to be 0.05 to calculate the uncertainty 
with a confidence level of 95% according to ASHRAE Guideline 14. The sample standard 

(E-2) is calculated by equation (E-3). 

 = 
1

 (E-3) 
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Appendix F. Bias and Uncertainty Plots To Evaluate 
Accuracy of Estimates of Annual Energy Uses, Annual 
Energy Costs, Energy End Use Ratios, and Cost 
Ratios 

the 
Tool for annual energy uses, annual energy costs, energy end uses, and cost ratios for reference. 

F.1 Annual Energy Use Plots 

 
Figure F-1. Bias and uncertainty of annual energy use estimates for small office buildings under 

different vintages in terms of (a) gas and (b) electricity 

 
Figure F-2. Bias and uncertainty of annual energy use estimates for small office buildings under 

different climate zones in terms of (a) gas and (b) electricity 

(a) (b)

(a) (b)
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Figure F-3. Bias and uncertainty of annual energy use estimates for medium office buildings 

under different vintages in terms of (a) gas and (b) electricity 

 
Figure F-4. Bias and uncertainty of annual energy use estimates for medium office buildings 

under different climate zones in terms of (a) gas and (b) electricity 

(a) (b)

(a) (b)
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Figure F-5. Bias and uncertainty of annual energy use estimates for standalone retail buildings 

under different vintages in terms of (a) gas and (b) electricity 

 
Figure F-6. Bias and uncertainty of annual energy use estimates for standalone retail buildings 

under different climate zones in terms of (a) gas and (b) electricity 

(a) (b)

(a) (b)
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Figure F-7. Bias and uncertainty of annual energy use estimates for primary school buildings 

under different vintages in terms of (a) gas and (b) electricity 

 
Figure F-8. Bias and uncertainty of annual energy use estimates for primary school buildings 

under different climate zones in terms of (a) gas and (b) electricity 

 
Figure F-9. Bias and uncertainty of annual energy use estimates for main-street buildings under 

different vintages in terms of (a) gas and (b) electricity 

(a) (b)

(a) (b)

(a) (b)
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Figure F-10. Bias and uncertainty of annual energy use estimates for main-street buildings under 

different climate zones in terms of (a) gas and (b) electricity 

 

F.2 Annual Energy Cost Plots 

 
Figure F-11. Bias and uncertainty of annual energy cost estimates for small office buildings under 

different vintages 

(a) (b)
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Figure F-12. Bias and uncertainty of annual energy cost estimates for small office buildings under 

different climate zones 

 
Figure F-13. Bias and uncertainty of annual energy cost estimates for medium office buildings 

under different vintages 
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Figure F-14. Bias and uncertainty of annual energy cost estimates for medium office buildings 

under different climate zones 

 
Figure F-15. Bias and uncertainty of annual energy cost estimates for standalone retail buildings 

under different vintages 
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Figure F-16. Bias and uncertainty of annual energy cost estimates for standalone retail buildings 

under different climate zones 

 

 
Figure F-17. Bias and uncertainty of annual energy cost estimates for primary school buildings 

under different vintages 
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Figure F-18. Bias and uncertainty of annual energy cost estimates for primary school buildings 

under different climate zones 

 
Figure F-19. Bias and uncertainty of annual energy cost estimates for main-street buildings under 

different vintages 
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Figure F-20. Bias and uncertainty of annual energy cost estimates for main-street buildings under 

different climate zones 

 

F.3 Energy End Use Ratio Plots 

 
Figure F-21. Bias and uncertainty of energy end use ratio estimates for small office buildings 

under different vintages 
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Figure F-22. Bias and uncertainty of energy end use ratio estimates for small office buildings 

under different climate zones 

 
Figure F-23. Bias and uncertainty of energy end use ratio estimates for medium office buildings 

under different vintages 
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Figure F-24. Bias and uncertainty of energy end use ratio estimates for medium office buildings 

under different climate zones 

 
Figure F-25. Bias and uncertainty of energy end use ratio estimates for standalone retail buildings 

under different vintages 
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Figure F-26. Bias and uncertainty of energy end use ratio estimates for standalone retail buildings 

under different climate zones 

 
Figure F-27. Bias and uncertainty of energy end use ratio estimates for primary school buildings 

under different vintages 
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Figure F-28. Bias and uncertainty of energy end use ratio estimates for primary school buildings 

under different climate zones 

 
Figure F-29. Bias and uncertainty of energy end use ratio estimates for main-street buildings 

under different vintages 
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Figure F-30. Bias and uncertainty of energy end use ratio estimates for main-street buildings 

under different climate zones 

 

F.4 Cost Ratio Plots 

 
Figure F-31. Bias and uncertainty of cost ratio estimates for small office buildings under different 

vintages 
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Figure F-32. Bias and uncertainty of cost ratio estimates for small office buildings under different 

climate zones 

 

 
Figure F-33. Bias and uncertainty of cost ratio estimates for medium office buildings under 

different vintages 
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Figure F-34. Bias and uncertainty of cost ratio estimates for medium office buildings under 

different climate zones 

 
Figure F-35. Bias and uncertainty of cost ratio estimates for standalone retail buildings under 

different vintages 
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Figure F-36. Bias and uncertainty of cost ratio estimates for standalone retail buildings under 

different climate zones 

  
Figure F-37. Bias and uncertainty of cost ratio estimates for primary school buildings under 

different vintages 
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Figure F-38. Bias and uncertainty of cost ratio estimates for primary school buildings under 

different climate zones 

 
Figure F-39. Bias and uncertainty of cost ratio estimates for main-street buildings under different 

vintages 
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Figure F-40. Bias and uncertainty of cost ratio estimates for main-street buildings under different 

climate zones 
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Appendix G. Evaluation Results of the Tool Message 
Flags 

types of buildings according to the performance indicators discussed in Section 7. 

Table G-1. Evaluation Results of Message Flags for Small Office Buildings 

Message 
Flags 

True 
Diagnosis 

Rate [%] 

False 
Alarm 

Rate 
[%] 

False 
Diagnosis 

Rate [%] 

Weak 
Diagnosis 

Rate [%] 

True 
Negative 
Rate [%] 

Accuracy 
To 

Classify 
Buildings 
Based on 
Electricity 
Baseload 

[%] 

Accuracy To 
Identify if 

Internal 
Electricity 

Load 
Dominates the 
Cause of High 

Electricity 
Baseload [%] 

A, B, C, O, and 
P N/A N/A N/A N/A N/A 91.99 N/A 

O and P N/A N/A N/A N/A N/A N/A 65.10 

D 62.86 45.09 N/A N/A 54.91 N/A N/A 

E 0.00 0.92 N/A N/A 99.08 N/A N/A 

M 13.79 7.60 N/A 10.48 86.22 N/A N/A 

H 28.57 10.00 0 N/A 82.22 N/A N/A 

I 16.28 7.99 N/A N/A 92.01 N/A N/A 

K 25.81 0.17 N/A N/A 99.83 N/A N/A 

L N/A 5.93 N/A N/A 94.07 N/A N/A 

Q 14.29 7.78 10.00 N/A 82.22 N/A N/A 

N 12.50 0.00 N/A N/A 100.00 N/A N/A 
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Table G-2. Evaluation Results of Message Flags for Medium Office Buildings 

Message 
Flags 

True 
Diagnosis 

Rate [%] 

False 
Alarm 

Rate 
[%] 

False 
Diagnosis 

Rate [%] 

Weak 
Diagnosis 

Rate [%] 

True 
Negative 
Rate [%] 

Accuracy 
To 

Classify 
Buildings 
Based on 
Electricity 
Baseload 

[%] 

Accuracy To 
Identify if 

Internal 
Electricity 

Load 
Dominates the 
Cause of High 

Electricity 
Baseload [%] 

A, B, C, O, and 
P N/A N/A N/A N/A N/A 84.94 N/A 

O and P N/A N/A N/A N/A N/A N/A 72.08 

D 60.75 39.07 N/A N/A 60.93 N/A N/A 

E 0.00 3.37 N/A N/A 96.63 N/A N/A 

M 13.11 13.68 N/A 11.21 80.82 N/A N/A 

H 34.94 14.67 0.00 N/A 79.34 N/A N/A 

I 17.24 13.97 N/A N/A 86.03 N/A N/A 

K 0.00 0.00 N/A N/A 100.00 N/A N/A 

L 50.00 7.12 N/A N/A 92.88 N/A N/A 

Q 8.70 5.98 0.00 N/A 79.34 N/A N/A 

N 6.25 0.00 N/A N/A 100.00 N/A N/A 
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Table G-3. Evaluation Results of Message Flags for Standalone Retail Buildings 

Message 
Flags 

True 
Diagnosis 

Rate [%] 

False 
Alarm 

Rate 
[%] 

False 
Diagnosis 

Rate [%] 

Weak 
Diagnosis 

Rate [%] 

True 
Negative 
Rate [%] 

Accuracy 
To 

Classify 
Buildings 
Based on 
Electricity 
Baseload 

[%] 

Accuracy To 
Identify if 

Internal 
Electricity 

Load 
Dominates the 
Cause of High 

Electricity 
Baseload [%] 

A, B, C, O, and 
P N/A N/A N/A N/A N/A 85.74 N/A 

O and P N/A N/A N/A N/A N/A N/A 32.95 

D 92.73 76.26 N/A N/A 23.74 N/A N/A 

E 13.33 2.76 N/A N/A 97.24 N/A N/A 

M 0.74 3.69 N/A 0.91 95.49 N/A N/A 

H 13.70 3.58 0.00 N/A 73.77 N/A N/A 

I 31.18 18.64 N/A N/A 81.36 N/A N/A 

K 73.64 12.65 N/A N/A 87.35 N/A N/A 

L N/A 2.72 N/A N/A 97.28 N/A N/A 

Q 33.33 22.64 27.40 N/A 73.77 N/A N/A 

N 18.75 0.00 N/A N/A 100.00 N/A N/A 
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Table G-4. Evaluation Results of Message Flags for Primary Schools 

Message 
Flags 

True 
Diagnosis 

Rate [%] 

False 
Alarm 

Rate 
[%] 

False 
Diagnosis 

Rate [%] 

Weak 
Diagnosis 

Rate [%] 

True 
Negative 
Rate [%] 

Accuracy 
To 

Classify 
Buildings 
Based on 
Electricity 
Baseload 

[%] 

Accuracy To 
Identify if 

Internal 
Electricity 

Load 
Dominates the 
Cause of High 

Electricity 
Baseload [%] 

A, B, C, O, and 
P N/A N/A N/A N/A N/A 78.92 N/A 

O and P N/A N/A N/A N/A N/A N/A 0.00 

D 93.91 84.29 N/A N/A 15.71 N/A N/A 

E 1.54 0.81 N/A N/A 99.19 N/A N/A 

M 5.88 6.16 N/A 0.00 93.84 N/A N/A 

H 32.95 17.72 0.00 N/A 63.37 N/A N/A 

I 54.22 17.52 N/A N/A 82.48 N/A N/A 

K 100.00 100.00 N/A N/A 0.00 N/A N/A 

L 9.09 7.36 N/A N/A 92.64 N/A N/A 

Q 23.08 18.91 32.95 N/A 63.37 N/A N/A 

N 37.50 0.00 N/A N/A 100.00 N/A N/A 
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Table G-5. Evaluation Results of Message Flags for Main-Street Buildings 

Message Flags 

True 
Diagnosis 

Rate [%] 

False 
Alarm 

Rate 
[%] 

False 
Diagnosis 

Rate [%] 

Weak 
Diagnosis 

Rate [%] 

True 
Negative 
Rate [%] 

Accuracy 
To 

Classify 
Buildings 
Based on 
Electricity 
Baseload 

[%] 

Accuracy To 
Identify if 

Internal 
Electricity 

Load 
Dominates the 
Cause of High 

Electricity 
Baseload [%] 

A, B, C, O, and P N/A N/A N/A N/A N/A 86.86 N/A 

O and P N/A N/A N/A N/A N/A N/A 52.38 

D 100.00 82.85 N/A N/A 17.15 N/A N/A 

E 0.00 0.00 N/A N/A 100.00 N/A N/A 

M 7.69 13.29 N/A 0.00 86.71 N/A N/A 

H 4.55 0.70 0.00 N/A 74.65 N/A N/A 

I 8.57 3.61 N/A N/A 96.39 N/A N/A 

K 100.00 70.24 N/A N/A 29.76 N/A N/A 

L N/A 0.64 N/A N/A 99.36 N/A N/A 

Q 50.00 24.65 22.73 N/A 74.65 N/A N/A 

N 0.00 0.00 N/A N/A 100.00 N/A N/A 
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