
          	               




Final Design Report – Spring 2009


Radon Mitigation using 
Ventilation Assessment Tool




Group 9
William Allred
Joshua Chastain
Daniel Diaz
Ryan Nester




April 9, 2009
Table of Contents

1)  Abstract………………………………………………………………….	page 4		

2)  Introduction……………………………………………………………..	page 5

3)  Problem Definition………………………………………………………page 6

4)  Background……………………………………………………………..	page 6

5)  Design Concept………………………………………………………….	page 17

6) Critical Assumptions ……………………………………………………	page 24

7)  Formulating Equations ………………………………………………….page 27

8)  Experimental Procedure…………………………………………………page 32

9)  Results and Discussion………………………………………………….	page 35

10)  Cost Analysis…………………………………………………………	page 44

11)  Error Analysis………………………………………………………….	page 45

12)  Future Improvements…………………………………………………..	page 47

13)  Conclusion……………………………………………………………..	page 49

Appendix A – Works Cited…………………………………………………	page 50

Appendix B – ASHRAE Standard 136-1993……………………………….	page 52

Appendix C – Critique of ASHRAE Standard 62.2 2003………………….	page 64
 
Appendix D – CONTAM User Manual…………………………………….	page 70

Appendix E – ASHRAE Leakages Data Library…………………………..	page 98

Appendix F – Minneapolis Blower Door Operations Manual………….	page 107






Table of Figures / Tables


Figure 1 - Periodic Table of Elements………………………………………page 6

Figure 2 - Radon Damage…………………………………………………..	page 8

Figure 3 - Radon Annual Deaths……………………………………………page 8

Figure 4 - Radiation Exposures…………………………………………….	page 9

Table 1 - Smoking Comparisons……………………………………………	page 10

Figure 5 - How Radon Enters………………………………………………	page 11

Figure 6 - Smoke Sticks……………………………………………………	page 13

Figure 7 - Data Validation………………………………………………….	page 17

Figure 8 - Drop Down Menu……………………………………………….	page 19

Figure 9 - Inputs, Constants, & Outputs……………………………………	page 21

Figure 10 - Radon Mitigation Curve………………………………………..	page 22

Figure 11 - Weather Factor Contour Map…………………………………..	page 25

Table 2 - Tested Apartments……………………………………………….	page 32

Table 3 - The Loft 2 Results………………………………………………..	page 38

Table 4 - The Loft 2 Percent Difference……………………………………	page 38

Table 5 - Park Place by the Bay Results……………………………………	page 40

Table 6 - Park Place by the Bar Percent Difference………………………..	page 41

Table 7 - Island Breakers Results…………………………………………..	page 43

Table 8 - Island Breakers Percent Difference………………………………	page 43






1) Abstract

Develop a spreadsheet tool to evaluate the parameters necessary for successful mitigation of a single unit within a multi-family structure using ventilation techniques. In order to accomplish this task many parameters were considered, many assumptions were made, and many problems were encountered. The final design choice was an Excel spreadsheet that could handle a variety of inputs, which characterize the building, and output the required airflow to mitigate the radon.  Initially the spreadsheet was based on an airflow and contaminant analysis program called CONTAM. This program was used to gain an understanding of how contaminants, specifically radon, behaved within control volumes and how they responded to changes in ventilation. CONTAM has built-in libraries from ASHRAE (American Society for Heating Refrigeration and Air-conditioning Engineers) that contain values for how much a specific element within a building leaks air. These libraries were used within the spreadsheet to estimate the leakage of a building. Once this was understood and able to be used within the spreadsheet, physical data was needed to be obtained in order to reproduce, which would ultimately verify the accuracy of the spreadsheet. Obtaining physical data was a very difficult task because no contractors wanted students performing airflow analysis and testing for radon in buildings being constructed. After much trials and tribulations, three apartments were finally found that were able to be tested. Once these apartments were tested using equipment from the Florida Department of Health they were also tested using the spreadsheet. The spreadsheet was, at worst, accurate within 12% of the physical data obtained.

2)  Introduction
	Radon is a harmful radioactive gas that is very common in the United States and is found throughout the word. It decays from uranium in the soil and can enter homes and buildings through the structures’ foundation in many ways. According to the Environmental Protection Agency (EPA), it is the second leading cause of lung cancer. The EPA also recommends that people have their homes tested. In large-scale residential preexisting buildings, the techniques necessary to mitigate the radon are not practical. This is because homeowners cannot modify parts of the building or set up mitigation systems running through other units without their permission. The technique that has been proven to be effective in this case is the use of bringing in outside air, which has very low levels of radon, to decrease the level of radon by simple dilution. In some cases, the system can be successfully joined to the preexisting ventilation system. On the other hand, in the Florida Building Code, there is a caveat that says ventilation shall not be used as a mitigation option if it increases the total ventilation rate of the building above the maximum permitted in the energy efficient building code. Radon mitigators currently do not have the ability to determine the amount of air needed or the ventilation system required to lower the radon to a safe level. The assessment tool will address this issue. 
  





3)  Problem Definition
	We are to develop a ventilation assessment tool (spreadsheet) for the Florida Department of Health to be used by radon mitigators in the field. The spreadsheet will allow the mitigators to obtain the amount of outside air ventilation needed to reduce the radon down to a safe level. The goal is to input a few details about a residential structure, input significant leakage characteristics as well as the initial radon level, and determine ventilation rate appropriate for the structure. The spreadsheet should be able to be used on any type of multi-family residential structure. 

4)  Background
	Radon was discovered in 1900 by a German chemist named Friedrich Ernst Dorn during his time studying radium. As shown in Figure 1, it is a chemical element that can be found on the right hand side of the Periodic Table of Elements. It is colorless, odorless, and tasteless and is one of the heaviest of the noble gases. 

Figure 1 - Periodic Table

Radon is a naturally occurring radioactive gas. It forms from the decay of uranium in the igneous soil and rock formations slightly beneath the earth’s surface. It then decays further into radium, as it then decays to the harmful noble gas, radon. The half life of 
uranium is about 4.4 billion years, which means it takes that long for half of it to decay. Radioactive decay is defined as the process in which unstable atomic nuclei lose energy through radiation in the form of particles or electromagnetic waves[footnoteRef:2]. Radium’s half life is about 1,620 years, and finally, radon has a half life of approximately 3.8 days. If exposed to excess radon over a long enough period of time, it can cause serious health risks, such as lung cancer.  [2:  Radon Homepage] 

The unit of measure for radon is Picocuries per liter (pCi/L) where the prefix ‘pico’ is 1*10-12 and curie is used as a unit of measure of radioactivity that is defined as an element that is emitting radiation at a rate of 37 billion times per second. The EPA and Surgeon General recommend that homes and buildings use mitigation systems if the indoor radon level is 4.0 pCi/L or higher. The method in which radon poses health risks is the particles that radon decays into, such as polonium, bismuth, and lead are harmful to humans and may cause lung cancer from excessive exposure. These radioactive particles are actually charged particles, and release alpha particles that contain approximately 5 MeV of kinetic energy. These alpha particles are 100 times more likely to cause chromosome damage to the human cell than the beta or gamma particles if they are ingested or inhaled. Once inside the human body, they stick to the delicate cells lining the passageway to the lungs. It is here that they actually alter the DNA of the cells and produce cancerous cells as depicted in the Figure 2, below.[footnoteRef:3] [3:  Alpha Decay] 


Figure 2 - Radon Damage


According to the EPA, radon kills over 20,000 people each year and is the number one leading cause of lung cancer among non-smokers in the United States.[footnoteRef:4] Figure 3 shows that radon is responsible for more deaths than drunk driving and home fires combined. [4:  Citizen’s Guide to Radon] 


Figure 3 - Annual Deaths

Although radon is very hazardous to human health, this hazard is not very well known through out the United States. However, on any given day a person is exposed to some amount of radon considering that the average outdoor radon level is about 0.4 pCi/L. Figure 4 shows a pie chart of the different types of radiation that the average person in the U.S. is exposed to. Radon is responsible for more than 50% of that radiation.
                                                                                                                   








Figure 4 - Radiation Exposures

The risks of radon are very serious and have been proven to cause lung cancer. The risks only get more severe when a person is a smoker. The risks for smokers and non smokers exposed to radon are tabulated in Table 1, below. As shown, if 1000 people were exposed to a radon amount of 20 pCi/L over a lifetime, 36 non smokers could get lung cancer while 260 smokers can get lung cancer. That means that smoking over a lifetime increases your chance of getting lung cancer from 3.6% to 26% (if exposed to 20 pCi/L).

Table 1 – Smoking Comparison
Radon can enter the best built houses or structures through many different ways. Figure 5 shows some possible entry points include cracks in the slab, fittings on joints of the basement or bottom floor, drain pump pipes, and even through the water supply to the building. The knowledge of these entry points is critical when attempting to produce an effective mitigation system. The gas enters structures such as homes, schools, residential buildings and can reach dangerous levels that can be very harmful to people’s health. Depending on how the structure is built and how well it is ventilated, radon can enter and accumulate in the lower portions of the building, such as dwellings and basements. 


Figure 5 - How Radon enters

Steering more towards the main focus of this project is the radon mitigation of multi-level residential buildings. The higher floors in the building were originally not main suspect or worry for radon problems. This, however, is no longer the case. Dangerous radon levels have been found on the 24th floor of high rise residential buildings. This occurs in the same way that radon enters so many different types of structures. Once the radon is exposed to and enters the building, it can travel up through the materials of the building. If concrete is the primary material, for example, it can emit a continuous supply of radon to any of the floors in the building. Even if the radon is ventilated out of a unit or an entire floor, after a certain amount of time, the amount of radon will reach its equilibrium state once again. The use of ventilation as a mitigation option must be permanent and continuous in order for the radon to not reach this equilibrium amount. 
One method to retrieve the actual radon level readings from a structure is the use of a device called an EPERM, which is an Electron Ion Chamber (EIC). This is a passive integrating ionization monitor consisting of a very stable electret (charged Teflon disk) mounted inside a small chamber made of electrically conducting plastic. Negative ions produced inside the chamber are collected on the positively charged electret, causing a reduction of its surface charge. The measurement of the depicted charge during the exposure period is a measure of integrated ionization during the measurement period. The electret charge is read before and after the exposure using a specially built non-contact electret voltage reader. Once the measurements are read, one can determine the radon activity present over the duration of the test.[footnoteRef:5]  [5:  E-Perm Systems] 

Another device that is very useful in analyzing the airflow of a unit is a device called a smoke stick. This device utilizes titanium tetrachloride which combines with atmospheric moisture to form a dense, persistent white smoke.[footnoteRef:6] One can apply that smoke to a door, window, or joint to analyze the direction of flow. Depending on whether or not the smoke is pulled into the area of interest or pushed from that area, one can get a general idea of how the airflow path behaves in that particular unit. This technique is useful to analyze the significance of the leakage through building components. This is important when analyzing a unit prior to obtaining numerical results in giving initial ideas of what are the leakiest sources.  [6:  Smoke for Scientific Applications] 


Figure 6 - Smoke Stick

What is used to gather information on the pressurization of structures is called a blower door fan test. To get a better understandings of how these devices work and how they are used, on September 24, 2008 a blower door fan test was conducted on a group member’s house. The house is a two story, 4 bedroom 2.5 bathroom 1800 square-foot house that was built in the early 1970s. As seen in Figure 6, the blower door consists of a fan attached to a door seal as well as software equipment. Pressure sensors are placed just inside and a few feet outside the door in order to give pressure differential readings. Once set up, the house’s air conditioning was turned off and all the doors and windows leading to the outside were closed. The fan is then turned on and begins either pulling air into the house (pressurizing) or pushing air out (de-pressurizing). The test begins with a depressurization of the apartment at several pressures. It begins with a pressure of 50 Pa and decreases in increments of 5 Pa. The software reads the airflow through the fan and takes a set of 150 samples for each pressure. It then plots the average of these samples and uses these points to estimate the airflow rate at 4 Pa. Using this flow rate, it then determines the Equivalent Leakage Area (ELA) of the entire apartment using the orifice equation shown below.

	(1)
Where:
Q – air flow rate at 4 Pa
ΔP – 4 Pa
ρ – density of air (1.2 kg/m3)

The ELA is an approximation of the equivalent sized hole that would be present if all the spaces and cracks of all the flow paths (doors, windows, etc.) were combined. The values used for the ELA are obtained from the library that the program CONTAM references from the ASHRAE table of residential leakage data, found in Appendix E. The blower door fan test then goes about the pressurization test using the same pressure differences to perform the same task previously described. The results of the tests that are significant to research are the ELA and estimated annual infiltration rate. The estimated infiltration rate is a value that estimates the amount of natural breathing the unit does with its environment. This is the average of how much outside air is naturally exchanged year round according to the characteristics within the unit. The estimated annual infiltration rate is determined from a simplified version of the equation in the ASHRAE Standard 136-1993 which is explained in further detail later in the report and is shown in Appendix B. It was concluded from the tests that day that the house had an air exchange rate of 0.5 ACH (air changes per hour). The leakage rate of a structure is very important when attempting to ventilate and analyze a building from an air flow perspective. When doing calculations on the air exchange between rooms in a building, the overall leakage plays a big role and can alter the calculations or analysis.
These techniques become very difficult on multi-level buildings, however, due to the complexity of today’s condominiums and apartment buildings. Pressurizing one unit on a floor might just push the radon directly into another, which would not be eliminating the problem, just moving it. Since there are so many factors that make up the airflow path in large buildings, applying the correct air flow system is a difficult task. When attempting to use ventilation as a mitigation choice, there are even more stipulations. In the Florida building codes, there are standards for which an air ventilation system cannot exceed the maximum energy limit that it is permitted. The limit of air exchanges after installing a ventilation system is 0.35 ACH. Therefore mitigators must abide by these energy standards when suggesting an appropriate system. This tool may be required to increase the efficiency of the ventilation or to reduce the humidity of the air. The ERV is an Energy Recovery Ventilator which exchanges heat with outside air to increase the efficiency of the incoming outside air. The humidity of the incoming air might need to be reduced because the air handler might not be capable of dehumidifying and cooling the excess outside air.
 There are computer programs that can assist in analyzing the air flow path of large buildings. The program that was used is called CONTAM, which can give a good representation of how contaminants flow through units and structures. It can allow someone to create an entire floor and essentially and entire building while inputting every detail about the building and its surroundings. Also, the flow path of any air contaminant can be modeled as long as certain critical characteristic values about the gas are known.  Some values that were inputted for radon in order to give a proper model were its diffusion coefficient, decay rate, specific heat, and molecular weight. Such things as the weather outside, wind speed, time of day, and geographical location can be inputted to give a more accurate depiction of the air flow.


















5)  Design Concept
The method chosen to meet the objectives was to create a spreadsheet that would calculate the additional ventilation needed to lower the initial concentration of radon. This spreadsheet was created using Microsoft Excel and the options available inside the program. After researching various options, the data validation tool was found to be the best way to achieve a working spreadsheet. The data validation tool allows users to place drop down menus onto cells so multiple options can be chosen. Having the drop down menus depend on the choice from the previous drop down menu requires defining names for all the data that would be used. This data also needs to be put in a specific order so that the formulas used can access the data as seen in Figure 7.

Figure 7 – Data Validation

	The data validation tool was only used for one part of the spreadsheet; the leakages sheet. For this sheet the objective was set so that the mitigator can select all the characteristics of the dwelling they are testing and this sheet will calculate the equivalent leakage area for that dwelling. First, leakage values for different characteristics of residential buildings had to be found. CONTAM has libraries with these leakage values for residential buildings. These leakage values were determined by ASHRAE and previous studies. The data contained in these libraries had to be formatted to a new system so that the data validation tool and formulas could properly read from them and output the desired results. For simplicity all leakages were separated into categories and were given names that defined the information contained. For example, in this library there are three types of doors; single doors, double doors, and sliding glass doors. To have this properly output on a drop down menu, one would define the name Door then under the “Refers to:” option you would select from the range that contained the words “Single”, “Double”, and “Sliding Glass”. With this name defined one can simply set the drop down menu so that the list is the name “Door”. Figure 8 shows an example of name defining and data validation used for the leakages sheet. 

Figure 8 - Drop Down Menu

The first drop down menu does not have any dependencies because of how it is defined, however the other drop down menus will depend on the preceding drop down menu. For this to work the drop down menus will use the INDIRECT function and call out the subsequent drop down menu. For this spreadsheet four drop down menus were needed with the last drop down menu displaying three options; best estimate, maximum, and minimum. Best estimate would be the average area that the specific element leaks from. Maximum is the maximum area that the element will leak and minimum is the minimum area that the element would leak. When one of these options is chosen the spreadsheet outputs a number adjacent to this drop down menu. This number can have one of three different sets of units; in2 per ft2 means that the element leaks an area of in2 per ft2 of that element, in2 per ft means that the element leaks an area of in2 per ft of length for that element (this unit only appears for windows), and in2/item means that the element leaks an area of in2 per amount of that item (these units are for standardized sizes such as 3ft by 7ft for single doors). After this number is output the mitigator will enter a number into the adjacent cell, this number depends on the leakage area units shown in the preceding cell. When the mitigator enters this number the spreadsheet will multiply the leakage area per unit by the number they just entered and will remove the units shown. Finally, when the mitigator has input all elements that have the possibility of leaking into the leakages sheet, the spreadsheet will sum them up and use them for later calculations. 
	After using the leakages sheet the mitigator will proceed to the Weather tab and look up the location of the unit they are testing. If the location is on the table they will use the corresponding weather factor, if not they will find the location on the contour map, use the legend to match the color, and find the weather factor. From here the mitigator will use the Inputs tab. This tab has three tables; Inputs, Default Constants, and Outputs (Figure 9).

Figure 9 – Inputs, Constants, & Outputs

The user will input the floor area of the unit, ceiling height of the unit (Volume is automatically calculated), the weather factor from the previous sheet, the initial radon concentration, and the target radon concentration. After the inputs are added the user can click on the calculate button. This will provide new values in the outputs table. The generation rate is the amount of radon that the unit is producing in pCi/s. The equivalent leakage area is the sum of all leakage values from the leakages sheet. The natural ventilation is the rate which the unit naturally breathes in cubic feet per minute. The initial air changes per hour is the rate which the unit is exchanging air with the outside per hour. The total required flow is the total amount of flow that is needed to bring the initial concentration of radon to the target concentration of radon. The additional flow required is the amount of flow that needs to be added to the unit to bring the radon concentration to the target concentration. The new air changes per hour is the total rate of air exchanged with the outdoors after the additional flow is implemented. The cell for the new air changes per hour will change colors depending on the value; for values 0.35 and higher the box will turn red, for values between 0.32 and 0.349 the box will turn yellow, for values 0.319 and below the box will turn green (red means it does not meet the Florida Building Code, yellow is a warning, and green means it is safe). These values are from the Florida Building Code of energy efficiency that states values above 0.35 ACH does not comply with this building code. The radon Mit tab at the bottom will open up the radon Concentration vs. Time graph. This graph, shown below in Figure 10, will show the decrease in radon concentration per time after the additional flow is implemented. 
Figure 10 - Radon Mitigation Curve
This calculate button was created using the Record New Macro… function. When the user clicks Record New Macro… Excel starts recording their actions within the program. For example, if a user was to start recording a macro then deleted five rows on a sheet then they stopped recording, a macro would be stored that would clear those five specific cells. For this spreadsheet a function called Goalseek was also used, this function allows users to find solutions to equations by setting the value of a variable in an equation and solving for another variable within the equation. For the calculate button a macro was created that recorded the steps of using Goalseek then set to this Goalseek button















6)  Critical Assumptions
	This project deals with airflow through apartments or condos located in high-rise residential buildings. Each individual building is constructed in a number of different ways and constructed from numerous different materials. There is also the factor of what kind of physical condition the building is in which can dramatically change the behavior of airflow within that building. Critical assumptions had to be made in order to gain valuable results from the spreadsheet. The first of many assumptions was that the principle of conservation of mass was in effect; meaning that the mass of radon leaving the building equals the mass of radon being generated in the building. Another initial assumption was that the unit or apartment under observation had to be treated as a control volume. Next was the actual behavior of radon in the air. radon comes from the natural decay of uranium in the soil, which decays into radium, which further decays into radon. The harmful effects of radon come from the even further particle decay in the air which can enter human lungs and cause cancerous cells to be produced. Even though this is the case, the group had to disregard this particle decay, and treat the generation and expulsion of radon as a dilution problem. This allowed further calculations to be made. 
	In these high-rise buildings, there is natural leakage to the outside as well as natural leakage to other units, stairways, elevator shafts, trash shoots . . . etc. The Florida Department of Health decided that considering the indoor leakages would be too difficult to replicate, because each building has numerous amounts of variations in that aspect. The spreadsheet shall only consider leakages to the outdoors. 
	Depending on the geographical location of the unit being tested, there are differences in air density, wind speed, and outdoor radon levels that would cause differences in the data. There are also indoor and outdoor temperature differences that would vary significantly. In order to make calculations, a constant air density and temperature difference was assumed. These differences can vary all across the state of Florida. To account for these differences a weather factor was added which can be seen in Figure 11. An average annual infiltration rate (ACH) year round was assumed to simplify these variations. This made it possible for mitigators to choose their geographical location, and obtain a true weather factor. The outdoor radon level was assumed to be 0.4 pCi/L, which is the national outdoor average. 

Figure 11 – Weather Factor Contour Map
	
One very important part of the spreadsheet and calculations is the amount of radon entering the unit of interest, or radon generation rate. Initially, this was going to be accounted for based on the area of concrete that is used in that unit because based on the porousness of the concrete and where it was made, it will emit the radon differently.  This, however, would have turned out to be an inaccurate way of considering the generation rate because there would be no way for the mitigator to know the porousness of the concrete or where it was manufactured. Instead, another critical assumption was made. When using the spreadsheet, it will be known to the mitigator the amount of radon that is inside the unit from the E-perm test results. That radon level is in equilibrium, which is the level that it reaches after a certain amount of time. The assumption that is made is that the amount of radon leaving the unit is the same amount that is being generated. With that being said, Equation (11) below was used to calculate the generation rate.

	(2)	
Where 
G = generation rate of radon
Co = initial concentration of radon
V = Volume of unit
ACH = estimated annual infiltration rate 

	
	When conducting the Blower Door Fan test, pressurization of the unit is very important in order to obtain the equivalent leakage area (ELA) of that unit. The blower door software, Tectite, assumes a pressure difference from inside to outside of 4 kPa in order to obtain results.[footnoteRef:7] [7:  Blower Door Systems] 




7)  Formulating Equations
The calculations for this spreadsheet are based on the conservation of mass. The law of conservation of mass states that the amount of mass entering a control volume has to be equal to the amount of mass leaving a control volume. The control volume being analyzed is the apartment unit. These mass balance equations are derived from the CONTAM user manual. A general form of the conservation of mass equation for the control volume (i) and its surrounding zone (j) is given by: 	
(mass of contaminant in c.v. i at time t+Δt ) = 	(mass contaminant in c.v. i at time t) +
Δt × (rate gain of contaminant – rate loss of contaminant )
Or in equation form as:
	(3) 	     

Where:
ρi is the density of the air in zone i (kg/m3)
Vi is the Volume of the zone i (m3)

Ci is the concentration of the contaminant in zone i 

The contaminant mass flow rate from zone j to i is given by:
	(4)	
Where:
 is the filter efficiency (not applicable)
ρj is the density of the air in zone j (kg/m3)

Cj is the concentration of the contaminant in zone j 
Gi is the generation rate of the contaminant in zone i (pCi/s)

The generation of a species from chemical reaction (not applicable) is given by:
	(5)
The contaminant mass flow rate from i to j (out) is given by:
	(6)
 is the removal coefficient  (not applicable) .
After discarding the variables that do not apply to this application the final equation is given by:
	(7)
The contaminant in which this equation concerns is radon. The flow between the zones will depend on the expected leakage of unit i and the pressure differential between the unit and the outdoors. The filter efficiency is not applicable because a filtration system will not be used. The mitigation process being used is simply dilution of the highly concentrated indoor air with that of less concentrated outdoor air. 
The generation rate is dependent on parameters of each unit or building. The generation rate is the amount of radon that is being emitted from the concrete per second. This is explained further in the report. The generation of a species from chemical reactions is not applicable in this project because radon is not a chemically reactive gas when mixed with air. There is no process for the direct removal of radon. So, the removal coefficient is not applicable. This equation will then yield the amount of radon in the unit after a certain amount of time.
The estimated annual infiltration rate estimates the amount of breathing the unit does. This is how much outside air is naturally exchanged according to the characteristics within the unit. The estimated annual infiltration rate is determined from a simplified version of the equation in the AHRAE standard 136-1993 shown to be:

ACH = 	(8)
Where:
ELA is the effective leakage area (ft2)
As is the floor area in (ft2)
W is the weather factor

The ELA is an approximation of the equivalent hole that would be present if all the spaces and cracks of all the flow paths (doors, windows, etc.) were combined. The values used for the ELA are obtained from the library that CONTAM references from the AHRAE table of residential leakage data, found in Appendix E. The weather factor is provided from the ASHRAE standard 136-1993 which is also attached in Appendix B.
	The equation for the estimated annual infiltration rate is used because the goal is to replicate what the Tectite software provides as the result of a blower door/fan test. The estimated annual infiltration rate is provided in units of air changes per hour (ACH). This unit is essentially the volume of air exchanged over a period of an hour divided by the volume of the unit (zone i). 
	The ACH is used to determine the natural ventilation rate (cfm). This is the flow rate of natural ventilation considering the weather conditions and the unit characteristics. This equation is shown to be:

NV = 	(9)
Where:
ACH is the estimated annual infiltration rate (ACH)
Vi is the volume of the unit (ft3)
The generation rate is mostly dependent on the porosity of the concrete used in the building as well as where the concrete is made. This is because concrete from different parts of the world has different levels of uranium in it and different diffusion coefficients which cause the radon to be emitted at different rates. Originally, it was considered to use an average value for the generation rate; or possibly using low, mid, and high values that can be used. The problem with the dependency of the generation rate is that this will also determine the equilibrium radon level that is reached during the mitigation process. In order to solve this problem the generation rate will be determined by using the estimated annual infiltration rate and the initial radon concentration. It is based on the assumption of the initial radon level being in equilibrium. Therefore, the equilibrium level of radon level will be equal to the generation rate minus the rate of radon lost by natural infiltration. This equation is shown to be:

G = 	(10)
Where: 
Ci is the initial concentration of radon in zone i (pCi/L)
Vi is the volume of zone i (m3)
ACH is the estimated annual infiltration rate (ACH)
	
This equation solves for the rate of radon leaving zone i (out). This, in turn, is equal to the generation rate because the initial radon level is in equilibrium. Therefore, the rate of radon leaving the unit is equal to the generation rate of radon.
	Then the mass balance equation was used and resulted in the data points obtained through the mitigation process. The time step used is 60 seconds. The data points span 64 hours of mitigation. It is assumed that the radon mitigation should occur within a maximum of 48 hours.  The radon concentration is then converted for each step to determine the radon level in pCi/L. 
	A function in Microsoft Excel, called goal seek, was used to determine what flow rate of outside air is required to reduce the radon level to a safe level (below 4 pCi/L) within 48 hours. The target concentration is an input that the mitigators can change to meet the costumers’ preference. This function provides the amount of outside air required in (kg/s). This value is then converted to cfm. Since this is the total outside air required, it is subtracted by the natural ventilation rate to determine the additional outside air demanded for this mitigation process. The total air is used to determine the new ACH. This is the total air exchanges that occur in the unit after installing the mitigation system. This equation is shown to be:

New ACH = 	(11)
Where:
CFM is the total outside air flow
Vi is the volume of zone i (ft3)









8)  Experimental Procedure
In order to test the accuracy of the spreadsheet it was important to perform blower door fan tests on as many apartments as possible. Testing a wide variety of apartment types would have been ideal, but the availability was extremely limited. Attempts were made to test empty buildings that were in the process of finishing touches or units that just have not been sold or moved into yet. However, building owners did not allow testing within their buildings for any type of testing for liability reasons. Therefore, tests had to be done on apartments of people that the group knew personally gave access to use their apartment for a couple hours. Fortunately, three different apartments in Miami, FL that met the needs for testing were obtained. The three apartments’ information are listed below.
Table 2 – Tested Apartments
	Name
	Address
	Unit
Level
	Bldg
Levels
	Year
Built
	Total
Units

	The Loft 2
	133 NE 2nd Ave
Apt 3403
Miami, FL 33132
	34
	36
	2007
	496

	Park Place by the Bay
	915 NW 1st Av
Apt 2111 
Miami Fl. 33136
	21
	30
	1989
	463

	Island Breakers
	150 Ocean Lane Drive
Apt 2H
Key Biscayne, FL 33149
	2
	10
	1970
	72



Before arriving to the apartments, the Florida Department of Health sent E-Perms to each apartment owner to determine the initial radon concentrations of each apartment. The owner from Park Place by the Bay was unable to perform the test, so, radon concentrations from the other two apartments were the only readings obtained. 
The first thing done in each apartment was temperature thermometers were placed inside and outside to allow the thermometers to reach the respective temperatures by the time the blower door fan test takes place. Details of all the apartment characteristics such as windows, doors, etc. were also recorded. Any possible weather shielding is observed such as outdoor balcony screens, trees, bushes, etc. The sizes of these characteristics and the details such as weather-stripping, gaskets, etc. were recorded. The floor area and height of each unit is determined through either floor plans or on-site measurements. Next, the blower door fan was assembled. This requires the assembly frame to be placed strategically on the desired door to seal it to its best ability. The sealing of the assembly framing is critical for the accuracy of the test results. All bathroom fans were also closed to avoid losing air to an external source. This is not something that the group would want included in the ELA because bathroom fans will not exchange air naturally with the outdoors. The blower fan is then attached to the frame assembly as all the wiring and tubes are placed in their respective places. The indoor/outdoor temperatures, floor area, volume, city, and weather shield of the apartment were entered to begin the testing. The assembly has a pressure transducer that has tubes attached to the fan, outside and inside. The pressure transducer and fan are attached to a computer, from which the testing is controlled through the Tectite software. 
As the test is taking place, other members of the group are performing other tasks. The smoke test takes place through both pressurization and depressurization. The smoke tester releases smoke while it is placed in significant locations near windows, doors, etc. to observe the directions of flow and the effectiveness of the seals. The smoke test was performed around electrical outlets, light fixtures, fuse breaker boxes, etc. A borescope was also used to look through the electrical and telephone outlets. This was done to determine what kinds of walls are surrounding the unit. This will help to consider the breathing that occurs through the walls between apartments and with the outdoors.




















9)  Results and Discussion
The blower door results obtained from the testing in Miami were used to test the accuracy of the spreadsheet. CONTAM was first used as a tool to understand the way contaminants behaved and responded to ventilation but once physical data was obtained the goal was to reproduce that data. Many factors contribute to the way air flows through a building, such as; the age of the building, the construction methods, and the characteristics of the building (i.e. the number of windows and doors). The useful results provided by the blower door are the equivalent leakage area, estimated annual infiltration rate in cfm and ACH. These are the results the spreadsheet is attempting to replicate and use them to determine the amount of air necessary to mitigate the unit. The results from CONTAM were the graph displaying the time it takes for radon to reach its equilibrium level and characteristic behavior of contaminants within a given volume. Once the expected trends were being shown with the spreadsheet the apartments tested in Miami were analyzed using the ventilation assessment tool. 
	The first apartment tested was the Loft 2 in downtown Miami. The Loft 2 was a fairly new apartment building with a very modern and industrial look. The apartment tested was on the 34th floor and was built in 2007. The age and the look of a building can greatly affect the airflow within the building as well as the radon concentration in the building. Since the Loft 2 was newly constructed the seals around the doors and windows were still intact and in good condition. Since the Loft 2 was a very modern building a lot of concrete was used in its construction. The floors and ceilings in the apartment were merely polished concrete with no paint or flooring on them. The Loft 2 was expected to have a high concentration of radon and a low ACH value due to the large amount of concrete found in the unit as well as the quality of the seals. These assumptions held true for the tightness of the building but not for the radon concentration. The average level of radon found after a two day reading was 2.4 picocuries per liter (pCi/L). This is a relatively low value of radon. The Department of Health considers under 4 pCi/L to be a safe level of radon for long term exposure. The lower radon reading may be attributed to many factors, such as: the doors or windows were opened multiple times during the radon test, a lot of inner apartment breathing, well ventilated, concrete was not porous, or concrete was from part of country with low uranium levels. The average estimated infiltration rate was found to be 0.17 ACH with an equivalent leakage are of 22.6 in2. This infiltration rate is fairly low, the ASHRAE average for dwellings is 0.33, which means the apartment is fairly well sealed and there is little air and radon that is naturally moved in or out of the apartment. This means that a greater amount of air is needed to be brought into the apartment to overcome the small natural ventilation rate and dilute the radon. The main problem with this is that the higher value of added air corresponds to a higher value of the new air changes per hour. If the new ACH reaches 0.35 then the mitigation can not take place because this violates a Florida building code that states the greatest level of ACH for a living space is 0.35.  The results obtained for the Loft exceed this Florida building code. This is not a problem though because the level of radon found in the Loft is so small it would not need to be mitigated through ventilation.
Table 3 below shows the results for the Loft 2 when it was modeled using the spreadsheet. These results show that the ELA was 21.4 in2 and the infiltration was 0.157ACH and 17.17 cfm. It also shows that the added air to mitigate the initial concentration to a safe level of 1.3 is 28.5 cfm. Table 4 compares these results with those obtained from the blower door tests. This table shows that the ELA and the infiltration rate in cfm are within 5% of the blower door results and the infiltration rate in ACH is within 7% of the expected results. A main reason that these results are lower then the expected results is because the unit is analyzed as an individual unit and not one that is connected to the apartment complex which ignores the air being transferred between the units in the building. Another big source of error in the spreadsheet results is unidentified leakages. When performing the smoke tests in Miami it was found that the fuse boxes for the circuit breakers had a significant amount of air being transferred between them and the inner walls of the apartment complex. Since this leakage is between the unit being analyzed and inner walls of the apartment building it was unable to be accounted for when analyzing the unit as a separate space. 

















Table 3 – The Loft 2 Results


Table 4 – The Loft 2 Percent Difference

	The second apartment tested was Park Place by the Bay. The apartment tested was on the 21st floor and was built in 1989. Park place by the Bay is an older building then the Loft 2 and less modern looking. Therefore, the expected results were that the natural ventilation rate would be higher then the Loft 2 and the level of radon would be lower. The assumption on the natural ventilation was true but, unfortunately, radon testing was unable to be performed on this building because the owner was moving out the day the apartment was tested. The average infiltration rate was found to be 0.127 air changes per hour with an equivalent leakage area of 23.184 in2. The ELA was greater then that of the Loft 2 but the ACH was not as high because the volume of Park Place is greater than that of the Loft 2. The ACH found was lower then expected which means two things: the apartment does not transfer much air with the adjacent apartments, and not as many unaccounted leakages were found as in the Loft 2. One main reason that less unknown leakages were found is that the circuit breaker was located on an internal wall. This means that the air being transferred through the breaker is going back into the apartment not through a shaft and into the apartment building as was the case with the Loft 2. Since the ACH was less then the Loft 2 the necessary air to mitigate the apartment was less. Since no radon data was obtained for this apartment the initial concentration of radon used for analysis in the spreadsheet was the value found at the Loft 2. This was done in order to provide results that could be directly compared to one another. Table 5 also shows that the new ACH is 0.339 which is barely below the Florida building code; which means that the apartment could be mitigated using ventilation but would not need to be because of the low level of radon it was tested at. 









Table 5 Park Place by the Bay Results


	Table 5 above shows the inputs and outputs when Park Place was tested using the ventilation assessment tool. This table shows that the ELA was 23.184in2 and the annual estimated infiltration was 14.811 cfm and 0.127ACH. Table 6 below compares the results from the spreadsheet to those obtained using the blower door fan test. This shows that the ELA was within 3.8% of the blower door whereas the annual estimated infiltration was within 2.3% in ACH and within 3.8% in cfm. The testing of Park Place was more accurate then the Loft 2. Multiple reasons exist for the increased accuracy. One might be since it was the second apartment tested the tests were easier to perform. Another main reason the results are more accurate is because the breaker box was not connected to a main shaft that ran through the entire apartment complex as it was in the Loft 2. Since the breaker box was a source of unexpected leakages this is a big contributor to the overall leakage. The results can also differ because the apartment is being analyzed as a separate unit rather then being connected to the apartment building. 

Table 6: Park Place by the Bay Percent Difference


	The third apartment tested was an apartment on the 2nd floor of the Island Breakers, a condo on Key Biscayne. The Island Breakers is an even older building with a larger volume then the previously tested apartments. Island Breakers was built in 1970 which means that the seals are expected to be in very poor condition and the apartment is expected to be a very leaky apartment. Since it is an old apartment building the construction methods are also expected to be very different and outdated. This can mean one of two things, either it was built using ample amounts of concrete, which would lead to a high concentration of radon, or it was built with different construction methods that are out of date. The second case held true. Using a borescope, the inside of the walls were investigated and were concluded to be made of a gypsum-like material that appeared to have little to no amounts of concrete. The observations led to the conclusion that the apartment would be very leaky and have little to no radon problem. Both of these assumptions were true. The apartment was found to have an average radon level of 1.2 pCi/L. This is an extremely low level of radon. It is such a low level of radon that it is actually below the level of radon that mitigators attempt to reduce the level to. This presents a problem because if a person ever found this low level of radon this ventilation tool would not only be useless but the very idea of mitigating an apartment similar to this one would be ludicrous. 
	Table 7 below shows the inputs and outputs when the apartment was tested using the ventilation assessment tool. It shows that the ELA was 68.283in2 with an annual infiltration rate of 43.62 cfm and .262ACH. Table 8 compares the results obtained using the spreadsheet with those obtained using the blower door. This table shows that the spreadsheet was under the expected results by 11.4% on the ELA, 12.7% on the ACH, and 11.5% on the cfm. The fluctuations for this apartment are mainly due to the unexpected leakages. Since this apartment was old and the walls were made of a drywall type material with a large air gap in between the apartments the units were able to transfer large amounts of air between them, which the spreadsheet was unable to account for. Within Island Breakers, while a test was being performed, air was felt blowing through the phone jacks and electrical outlets. This was not found in any of the other apartments tested which accounted for a majority of the error for this apartment. 










Table 7: Island Breakers Results


Table 8: Island Breakers Percent Difference

		Overall the spreadsheet is accurate within approximately 10% of the blower door fan tests. The main sources of error between the spreadsheet and the blower door are the unexpected leakages. The main way around this is to implement a correction factor within the spreadsheet to account for any leaks. This was done, but the value of the correction factor was set to 1 because only three data points were obtained. If more apartments were tested and more data was acquired the value of the correction factor can be changed to further improve the accuracy of the spreadsheet. 
10)  Cost Analysis
	This project did not have traditional component costs and manufacturing costs in order to produce a product. A budget of $1500 was available but was not exceeded. An ASHRAE Standard (136-1993) was purchased, which was $25.00. A trip to Miami, FL was made in order to conduct the on-site testing to verify the accuracy of the spreadsheet. Attempts were made to gain access to some high-rise residential buildings in Tallahassee, but all of the building contractors denied access. Transportation costs for the trip were $171.44. Two hotel rooms were rented for two nights which cost $356.12. Gas for the trip cost $107.50 and some parking fees in Miami cost $10.30. The total cost for the project was $670.36 which left $829.64 remaining in the budget.













11)  Error Analysis
The uncertainty of the spreadsheet is considerably high due to many factors that cause an unknown level of uncertainty. The ASHRAE leakage data libraries used in this project do not provide the uncertainty associated with the values. The main factor that governs the uncertainty of such values is in the construction methods used to install these building components. For example, “contractor A” may do a much better job in installing doors and windows than “contractor B”. The contractor may have taken shortcuts during installation that would never be known. In other words, there is no way to determine if the contractors did the installations properly in accordance to the assumptions AHRAE makes when determining the leakage values. 
The method of testing values for accuracy also has uncertainty in it. The blower door fan test was used to evaluate the accuracy of the leakage values obtained. The blower door fan test takes 150 samples at each pressure recording the rate of airflow required to pressurize at the given value. It then plots a point for each pressure difference that is an average taken of the 150 samples. That procedure is done for 50, 45, 40, 35, and 30 Pa of pressure difference. The software creates a best fit line between those points and extrapolates that line to estimate the flow required if there was a pressure difference of 4 Pa. It then uses the orifice equation to determine the area of the hole required to allow that flow with 4 Pa of pressure difference. This value is the equivalent leakage area. So, there is uncertainty in the extrapolation process which leads to uncertainty of the ELA that values could be compared to.
There are some leakage sources that were not in the libraries provided from ASHRAE. Although it would have been ideal to implement a correction factor to the spreadsheet to account for these leakages, the group was unable to do so with only three data points. Unfortunately, the only buildings that access was able to be granted were these apartments which are of personal friends. Attempts were made to gain access to empty buildings that were in the finishing phases of construction or beginning of sales. These builders did not allow the group in their buildings for liability reasons. Under these circumstances, the spreadsheet could only be tested in the units that were available. The apartments that were tested turned out to have safe levels of radon. So, in one sense, it was impractical to test the spreadsheet with these apartments. Most apartments with high levels of radon will probably have a relatively tight seal. Another factor to consider in the uncertainty of these values is the age of the building and the age of the doors and windows (in the case of remodeling). Some of the seals and weather-stripping may shrink or get worn out with age. 











12)  Future Improvements
Considering the confidence level of this spreadsheet is limited, there are some future improvement recommendations that should be made. There are many factors that take the role of providing possible inaccuracies. Since this is only the beginning of the research process, this spreadsheet will serve as the foundation of a future final product. The most important factor that needs to be improved is the testing of this spreadsheet. There needs to be more experimental testing in order to improve the accuracy of this spreadsheet. This testing should involve more apartments of different types and ages. Along with that, it should be tested on apartments that actually have radon problems. The availability of apartments to test was extremely limited. However, the results of the units tested fell within an acceptable range. 
The spreadsheet should also be tested on apartments that have had a mitigation system of interest installed to see if the results of the spreadsheet actually complete the task. The best way to do so is to have a digital radon reading in time steps throughout the mitigation process. This will provide the mitigation graph that the spreadsheet provides. This will help to understand how long it is actually taking to mitigate the radon, and if it is mitigated effectively. It may be possible that the spreadsheet provides excessive or insufficient airflow demands for the mitigation process. This will also help to determine a valid correction factor. The Florida Department of Health may also want to consider requiring a maintenance contract by all mitigators to evaluate the results of the mitigation systems after installation. Possibly checking the radon level after a week or month of mitigation may be beneficial.
	At the time of this research, the availability of ERV systems is limited. A variety of these systems may be beneficial to the mitigation procedure, as well as to the ERV manufacturers. This will help to allow an affordable system to exist for units that require flow rates in between those that currently exist. The blower door fan test may also be improved for accuracy of estimated leakage and annual infiltration rate. For example, the blower door fan test does not consider the wind and pressure difference that is present on doors and windows on the sides of the unit. The weather in Florida can be erratic at times. The blower door fan test does not consider if the major source of leakage faces the side of more likely significant weather conditions. The actual estimated annual infiltration rate could be much higher or lower than what is stated in the results.
The contour map of the state of Florida was performed from 8 points in this large and odd shaped state. More weather factors may be beneficial for accuracy of the ACH determined. It would also be ideal to expand the contour map of weather factors throughout the United States, although this project is in focus of the State of Florida. It may benefit the Florida Department of Health to have a ready tool for the whole nation. 
The libraries for the leakage coefficients of building characteristics are limited in selection. It would be ideal for ASHRAE to update their libraries with a wide variety of doors, windows, etc. ASHRAE should also consider sources of leakage that are not present such as fuse breaker boxes and sheet-rock walls that are not tightly sealed.
	




13)  Conclusion
	Overall the ventilation assessment tool is, at worst, accurate within 12% and at best within 3% of the physical data obtained through testing. Many factors can be attributed to this inaccuracy, such as: construction methods of the apartments, age of the apartments, and natural breathing of the building within itself. In order to increase the accuracy of the spreadsheet more apartments need to be tested and more leakage libraries need to be obtained from ASHRAE. Also the spreadsheets results were never actually tested using a mitigation system because access to a mitigation system as well as an apartment that needed to be mitigated was not able to be obtained. Once this has been done the real accuracy of the spreadsheet can be determined. After this if the spreadsheet is still inaccurate the built-in correction factor can be altered to produce accurate results. The spreadsheet as a whole is considered a success because the product specifications were met and the spreadsheet outputs acceptable results for multiple apartments. 
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Appendix C – A Critique of ASHRAE Standard 62.2-2003











Appendix D – CONTAM User Manual (Theoretical Background)



























Appendix E – ASHRAE Leakages Data Library
	Building Type  
	 Description  
	 Value  

	Residential 
	Ceiling, general - best estimate 
	1.8 cm²/m² 

	Residential 
	Ceiling, general - minimum 
	0.79 cm²/m² 

	Residential 
	Ceiling, general - maximum 
	2.8 cm²/m² 

	Residential 
	Ceiling penetrations, recessed lights- best estimate 
	10 cm²/ item 

	Residential 
	Ceiling penetrations, recessed lights - minimum 
	1.5 cm²/ item 

	Residential 
	Ceiling penetrations, recessed lights - maximum 
	21 cm²/ item 

	Residential 
	Ceiling penetrations, whole house fans - best estimate 
	20 cm²/ item 

	Residential 
	Ceiling penetrations, whole house fans - minimum 
	1.6 cm²/ item 

	Residential 
	Ceiling penetrations, whole house fans - maximum 
	21 cm²/ item 

	Residential 
	Chimney- best estimate 
	29 cm²/ item 

	Residential 
	Chimney - minimum 
	21 cm²/ item 

	Residential 
	Chimney - maximum 
	36 cm²/ item 

	Residential 
	Door, general, average- best estimate 
	0.31 cm²/m 

	Residential 
	Door, general, average - minimum 
	0.23 cm²/m 

	Residential 
	Door, general, average - maximum 
	0.45 cm²/m 

	Residential 
	Doors, attic/crawl space, not weatherstripped - best estimate 
	30 cm²/ item 

	Residential 
	Doors, attic/crawl space, not weatherstripped - minimum 
	10 cm²/ item 

	Residential 
	Doors, attic/crawl space, not weatherstripped - maximum 
	37 cm²/ item 

	Residential 
	Doors, attic/crawl space, weatherstripped - best estimate 
	18 cm²/ item 

	Residential 
	Doors, attic/crawl space, weatherstripped - minimum 
	8 cm²/ item 

	Residential 
	Doors, attic/crawl space, weatherstripped - maximum 
	18.5 cm²/ item 

	Residential 
	Doors, attic fold down, not weatherstripped - best estimate 
	44 cm²/ item 

	Residential 
	Doors, attic fold down, not weatherstripped - minimum 
	23 cm²/ item 

	Residential 
	Doors, attic fold down, not weatherstripped - maximum 
	86 cm²/ item 

	Residential 
	Doors, attic fold down, weatherstripped - best estimate 
	22 cm²/ item 

	Residential 
	Doors, attic fold down, weatherstripped - minimum 
	14 cm²/ item 

	Residential 
	Doors, attic fold down, weatherstripped - maximum 
	43 cm²/ item 

	Residential 
	Door, double, not weatherstripped- best estimate 
	11 cm²/m² 

	Residential 
	Door, double, not weatherstripped - minimum 
	7 cm²/m² 

	Residential 
	Door, double, not weatherstripped - maximum 
	22 cm²/m² 

	Residential 
	Door, double, weatherstripped- best estimate 
	8 cm²/m² 

	Residential 
	Door, double, weatherstripped - minimum 
	3 cm²/m² 

	Residential 
	Door, double, weatherstripped - maximum 
	23 cm²/m² 

	Commercial 
	Doors, elevator (passenger) - best estimate 
	0.26 cm²/ item 

	Commercial 
	Doors, elevator (passenger) - minimum 
	0.14 cm²/ item 

	Commercial 
	Doors, elevator (passenger) - maximum 
	0.35 cm²/ item 

	Residential 
	Door, mail slot - best estimate 
	4 cm²/m 

	Residential 
	Door, sliding exterior glass patio - best estimate 
	5.5 cm²/m² 

	Residential 
	Door, sliding exterior glass patio - minimum 
	0.6 cm²/m² 

	Residential 
	Door, sliding exterior glass patio - maximum 
	15 cm²/m² 

	Residential 
	Door, sliding exterior glass patio - best estimate 
	22 cm²/ item 

	Residential 
	Door, sliding exterior glass patio - minimum 
	3 cm²/ item 

	Residential 
	Door, sliding exterior glass patio - maximum 
	60 cm²/ item 

	Residential 
	Door, single, not weatherstripped - best estimate 
	21 cm²/ item 

	Residential 
	Door, single, not weatherstripped - minimum 
	12 cm²/ item 

	Residential 
	Door, single, not weatherstripped - maximum 
	53 cm²/ item 

	Residential 
	Door, single, weatherstripped - best estimate 
	12 cm²/ item 

	Residential 
	Door, single, weatherstripped - minimum 
	4 cm²/ item 

	Residential 
	Door, single, weatherstripped - maximum 
	27 cm²/ item 

	Residential 
	Door, storm (difference between with and without) - best estimate 
	6 cm²/ item 

	Residential 
	Door, storm (difference between with and without) - minimum 
	3 cm²/ item 

	Residential 
	Door, storm (difference between with and without) - maximum 
	6.2 cm²/ item 

	Residential 
	Floors over crawl spaces, general - best estimate 
	2.2 cm²/m² 

	Residential 
	Floors over crawl spaces, general - minimum 
	0.4 cm²/m² 

	Residential 
	Floors over crawl spaces, general - maximum 
	4.9 cm²/m² 

	Residential 
	Floors over crawl spaces, without ductwork in crawl space - best estimate 
	1.98 cm²/m² 

	Residential 
	Floors over crawl spaces, with ductwork in crawl space - best estimate 
	2.25 in²/ft² 

	Residential 
	Fireplace, with damper closed - best estimate 
	43 cm²/m² 

	Residential 
	Fireplace, with damper closed - minimum 
	10 cm²/m² 

	Residential 
	Fireplace, with damper closed - maximum 
	92 cm²/m² 

	Residential 
	Fireplace, with damper open - best estimate 
	350 cm²/m² 

	Residential 
	Fireplace, with damper open - minimum 
	145 cm²/m² 

	Residential 
	Fireplace, with damper open - maximum 
	380 cm²/m² 

	Residential 
	Fireplace, with glass doors - best estimate 
	40 cm²/m² 

	Residential 
	Fireplace, with glass doors - minimum 
	4 cm²/m² 

	Residential 
	Fireplace, with glass doors - maximum 
	40 cm²/m² 

	Residential 
	Door frame, general - best estimate 
	12 cm²/ item 

	Residential 
	Door frame, general - minimum 
	2.4 cm²/ item 

	Residential 
	Door frame, general - maximum 
	25 cm²/ item 

	Residential 
	Door frame, masonry, caulked - best estimate 
	1 cm²/m² 

	Residential 
	Door frame, masonry, caulked - minimum 
	0.3 cm²/m² 

	Residential 
	Door frame, masonry, caulked - maximum 
	1 cm²/m² 

	Residential 
	Door frame, masonry, uncaulked - best estimate 
	5 cm²/m² 

	Residential 
	Door frame, masonry, uncaulked - minimum 
	1.7 cm²/m² 

	Residential 
	Door frame, masonry, uncaulked - maximum 
	5 cm²/m² 

	Residential 
	Door frame, wood, caulked - best estimate 
	0.3 cm²/m² 

	Residential 
	Door frame, wood, caulked - minimum 
	0.1 cm²/m² 

	Residential 
	Door frame, wood, caulked - maximum 
	0.3 cm²/m² 

	Residential 
	Door frame, wood, uncaulked - best estimate 
	1.7 cm²/m² 

	Residential 
	Door frame, wood, uncaulked - minimum 
	0.6 cm²/m² 

	Residential 
	Door frame, wood, uncaulked - maximum 
	1.7 cm²/m² 

	Residential 
	Window framing, masonry, caulked - best estimate 
	1.3 cm²/m² 

	Residential 
	Window framing, masonry, caulked - minimum 
	1.1 cm²/m² 

	Residential 
	Window framing, masonry, caulked - maximum 
	2.1 cm²/m² 

	Residential 
	Window framing, masonry, uncaulked - best estimate 
	6.5 cm²/m² 

	Residential 
	Window framing, masonry, uncaulked - minimum 
	5.7 cm²/m² 

	Residential 
	Window framing, masonry, uncaulked - maximum 
	10.3 cm²/m² 

	Residential 
	Window framing, wood, caulked - best estimate 
	0.3 cm²/m² 

	Residential 
	Window framing, wood, caulked - minimum 
	0.3 cm²/m² 

	Residential 
	Window framing, wood, caulked - maximum 
	0.5 cm²/m² 

	Residential 
	Window framing, wood, uncaulked - best estimate 
	1.7 cm²/m² 

	Residential 
	Window framing, wood, uncaulked - minimum 
	1.5 cm²/m² 

	Residential 
	Window framing, wood, uncaulked - maximum 
	2.7 cm²/m² 

	Residential 
	Joints, ceiling wall - best estimate 
	1.5 cm²/m 

	Residential 
	Joints, ceiling wall - minimum 
	0.16 cm²/m 

	Residential 
	Joints, ceiling wall - maximum 
	2.5 cm²/m 

	Residential 
	Joints, sole plate, floor/wall, caulked- best estimate 
	0.8 cm²/m 

	Residential 
	Joints, sole plate, floor/wall, caulked - minimum 
	0.075 cm²/m 

	Residential 
	Joints, sole plate, floor/wall, caulked - maximum 
	1.2 cm²/m 

	Residential 
	Joints, sole plate, floor/wall, uncaulked - minimum 
	0.38 cm²/m 

	Residential 
	Joints, sole plate, floor/wall, uncaulked - maximum 
	5.6 cm²/m 

	Residential 
	Joints, sole plate, floor/wall, uncaulked - best estimate 
	4.0 cm²/m 

	Residential 
	Piping/Plumbing/Wiring penetrations, caulked - best estimate 
	2.0 cm²/ item 

	Residential 
	Piping/Plumbing/Wiring penetrations, caulked - minimum 
	1.0 cm²/ item 

	Residential 
	Piping/Plumbing/Wiring penetrations, caulked - maximum 
	2.0 cm²/ item 

	Residential 
	Electrical outlets/switches, gaskets - best estimate 
	0.15 cm²/ item 

	Residential 
	Electrical outlets/switches, gaskets - minimum 
	0.08 cm²/ item 

	Residential 
	Electrical outlets/switches, gaskets - maximum 
	3.5 cm²/ item 

	Residential 
	Electrical outlets/switches, no gaskets - best estimate 
	2.5 cm²/ item 

	Residential 
	Electrical outlets/switches, no gaskets - minimum 
	0.5 cm²/ item 

	Residential 
	Electrical outlets/switches, no gaskets - maximum 
	6.2 cm²/ item 

	Residential 
	Piping/Plumbing/Wiring penetrations, uncaulked - best estimate 
	6.0 cm²/ item 

	Residential 
	Piping/Plumbing/Wiring penetrations, uncaulked - minimum 
	2.0 cm²/ item 

	Residential 
	Piping/Plumbing/Wiring penetrations, uncaulked - maximum 
	24.0 cm²/ item 

	Residential 
	Vents, bathroom with damper closed- best estimate 
	10 cm²/ item 

	Residential 
	Vents, bathroom with damper closed - minimum 
	2.5 cm²/ item 

	Residential 
	Vents, bathroom with damper closed - maximum 
	20 cm²/ item 

	Residential 
	Vents, bathroom with damper open- best estimate 
	20 cm²/ item 

	Residential 
	Vents, bathroom with damper open - minimum 
	6.1 cm²/ item 

	Residential 
	Vents, bathroom with damper open - maximum 
	22 cm²/ item 

	Residential 
	Crawl space, 200 mm by 400 mm vent - best estimate 
	129 cm²/ item 

	Residential 
	Vents, dryer without damper- best estimate 
	15 cm²/ item 

	Residential 
	Vents, dryer without damper - minimum 
	12 cm²/ item 

	Residential 
	Vents, dryer without damper - maximum 
	34 cm²/ item 

	Residential 
	Vents, dryer with damper- best estimate 
	3 cm²/ item 

	Residential 
	Vents, dryer with damper - minimum 
	2.9 cm²/ item 

	Residential 
	Vents, dryer with damper - maximum 
	7 cm²/ item 

	Residential 
	Vents, kitchen tight gasket - best estimate 
	1 cm²/ item 

	Residential 
	Vents, kitchen with damper open - best estimate 
	5 cm²/ item 

	Residential 
	Vents, kitchen with damper open - minimum 
	1 cm²/ item 

	Residential 
	Vents, kitchen with damper open - maximum 
	7 cm²/ item 

	Residential 
	Vents, kitchen with damper open - best estimate 
	40 cm²/ item 

	Residential 
	Vents, kitchen with damper open - minimum 
	14 cm²/ item 

	Residential 
	Vents, kitchen with damper open - maximum 
	72 cm²/ item 

	Residential 
	Windows, casement with weatherstripping -minimum 
	0.1 cm²/m 

	Residential 
	Windows, casement with weatherstripping -maximum 
	3.0 cm²/m 

	Residential 
	Windows, casement with weatherstripping - best estimate 
	0.24 cm²/m 

	Residential 
	Gas water heater - best estimate 
	20 cm²/ item 

	Residential 
	Gas water heater - minimum 
	15 cm²/ item 

	Residential 
	Gas water heater - maximum 
	25 cm²/ item 

	Residential 
	Crawl space, general (area for exposed wall) - best estimate 
	10 cm²/m² 

	Residential 
	Crawl space, general (area for exposed wall) - minimum 
	8 cm²/m² 

	Residential 
	Crawl space, general (area for exposed wall) - maximum 
	17 cm²/m² 

	Residential 
	Walls (exterior), cast-in-place concrete - best estimate 
	0.5 cm²/m² 

	Residential 
	Walls (exterior), cast-in-place concrete - minimum 
	0.049 cm²/m² 

	Residential 
	Walls (exterior), cast-in-place concrete - maximum 
	1.8 cm²/m² 

	Residential 
	Walls (exterior), precast concrete panel - best estimate 
	1.2 cm²/m² 

	Residential 
	Walls (exterior), precast concrete panel - minimum 
	0.28 cm²/m² 

	Residential 
	Walls (exterior), precast concrete panel - maximum 
	1.65 cm²/m² 

	Residential 
	Windows, casement, not weatherstripped - best estimate 
	0.28 cm²/m 

	Residential 
	Windows, double hung, not weatherstripped - best estimate 
	2.5 cm²/m 

	Residential 
	Windows, double hung, not weatherstripped -minimum 
	0.86 cm²/m 

	Residential 
	Windows, double hung, not weatherstripped -maximum 
	6.1 cm²/m 

	Residential 
	Windows, double hung with storm, not weatherstripped - best estimate 
	0.97 cm²/m 

	Residential 
	Windows, double hung with storm, not weatherstripped -minimum 
	0.48 cm²/m 

	Residential 
	Windows, double hung with storm, not weatherstripped -maximum 
	1.7 cm²/m 

	Residential 
	Windows, double hung, weatherstripped - best estimate 
	0.65 cm²/m 

	Residential 
	Windows, double hung, weatherstripped -minimum 
	0.2 cm²/m 

	Residential 
	Windows, double hung, weatherstripped - maximum 
	1.9 cm²/m 

	Residential 
	Windows, double hung with storm, weatherstripped - best estimate 
	0.79 cm²/m 

	Residential 
	Windows, double hung with storm, weatherstripped - minimum 
	0.44 cm²/m 

	Residential 
	Windows, double hung with storm, weatherstripped - maximum 
	1.0 cm²/m 

	Residential 
	Windows, jalousise - best estimate 
	3.38 cm²/m 

	Residential 
	Windows, single hung, weatherstripped - best estimate 
	0.87 cm²/m 

	Residential 
	Windows, single hung, weatherstripped - minimum 
	0.62 cm²/m 

	Residential 
	Windows, single hung, weatherstripped - maximum 
	1.24 cm²/m 

	Residential 
	Windows, single horizontal slider, aluminum - best estimate 
	0.8 cm²/m 

	Residential 
	Windows, single horizontal slider, aluminum - minimum 
	0.27 cm²/m 

	Residential 
	Windows, single horizontal slider, aluminum - maximum 
	2.06 cm²/m 

	Residential 
	Windows, single horizontal slider, wood - best estimate 
	0.44 cm²/m 

	Residential 
	Windows, single horizontal slider, wood - minimum 
	0.27 cm²/m 

	Residential 
	Windows, single horizontal slider, wood - maximum 
	0.99 cm²/m 

	Residential 
	Windows, single horizontal slider, weatherstripped - best estimate 
	0.67 cm²/m 

	Residential 
	Windows, single horizontal slider, weatherstripped - minimum 
	0.2 cm²/m 

	Residential 
	Windows, single horizontal slider, weatherstripped - maximum 
	2.06 cm²/m 

	Residential 
	Windows, double horizontal slider, aluminum, weatherstripped - best estimate 
	0.72 cm²/m 

	Residential 
	Windows, double horizontal slider, aluminum, weatherstripped - minimum 
	0.58 cm²/m 

	Residential 
	Windows, double horizontal slider, aluminum, weatherstripped -maximum 
	0.8 cm²/m 

	Residential 
	Windows, double horizontal slider, not weatherstripped - best estimate 
	1.1 cm²/m 

	Residential 
	Windows, double horizontal slider, not weatherstripped - minimum 
	0.019 cm²/m 

	Residential 
	Windows, double horizontal slider, not weatherstripped - maximum 
	3.4 cm²/m 

	Residential 
	Windows, double horizontal slider, wood, weatherstripped - best estimate 
	0.55 cm²/m 

	Residential 
	Windows, double horizontal slider, wood, weatherstripped - minimum 
	0.15 cm²/m 

	Residential 
	Windows, double horizontal slider, wood, weatherstripped - maximum 
	1.72 cm²/m 

	Residential  
	Attic door, typical value  
	30 cm²/ item  

	Residential 
	Attic door, tight value 
	18 cm²/ item 

	Residential 
	General ceiling, typical value 
	1.8 cm²/m² 

	Residential 
	General ceiling, tight value 
	0.79 cm²/m² 

	Residential 
	Closet door, closed, typical value 
	0.9 cm²/m 

	Residential 
	Closet door, closed, tight value 
	0.25 cm²/m 

	Residential 
	Closet door frame, typical value 
	25 cm²/ item 

	Residential 
	Closet door frame, tight value 
	12 cm2 /item 

	Residential 
	HVAC ceiling penetration, typical value 
	5 cm2 /item 

	Residential 
	HVAC ceiling penetration, tight value 
	1 cm2 /item 

	Residential 
	Door, exterior, single, typical value 
	21 cm2 /item 

	Residential 
	Door, exterior, single, tight value 
	12 cm2 /item 

	Residential 
	Door, exterior, wood, frame, typical value 
	1.7 cm²/m² 

	Residential 
	Door, exterior, wood, frame, tight value 
	0.3 cm²/m² 

	Residential 
	Bathroom exhaust vent, typical value 
	20 cm2 /item 

	Residential 
	Bathroom exhaust vent, tight value 
	10 cm2 /item 

	Residential 
	Kitchen exhaust vent, typical value 
	40 cm2 /item 

	Residential 
	Kitchen exhaust vent, tight value 
	5 cm2 /item 

	Residential 
	Ceiling-wall joint, typical value 
	1.5 cm2 /m 

	Residential 
	Ceiling-wall joint, tight value 
	0.5 cm2 /m 

	Residential 
	Floor-wall joint, typical value 
	4 cm2 /m 

	Residential 
	Floor -wall joint, tight value 
	0.8 cm2 /m 

	Residential 
	Wall-wall joint, typical value 
	1.5 cm2 /m 

	Residential 
	Wall-wall joint, tight value 
	0.5 cm2 /m 

	Residential 
	Garage door, typical value 
	0.45 cm2 /m 

	Residential 
	Garage door, tight value 
	0.31 cm2 /m 

	Residential 
	Garage door frame, wood, typical value 
	1.7 cm²/m² 

	Residential 
	Garage door frame, wood, tight value 
	0.3 cm²/m² 

	Residential 
	Garage roof, typical value 
	1.8 cm²/m² 

	Residential 
	Garage roof, tight value 
	0.79 cm²/m² 

	Residential 
	Hall doorway, typical value 
	2.4 m2 /item 

	Residential 
	Door, interior, closed, typical value 
	140 cm2 /item 

	Residential 
	Door, interior, closed, tight value 
	75 cm2 /item 

	Residential 
	Door, interior, open, typical value 
	2.1 cm2 /item 

	Residential 
	Wall, interior, typical value 
	2.0 cm²/m² 

	Residential 
	Electrical outlet, typical value 
	2.5 cm2 /item 

	Residential 
	Electrical outlet, tight value 
	0.5 cm2 /item 

	Residential 
	Plumbing penetration, interior, typical value 
	6 cm2 /item 

	Residential 
	Plumbing penetration, interior, tight value 
	2 cm2 /item 

	Residential 
	Door, exterior, sliding glass, typical value 
	22 cm2 /item 

	Residential 
	Door, exterior, sliding glass, tight value 
	3 cm2 /item 

	Residential 
	Attic vent, based on attic floor area, typical value 
	1 cm2/300 cm2 

	Residential 
	Window, double hung, typical value 
	2.5 cm2 /m 

	Residential 
	Window, double hung, tight value 
	0.65 cm2 /m 

	Residential 
	Window door frame, wood, typical value 
	1.7 cm²/m² 

	Residential 
	Window door frame, wood, tight value 
	0.3 cm²/m² 

	Residential 
	Wall, exterior 
	0.1 cm²/m² 

	Residential 
	Floor -wall joint 
	0.8 cm2 /m 

	Residential 
	Ceiling-wall joint 
	0.5 cm2 /m 

	Residential 
	Wall-wall corner joint 
	0.5 cm2 /m 

	Residential 
	Window 
	2 cm2 /m 

	Residential 
	Exterior door frame 
	0.3 cm²/m² 

	Residential 
	Door, exterior, sliding glass 
	3 cm2 /item 

	Residential 
	Door, exterior 
	6 cm2 /item 

	Residential 
	Exterior garage wall, exterior 
	0.4 cm²/m² 

	Residential 
	Wall-floor and wall-ceiling interface, exterior garage wall 
	2 cm2 /m 

	Residential 
	Crawl space ceiling 
	0.5 cm²/m² 

	Residential 
	Attic floor 
	0.5 cm²/m² 

	Residential 
	Duct penetration in crawl space ceiling or attic floor 
	1 cm2 /item 

	Residential 
	Crawl space vent, based on floor area 
	1 cm2/150 cm2 

	Residential 
	Wall, interior 
	2.0 cm²/m² 

	Residential 
	Ceiling, interior 
	0.79 cm²/m² 

	Residential 
	Door, interior, closed, including frame and undercut 
	250 cm2 /item 

	Residential 
	Wall, exterior, manufactured home 
	0.067 cm²/m² 

	Residential 
	Floor-wall joint, manufactured home 
	0.53 cm2 /m 

	Residential 
	Ceiling-wall joint, manufactured home 
	0.33 cm2 /m 

	Residential 
	Wall-wall corner joint, manufactured home 
	0.33 cm2 /m 

	Residential 
	Window, manufactured home 
	2.3 cm2 /m 

	Residential 
	Window, manufactured home 
	2.1 cm2 /m 

	Residential 
	Window, manufactured home 
	2.7 cm2 /m 

	Residential 
	Window, manufactured home 
	0.9 cm2 /m 

	Residential 
	Door, exterior, manufactured home 
	4 cm2 /item 

	Residential 
	Crawl space ceiling, manufactured home 
	1.33 cm²/m² 

	Residential 
	Attic floor, manufactured home 
	0.67 cm²/m² 

	Residential 
	Wall, interior, manufactured home 
	2.0 cm²/m² 

	Residential 
	Bathroom door, closed, including frame and undercut, manufactured home 
	330 cm2 /item 

	Residential 
	Interior (bedroom) door, closed, including frame and undercut, manufactured home 
	410 cm2 /item 

	Residential 
	Bathroom door, open, including frame and undercut, manufactured home 
	1.3 m2 /item 

	Residential 
	Interior (bedroom) door, open, including frame and undercut, manufactured home 
	1.6 m2 /item 

	 Commercial  
	 Exterior wall, masonry, mean  
	 4.2 cm²/m²  

	Commercial 
	Exterior wall, masonry, mean plus one standard deviation 
	6.9 cm²/m² 

	Commercial 
	Exterior wall, masonry, mean minus one standard deviation 
	1.5 cm²/m² 

	Commercial 
	Exterior wall, masonry, minimum 
	0.6 cm²/m² 

	Commercial 
	Exterior wall, masonry, maximum 
	11.4 cm²/m² 

	Commercial 
	Exterior wall, concrete panel, mean 
	4.0 cm²/m² 

	Commercial 
	Exterior wall, concrete panel, mean plus one standard deviation 
	6.9 cm²/m² 

	Commercial 
	Exterior wall, concrete panel, mean minus one standard deviation 
	1.2 cm²/m² 

	Commercial 
	Exterior wall, concrete panel, minimum 
	1.1 cm²/m² 

	Commercial 
	Exterior wall, concrete panel, maximum 
	10.0 cm²/m² 

	Commercial 
	Exterior wall, frame/masonry, mean 
	9.1 cm²/m² 

	Commercial 
	Exterior wall, frame/masonry, mean plus one standard deviation 
	13.2 cm²/m² 

	Commercial 
	Exterior wall, frame/masonry, mean minus one standard deviation 
	4.9 cm²/m² 

	Commercial 
	Exterior wall, frame/masonry, minimum 
	4.5 cm²/m² 

	Commercial 
	Exterior wall, frame, maximum 
	19.9 cm²/m² 

	Commercial 
	Exterior wall, frame, mean 
	8.6 cm²/m² 

	Commercial 
	Exterior wall, frame, mean plus one standard deviation 
	13.0 cm²/m² 

	Commercial 
	Exterior wall, frame, mean minus one standard deviation 
	4.3 cm²/m² 

	Commercial 
	Exterior wall, frame, minimum 
	3.1 cm²/m² 

	Commercial 
	Exterior wall, frame, maximum 
	15.6 cm²/m² 

	Commercial 
	Exterior wall, manufactured, mean 
	4.3 cm²/m² 

	Commercial 
	Exterior wall, manufactured, mean plus one standard deviation 
	7.0 cm²/m² 

	Commercial 
	Exterior wall, manufactured, mean minus one standard deviation 
	1.5 cm²/m² 

	Commercial 
	Exterior wall, manufactured, minimum 
	2.4 cm²/m² 

	Commercial 
	Exterior wall, manufactured, maximum 
	8.7 cm²/m² 

	Commercial 
	Exterior wall, metal, mean 
	4.6 cm²/m² 

	Commercial 
	Exterior wall, metal, mean plus one standard deviation 
	7.2 cm²/m² 

	Commercial 
	Exterior wall, metal, mean minus one standard deviation 
	1.9 cm²/m² 

	Commercial 
	Exterior wall, metal, minimum 
	2.0 cm²/m² 

	Commercial 
	Exterior wall, metal, maximum 
	8.0 cm²/m² 

	Commercial 
	Exterior wall, curtain wall, mean 
	2.7 cm²/m² 

	Commercial 
	Exterior wall, curtain wall, mean plus one standard deviation 
	5.6 cm²/m² 

	Commercial 
	Exterior wall, curtain wall, minimum 
	0.8 cm²/m² 

	Commercial 
	Exterior wall, curtain wall, maximum 
	6.9 cm²/m² 

	Commercial 
	Exterior wall, office building, mean 
	4.1 cm²/m² 

	Commercial 
	Exterior wall, office building, mean plus one standard deviation 
	7.8 cm²/m² 

	Commercial 
	Exterior wall, office building, mean minus one standard deviation 
	0.4 cm²/m² 

	Commercial 
	Exterior wall, office building, minimum 
	0.6 cm²/m² 

	Commercial 
	Exterior wall, office building, maximum 
	19.9 cm²/m² 

	Institutional 
	Exterior wall, school, mean 
	3.1 cm²/m² 

	Institutional 
	Exterior wall, school, mean plus one standard deviation 
	5.1 cm²/m² 

	Institutional 
	Exterior wall, school, mean minus one standard deviation 
	1.0 cm²/m² 

	Institutional 
	Exterior wall, school, minimum 
	0.4 cm²/m² 

	Institutional 
	Exterior wall, school, maximum 
	8.6 cm²/m² 

	Industrial 
	Exterior wall, industrial building, mean 
	3.8 cm²/m² 

	Industrial 
	Exterior wall, industrial building, mean plus one standard deviation 
	7.9 cm²/m² 

	Industrial 
	Exterior wall, industrial building, minimum 
	0.4 cm²/m² 

	Industrial 
	Exterior wall, industrial building, maximum 
	15.6 cm²/m² 

	Commercial 
	Exterior wall, retail, mean 
	6.9 cm²/m² 

	Commercial 
	Exterior wall, retail, mean plus one standard deviation 
	10.5 cm²/m² 

	Commercial 
	Exterior wall, retail, mean minus one standard deviation 
	3.3 cm²/m² 

	Commercial 
	Exterior wall, retail, minimum 
	0.7 cm²/m² 

	Commercial 
	Exterior wall, retail, maximum 
	12.0 cm²/m² 

	Commercial 
	Exterior wall, restaurant, mean 
	3.8 cm²/m² 

	Commercial 
	Exterior wall, restaurant, mean plus one standard deviation 
	5.2 cm²/m² 

	Commercial 
	Exterior wall, restaurant, mean minus one standard deviation 
	2.3 cm²/m² 

	Commercial 
	Exterior wall, restaurant, minimum 
	1.4 cm²/m² 

	Commercial 
	Exterior wall, restaurant, maximum 
	5.5 cm²/m² 

	Institutional 
	Exterior wall, assembly, mean 
	3.7 cm²/m² 

	Institutional 
	Exterior wall, assembly, mean plus one standard deviation 
	5.8 cm²/m² 

	Institutional 
	Exterior wall, assembly, mean minus one standard deviation 
	1.5 cm²/m² 

	Institutional 
	Exterior wall, assembly, minimum 
	1.8 cm²/m² 

	Institutional 
	Exterior wall, assembly, maximum 
	6.3 cm²/m² 

	Institutional 
	Exterior wall, healthcare, mean 
	5.6 cm²/m² 

	Institutional 
	Exterior wall, healthcare, mean plus one standard deviation 
	7.5 cm²/m² 

	Institutional 
	Exterior wall, healthcare, mean minus one standard deviation 
	3.7 cm²/m² 

	Institutional 
	Exterior wall, healthcare, minimum 
	3.7 cm²/m² 

	Institutional 
	Exterior wall, healthcare, maximum 
	7.6 cm²/m² 

	Commercial 
	Exterior wall, sports facility, mean 
	7.4 cm²/m² 

	Commercial 
	Exterior wall, sports facility, mean plus one standard deviation 
	10.1 cm²/m² 

	Commercial 
	Exterior wall, sports facility, mean minus one standard deviation 
	4.8 cm²/m² 

	Commercial 
	Exterior wall, sports facility, minimum 
	3.7 cm²/m² 

	Commercial 
	Exterior wall, sports facility, maximum 
	9.8 cm²/m² 

	 Commercial  
	 Exterior Wall: Precast concrete panel, Building A  
	 2.19 cm²/m²   

	Commercial 
	Inoperable window, Building A, minimum 
	0.58 cm²/m² 

	Commercial 
	Inoperable window, Building A, maximum 
	1.73 cm²/m² 

	Commercial 
	Exterior Wall: Tile veneer, Building AA 
	1.34 cm²/m² 

	Commercial 
	Inoperable window, Building AA, typical 
	0.58 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building C 
	1.96 cm²/m² 

	Commercial 
	Operable window, Building C, minimum 
	1.73 cm²/m² 

	Commercial 
	Operable window, Building C, maximum 
	3.46 cm²/m² 

	Commercial 
	Exterior Wall: Brick veneer, Building H 
	0.62 cm²/m² 

	Commercial 
	Exterior Wall: Brick veneer, Building N 
	2.35 cm²/m² 

	Commercial 
	Inoperable window, Building N, typical 
	0.86cm²/m² 

	Commercial 
	Exterior Wall: Brick veneer, Building P 
	1.14 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building S 
	3.01 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building O 
	6.88 cm²/m² 

	Commercial 
	Exterior Wall: Glass and metal curtain wall, Building A 
	5.07 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building B 
	2.51 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building A 
	3.59 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building B 
	1.79 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building C 
	1.79 cm²/m² 

	Commercial 
	Exterior Wall: Curtain wall, Building D 
	2.03 cm²/m² 

	Commercial 
	Exterior Wall: Curtain wall, Building E 
	1.14 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building F 
	1.14 cm²/m² 

	Commercial 
	Exterior Wall: Precast concrete panel, Building G 
	1.67 cm²/m² 

	Commercial 
	Exterior Wall: Curtain wall, Building H 
	0.78 cm²/m² 

	Industrial 
	Exterior Wall: Average 
	0.96 cm²/m² 

	Industrial 
	Exterior Wall: Minimum 
	0.48 cm²/m² 

	Industrial 
	Exterior Wall: Maximum 
	2.40 cm²/m² 

	Institutional 
	Exterior Wall: School, average 
	1.44 cm²/m² 

	Institutional 
	Exterior Wall: School, minimum 
	0.48 cm²/m² 

	Institutional 
	Exterior Wall: School, maximum 
	1.60 cm²/m² 

	Institutional 
	Exterior Wall: School, average 
	4.48 cm²/m² 

	Institutional 
	Exterior Wall: School, minimum 
	3.20 cm²/m² 

	Institutional 
	Exterior Wall: School, maximum 
	4.80 cm²/m² 

	Commercial 
	Exterior Wall: Retail stores/shopping malls, average 
	7.84 cm²/m² 

	Commercial 
	Exterior Wall: Retail stores/shopping malls, minimum 
	4.00 cm²/m² 

	Commercial 
	Exterior Wall: Retail stores/shopping malls, maximum 
	11.20cm²/m² 

	Commercial 
	Elevator shaft wall, cast-in-place concrete, 17 story office building 
	5.55 cm²/m² 

	Commercial 
	Elevator shaft wall, cast-in-place concrete, 14 story office building 
	2.25 cm²/m² 

	Commercial 
	Elevator shaft wall, cast-in-place concrete, 12 story office building 
	1.72 cm²/m² 

	Commercial 
	Elevator shaft wall, concrete block, 6 story office building 
	5.55 cm²/m² 

	Commercial 
	Elevator shaft wall, cast-in-place concrete, 16 story office building 
	0.75 cm²/m² 

	Commercial 
	Elevator shaft wall, clay tile block, 10 story office building 
	6.15 cm²/m² 

	Commercial 
	Elevator shaft wall, cast-in-place concrete, 14 story office building 
	2.25 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 19 story office building 
	0.45 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 23 story office building 
	0.07 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 28 story office building 
	0.15 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 23 story office building 
	0.41 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 15 story office building 
	0.30 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 17 story office building 
	1.42 cm²/m² 

	Commercial 
	Stair shaft wall, clay tile block, 11 story office building 
	0.67 cm²/m² 

	Commercial 
	Stair shaft wall, cast-in-place concrete, 12 story office building 
	0.37 cm²/m² 

	Commercial 
	Elevator doors, 7 office buildings, minimum 
	187.5 cm2/door 

	Commercial 
	Elevator doors, 7 office buildings, maximum 
	262.5 cm2/door 

	Commercial 
	Stair shaft doors, 8 office buildings, minimum 
	75.0 cm2/door 

	Commercial 
	Stair shaft doors, 8 office buildings, maximum 
	187.5 cm2/door 

	Commercial 
	Floor: Office building, reinforced concrete, minimum 
	0.18 cm²/m² 

	Commercial 
	Floor: Office building, reinforced concrete, maximum 
	0.35 cm²/m² 

	Residential 
	Exterior Wall: Individual apartment (#405) in high-rise building 
	1.87 cm²/m² 

	Residential 
	Exterior Wall: Individual apartment (#509) in high-rise building 
	2.36 cm²/m² 

	Residential 
	Exterior Wall: Individual apartment (#609) in high-rise building 
	2.33 cm²/m² 

	Residential 
	Exterior Wall: Individual apartment (#1009) in high-rise building 
	1.57cm²/m² 

	Residential 
	Exterior Wall: 5-story apartment building, brick and block backup 
	2.55 cm²/m² 

	Residential 
	Floor/ceiling interface: 5-story apartment building, minimum 
	0.11 cm²/m² 

	Residential 
	Floor/ceiling interface: 5-story apartment building, maximum 
	0.43 cm²/m² 

	Residential 
	Floor/ceiling interface: 5-story apartment building, average 
	0.32 cm²/m² 

	Residential 
	Interior partition: 5-story apartment building, minimum 
	0.37 cm²/m² 

	Residential 
	Interior partition: 5-story apartment building, maximum 
	2.25 cm²/m² 

	Residential 
	Interior partition: 5-story apartment building, average 
	1.12 cm²/m² 

	Residential 
	Exterior Wall: Multi-story apartment building 
	1.46 cm²/m² 

	Residential 
	Exterior Wall: High-story apartment building D 
	1.65 cm²/m² 

	Residential 
	Exterior Wall: High-story apartment building V 
	2.62 cm²/m² 
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