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Importance of residential indoor environments

* People spend the majority of their time at home (~69%)

Klepeis et al. 2001 J Exp Anal Environ Epidem 11:231-252

« The cumulative chronic health impacts from inhalation of
iIndoor air pollutants in residences has been estimated to be
between 400 and 1100 disability-adjusted life-years (DALY's)
per 100,000 persons

- Between 5-14% of the annual non-communicable, non-psychiatric

disease burden in the US (excludes radon and secondhand smoke)
Logue et al. 2012 Environ Health Perspect 120:216-222

« Cumulative lifetime cancer risk from exposure to several
hazardous indoor air pollutants ranges between 1-10 excess
cases per 10,000 people

Wallace et al. 1991 Environ Health Perspect 95:7-13
Sax et al. 2006 Environ Health Perspect 114:1558-1566
Hun et al. 2009 Environ Health Perspect 117:1925-1931



Residential indoor air and chronic health outcomes

Likely the most harmful indoor air pollutants inside residences:

Logue et al. 2012 Environ Health Perspect 120:216-222
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Climate change, the indoor environment, and health

« Climate change is expected to influence indoor pollutant
exposures in a number of direct and indirect ways

Nazaroff 2013 Environ Res Lett 8:015022

1) Changes in Changes in indoor
concentrations concentrations of
of outdoor — ~  pollutants of
pollutants outdoor origin
2) Buildings are Changes in ventilation rates
operated or HVAC operation alter
differently = indoor concentrations of
(intentionally or pollutants of both indoor
unintentionally) and outdoor origin
3) People alter Changes in indoor
their activities _ exposures to pollutants
(e.g., time of both indoor and

spent indoors) outdoor origin



EPA STAR: Impacts of climate change on indoor air

“Combining measurements and models to predict the
impacts of climate change and weatherization on indoor air
quality and chronic health effects in U.S. residences”

Objectives:

« To use a combination of field measurements and a nationally
representative set of dynamic residential indoor air quality models to
predict indoor exposures and associated chronic health effects of
several priority pollutants of both indoor and outdoor origin across:

1.  The current U.S. residential building stock

2. The current U.S. residential building stock under future climate conditions in
2050 and 2080

3. The future U.S. building stock under future climate conditions in 2050 and
2080, considering a number of climate policy scenarios that lead to
widespread application of weatherization retrofits and turnover of the
existing building stock to more energy efficient homes



EPA STAR: Impacts of climate change on indoor air

“Combining measurements and models to predict the
impacts of climate change and weatherization on indoor air
quality and chronic health effects in U.S. residences”

Research questions:

« What are the likely impacts of (a) changing meteorological
conditions in future climate scenarios and (b) widespread

application of weatherization retrofits on indoor air quality and
chronic health effects in residential buildings across the U.S.?

Research approach:
* Modeling concentrations, exposures, and chronic health effects
of indoor air in homes across U.S.
* Field measurements in homes before and after energy retrofits
- Envelope airtightness
- Qutdoor pollutant infiltration factors and penetration factors



MODELING APPROACH



Modeling approach

« We originally proposed to use CONTAM and a set of 209
home models that represent approximately 80% of the U.S.

h O u S i n g StOC k 1 CONTAMWS - House.prj

File Edit View Level Tools Data Weather Simulation

Help

V& E Ml HMe «> N T 23 21

CONTAM

Multizone Airflow and Contaminant
Transport Analysis Software 1

http://www.bfrl.nist.gov/IAQanalysis/ CONTAM/

Zone: Ambt; T: 33.80 °F; Pambt: 0.0507331 Dec27/00:00:00 Level

crwl: 1 of 4

A Collection of Homes to Represent
the U.S. Housing Stock

Persily et al. 2006 NISTIR 7330; Persily et al. 2010 Indoor Air 20:473-485




Modeling approach

* Instead, we decided to develop a custom set of combined
building energy and indoor air mass balance models to
predict hourly energy use and indoor concentrations of a
number of pollutants of both indoor and outdoor origin across
the U.S. residential building stock

— Model inputs are based on the NIST 209 home database

* The custom tool can be easily automated to run a large
number of simulations

— Allows for exploring complex interactions between energy and IAQ on
a scale that is large enough to evaluate changes across the building
stock under various scenarios (e.g., adoption of new energy policies
or IAQ standards, as well as future climate scenarios)



Modeling approach

The model framework combines energy simulations in
BEopt and EnergyPlus with a custom hourly mass balance
model for indoor pollutant simulations, written in Python

« Aset of 209 dwellings (~100 home geometries) were modeled in

19 cities in 9 U.S. census and climate divisions that represent
approximately 80% of all U.S. residences*

Dwelling characteristics:
Floor area, year built, number

LD /VERY COLD

Dwelling cateqories:

of floors, number of rooms,
foundation type, whether or
not they have a forced air
distribution system, and
presence of a garage

v' Detached Homes
v’ Attached Homes
v' Manufactured Homes

v' Apartments

*Home geometries and other basic characteristics are based on the NIST CONTAM database of homes
representing the U.S. building stock: http://www.bfrl.nist.gov/IAQanalysis/case%?20studies/cwcase_11.htm

Persily et al. 2006 NISTIR 7330; Persily et al. 2010 /ndoor Air 20:473-485
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Building the nationally representative model set

Selecting model home characteristics:

Home characteristics were then varied by climate zone based on 4 vintages

NIST database

Year of construction
v Before 1940

v 1940-1969

v’ 1970-1989

v' 1990-1997
Persily et al. 2006

Envelope airtightness
A function of both year
built and house floor

area
Persily et al. 2006

Assumptions from the literature

Heating and cooling

thermostat set points
RECS 2009

Heating characteristics

Gas furnace
Electric furnace
Heat pump

Gas boiler

Electric boiler
Electric baseboard

Enclosure details
Basement, External Walls,

Attic, and Windows
Huang et al. 1999, IECC 2009

DN N N NI N

Cooling characteristics
v" Air conditioner
v" Room conditioner




Building the nationally representative model set

About 100 baseline geometries of individual homes were first modeled in
BEopt energy simulation software and then converted to EnergyPlus IDF
input files using an automated process (explained in 2 slides)

(o]8]a]n

After energy simulations are run for each home, hourly outputs for energy
use, air infiltration rates, window opening and airflows through window,
and HVAC runtime are used as inputs to a custom single-zone mass

balance model to predict hourly indoor concentrations of pollutants of
both indoor and outdoor origin

dCy _prC,,+2

uppi’ y
dt Ty

Qe ust nI:Qflr dC A
) Cos + 3 = P Co - 22885C, = C, - £, T2 et
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Single-zone mass balance model

GE B

N 4
Outdoor | | . Filtration
Pollutants ¢ { Homogeneous
./ Chemistry
-y,
Ventilation/ “.*. Phase change, partitioning &  \/entilation/
Air EXChanT_> ) byproduct formation : —_—
g N Air Exchange
Intentional:
* Mechanical Adsorption/ N Deposition/
. Natural : P Indoor Sprf
(windows) Desorption  Emissions uriace
Unintentional: 4 Reac_tlons Temp | Temp
- Air infiltration E : RH RH
(leakage) : ¥
Wind

Primary pollutant classes:
(1) Particulate matter (e.g., PM, ; and UFPs)
(2) Non-reactive gases (e.g., several VOCs, formaldehyde)

(3) Reactive gases (e.g., O; and NO,) .



Simulation workflow

Python v2.7 — Overall workflow

ml.etree Python.exe EPPY RunEPlus.bat
100 XML X 3971 XML | Energyplus.py | 3971 IDF 3971 IDF Hn=r
inputs outputs inputs outputs
E——) EE——) Run
Edit XML Files Run BEopt Edit IDF Files EnergyPlus
3971 CSV Get 3971 CSV + Pandas 3971 Excel Get Final 1 Excel Population
outputs other inputs outputs etrina output s
P EnergyPlus Mass Balance Results '——p_> Weighting
Results Factors

Equation

14



Simulation wor

Python v2.7 — Overall workflow

2] Di\EnergyPlusVB-1-0\ExempleFiles\APTST-+ O ~ C || @ DAEnergyPlusV8-1-0\Bam... % | |
COTTStaT_Set_poTTt
</heating_set_point>
<cooling_set_point>
- <constant_set_point>
<CoolingSetpointConstantSetpoint>73.5</CoolingSetpointConstantSetpoint>
</constant_set_point>
Xml etree </cooling_set_point>
. - <humidity_set_point>
- <default>
<HumiditySetpoint>0.6</HumiditySetpoint>

100 XML
In pUtS </h§r¢1c|‘giftayu_|;;_point>

- <natural_ventilation>
D) "~ <default> .
= = <NatVentHtgSsnSetpointOffset>1.0</NatVentHtgSsnSetpointOffset>
Ed |t XM L F 1 Ies <NatVentMaxOARelativeHumidity >0.7 </NatVentMaxOARelativeHumidity >
<NatVentClgSsnSetpointOffset>1.0</NatVentClgSsnSetpointOffset> 1
<NatVentOvlpSsnSetpointOffset>1.0</NatVentOvlpSsnSetpointOffset> 2
<NatVentHeatingSeason>true</NatVentHeatingSeason> 3
<NatVentCoolingSeason >true</NatVentCoolingSeason> 4
<NatVentOverlapSeason>true</NatVentOverlapSeason> 5
6
7
8
9

<NatVentMaxOAHumidityRatio>0.0115</NatVentMaxOAHumidityRatio>
<NatVentNumberWeekdays>3</NatVentNumberWeekdays>
<NatVentNumberWeekendDays>2</NatVentNumberWeekendDays>
<NatVentFractionWindowAreaOpen>0.2</NatVentFractionWindowAreaOpen
<NatVentFractionWindowsOpen>0.33</NatVentFractionWindowsOpen> 10
</default> 11
</natural_ventilation>
<interior_shading>

- <default>
<IntShadeHeatingMultiplier>0.7 </IntShadeHeatingMultiplier> 15
<IntShadeCoolingMultiplier>0.7 </IntShadeCoolingMultiplier>

</default> 17
</interior_shading> 18
- <wood_stud_wall> 19
- <cavity_insulation> 20
<WsWwallCavityInsType>fiberglass batt</WSWallCavityInsType> 21
<WSWallInstallGrade>1</WSWallInstallGrade > 2
<wswallCavityInsRvalueNominal >19</WSWallCavityInsRvalueNominal> 53
<WSWwallCavityInsFillsCavity >true</WSWallCavityInsFillsCavity > 24

<WsSWwallCavityInsRvaluelnstalled>19</WSWallCavityInsRvalueInstalled >
<WSWallCavityDepth>3.5</WSWallCavityDepth> 2%
27
28
29
30
31
32
34
35
36
37
REA

Heating set point
Cooling set point
Slab

Crawl space

:12:
14

16 | Finishded Basement

25 Unfinished Basement

External wall

Wall insulation

kflow

£ || MIAMI

L M N o

ATLANTA ATLANTA LOSANGELES LOSANGELES

/IHeating SetpointConstantSetpoint 69 /IHeating SetpointConstantSetpoint

JICoolingSetpointConstantSetpoint 758 liCooling SetpointConstantSetpoint 762
.//slabinsType xps ./[slabinsType xps
JliSlabExtRvalue 0.001 JISlabExtRvalue 0.001
liSlabMassThickness 4 liSlabMassThickness 4
lislabMassConductivity 91 ISlabMassConductivity 9.1
JISlabMassDensity 140 liSlabMassDensity 140
JISlabExtinsDepth 0.001 JISlabExtinsDepth 0.001
JISlabMassSpecificHeat 02 JISlabMassSpecificHeat 02

JiCrawICeilingCavitylnsType fiberglass batt JICrawICeilingCavitylnsType fiberglass batt
ICrawlACH 0 JICrawlACH 0
JliCrawCeilingJoistHeight 925 JiCrawICeilingJoistHeight 9.25
JiCrawlCeilingFramingFactor 013 JiCrawiCeilingFramingFactor 013
JiCrawICeilingCavi i 0.001 JiCrawICeilingCavif i 0.001
.//FBsmtwallContinsRvalue 0.001 .//FBsmtwallContinsRvalue 0.001
JIFBsmtWallContinsThickness 0.001 JIFBsmtWallContinsThickness 0.001
/IFBsmtRimJoistinsRvalue 0.001 IFBsmtRimJoistinsRvalue 0.001
IFBsmtWalllnsHeight 0.001 IFBsmtWalllnsHeight 0.001
JIFBSMACH 0 JIFBsmtACH 0
IFBsmtRimJoistinsType xps IFBsmtRimJoistinsType xps
JIFBsmtWallContinsType xps JIFBsmtWallContinsType xps
JIFBsmtCeilingFramingFactor 013 JIFBsmtCeilingFramingFactor 013
/IFBsmtCeilingJoistHeight 925 JIFBsmtCeilingJoistHeight 9.25
//UFBsmtCeilingCavitylnsRvalueNominal ~ 0.001 | /UFBsmtCeilingCavitylnsRvalueNominal ~ 0.001

JIUFBsmtCeilingCavitylnsType ~ fiberglass batt| ./UFBsmtCeilingCavitylnsType fiberglass batt
JIUFBsmACH 01 UFBsmtACH 01

JIUFBsmtCeilingFramingFactor
JIUFBsmtCeilingJoistHeight
JIFinishThickness

JIFinishDensity
JIFinishSpecificHeat
IWSWallCavitylnsType
AR Aot ot

1 | sheett | HC1 | HC2 | HC3 | HCa

0.13
9.25
1
wood
0.82
0.3
0.71
34
0.28

013
925
JMIFinishThickness 1

IFinishType wood
ishEmissi 0.82

03

JIFinishConductivity 071

JIFinishDensity 3
JIFinishSpecificHeat 028

fiberglass batt|
T a

IWSWallCavitylnsType
e

ARCA

A

Heating cooling ranges ® <

fiberglass batt
T a
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Simulation workflow

Python v2.7 — Overall workflow

Edit XML Files

3971 XML
outputs

)

Python.exe
Energyplus.py

Run BEopt

Weather.epw

T
|

L—4 BldgDesc.xml

doe2.py

energyplus.py |

inputfile generators

DOE2 input file.inp

E+ input file.idf
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Simulation workflow

Python v2.7 — Overall workflow

7] MH3-HC3-MINNEAPOLIS-EB-RC-YR-12idf - Notepad = | E S

File Edit Format View Help

| Coil:Cooling:DX:SingleSpeed.

WindowAC Coil,

!- DX Cooling Coil Name

SupplyFanAvailability, !- Supp!

BlowThrough,
0.001;

ZoneH\’AC'Baseboard'Convective'Elecmc

- Fan Placement
- Cooling Convergence Tolerance

Living Zone Electric Baseboards,

- Cooling Coil Object Type o

ly Air Fan Operating Mode Schedule Name

3971 IDF EPPY

inputs

Edit IDF Files

HeatingSeasonSchedule, !- Av: zu]ablhty Schedule Name
12188.. 49490624*04‘ !- Nominal Capacity
1; Efﬁcxency
ZoneHVAC:EquipmentList,
Living Zone Equiproent Taem,
[t
ZoneHVAC:Baseb = D:f e
Living Zone Electri IDF senaunameqo [nergvPlusVB 1-0) PvePrucessJDFVersanpdaler \8-1-0-Energy+ idd’)
1, ! idf = IDF(*D-\Energ; 10 —sstr(row(i] value) +s\r15hee([C[2 J11+17] value)++sir(row{ 1] value) ++str(rc
i 1 177 #Edits in EP
: h Timestep = idf idfobjects[ TIMESTEP[0]
ZoneHVAC:Windo 179 WindowTimestep=idf idfobjects['SIZING:PARAMETERS[0]
Window AC, ol
, 181 Timestep Number_of_Timesteps_per_Hour=6
2, ! g2 WindowTimestep Timesteps_in_Averaging_Window=6
2; ! 183
: 184 if df idfobjects[ AIRLOOPHVAC-UNITARYHEATCOOL ]
. 5 185 FAirLoopHVAC=idf idfobjects[AIRLOOPHVAC UNITARYHEATCOOL'[0]
ZoneHVAC:Equipme! 186 Coolingcap=idf idfobjects| COIL:COOLING:DX-SINGLESPEED[0]
living, 187 Fan=idf idfobjects[ FAN-ONOFF[0]
Livine Zone Equip: 18 AifTerminal=idf idfobjects[ ARTERMINAL:SINGLEDUCTUNCONTROLLED]
Iving Zone EquIp! 459 Branch=idf idfobjects| BRANCHI[0]
Living Supply Nod 190 AirLoopHVAC=idf idfobjectsT AIRLOOPHVACT[0]
191
192 Coolingcap Gross_Rated_Total_Cooling_Capacity=((round(Coolingcap Gross_Rated_Total_Cooling_Capacity*3 412/12000))*12000/3.412)
193 Coolingcap. Rated_Air_Flow_Rate=((round(Coolingcap Gross_Rated_Total_Cooling_Capacity"3.412/12000))*400)"1.699/3600
194
195 FAirLoopHVAC Supply_Air_Flow_Rate_During_Cooling_Operation=Coolingcap Rated_Air_Flow_Rate
196 FAirLoopHVAC Supply_Air_Flow_Rate_During_Heating_Operation=Coolingcap. Rated_Air_Flow_Rate
197
198 AirLoopHVAC Design_Supply_Air_Flow_Rate=Coolingcap. Rated_Air_Flow_Rate
199
200 Fan Maximum_Flow_Rate=Coolingcap Rated_Air_Flow_Rate
201 Fan Pressure_Rise=194
202 Fan Fan_Total_Efficiency=
203
204 if len(AirTerminal)==2
205 AirTerminal[0] Maximum_Air_Flow_Rate AirTerminal[ 1] Maximum_Air_Flow_Rate=Coolingcap Rated_Air_Flow_Rate,Coolingcap.Rated_Ait
206 else:
207 AirTerminal[0] Maximum_Air_Flow_Rate=Coolingcap Rated_Air_Flow_Rate
208
209
210 Branch Maximum_Flow_Rate=Coolingcap Rated_Air_Flow_Rate
211
212 if idfidfobjectsTAIRLOOPHVAC:UNITARYHEATPUMP-AIRTOAIR]
213 Coolingcap=idf idfobjects COIL: COOLING:DX:SINGLESPEED[0]
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Simulation workflow

3971 CSV

outputs

Get
EnergyPlus
Results

DH58-HC4-CHICAGO-FG-AC-B-12

AER_inf
0.7
0.6
s' Y M
__05
= "
30.4
o 0.3
<
0.2
0.1
0.0 T = T -
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (hr)
AER_nat

AER (1/hr)

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (hr)

HVAC Runtime

5 . oAl
0 1000 2000 3000 4000 5000 6000 7000 8000

3971 IDF
outputs

——)

RunEPIlus.bat

Run
EnergyPlus

8.0E+06

Cooling system

7.0E+06 ~
6.0E+06 ~
5.0E+06
4.0E+06

3.0E+06 ~
2.0E+06 -
1.0E+06

Cooling-Electric (J)

0.0E+00 +

[

3.5E+07

1000

.l

2000 3000 4000 5000 6000 7000

Heating system

8000

3.06407 - ¢
.

Kl
'] 2.0E+07

: )
2 1.5e+07 L. 8

=
=
3 1.0E+07
T
5.0E+06
0.0E+00

1000

2000 3000 4000 5000 6000 7000
Time (hr)

R
8000
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Simulation workflow

Python v2.7 — Overall workflow Default assumptions:

Default assumptions: Emission rates (mg/hr or ppb/hr)
oM, 675

P 0.8 0.71
- 9.6
© (Field measurements) Lt Elaes
Nt 0.38 = Acetaldehyde** 4
-) (Field measurements)
B 0.7 28 Acrolein** 0.21
1/hr Wallace et al 2013 Lee et al 1999
CED ( ) ( ) 1,3-Butadiene** 0.15
k i
0.79%1072 0.19x10"!
(1/ppb-hr) Benzene** 0.35
C - 0.43 22
(pp]b) 1,4-dichlorobenzene** 0.14
e e me e omme Waring 2014
' Time (hr) L s ) * Emission from cooking-1hour/day
Outdoor origin pollutants - EPA 2012 (Burke et al 2001)
** Volume normalized emissions (Waring 2014)
Numpy

3971 CSV + Pandas

other inputs
Mass Balance

Equation

Data sources:

« EPA monitoring network for hourly pollutant concentrations of outdoor origin

« Existing literature for indoor emission rates and some physical parameters (e.g., rate constants)

» Fieldwork in this project for other physical parameters (e.g., penetration factors for PM, ; and O,) 19



Python v2.7 -

Home Name

AH1-HC1-MIAMI-FG-AC-B-12

= AH1-HC1-CORPUSCHRISTI-FG-AC-B-12
" | AH1-HC1-PHOENIX-FG-AC-B-12

| AH1-HC1-BIRMINGHAM-FG-AC-B-12

7| Cin-AH1-HC1-ATLANTA-FG-AC-B-...
| Cin-AH1-HC1-CHICAGO-FG-AC-B-...
| Cin-AH1-HC1-DENVER-FG-AC-B-12...
= Cin-AH1-HC1-NASHVILLE-FG-AC-B...
= Cin-AH1-HC1-STLOUIS-FG-AC-B-12...
~|Cin-AH2-HC3-BIRMINGHAM-FG-A...
| Cin-AH2-HC3-CINCINNATI-FG-AC-...
| Cin-AH2-HC3-LOSANGELES-FG-AC...
= Cin-AH2-HC3-NEWYORK-FG-AC-B-...

Model output:
Hourly energy use and pollutant concentrations for each model home, which can be averaged and
applied across the building stock with population weighting factors
Concentrations will eventually be linked to DALYs and CCRs to estimate impact on chronic health

Simulation workflow

Formaldehyde acetaldehyde Acrolein 1,3-Butadiene Benzene 1,4-dichlorobe

= Cin-AH1-HC1-BIRMINGHAM-FG-A...

= Cin-AH1-HC1-CINCINNATI-FG-AC-...
| Cin-AH1-HC1-LOSANGELES-FG-AC...
| Cin-AH1-HC1-NEWYORK-FG-AC-B-...
= Cin-AHL-HC1-WASHINGTON-FG-A...
| Cin-AH2-HC3-BOSTON-FG-AC-B-1...
=| Cin-AH2-HC3-CORPUSCHRISTI-FG-...
= Cin-AH2-HC3-MIAMI-FG-AC-B-12.x...
= Cin-AH2-HC3-PHOENIX-FG-AC-B-1...

19.45905548
13.55413129
14.56336958
19.35973697

HL-HCL-ATLANTA-FG-AC-B-12
H1-HCL-LOSANGELES-FG-AC-8-12
HI1-HCL-NEWYORK-FG-AC-8-12
HL-HCL STLOUIS-FG-AC-8-12
H1-HCL-WASHINGTON-FG-AC-8-12
H1-HCI-WORCESTER-FG-AC-B-12
HL-HCLNASHVILLE-FG-AC-B-12
H1-HCL-CINCINNATI-FG-AC-B- 12
H1-HCL-SEATTLE-FG-AC-B-12
HL-HCL-CHICAGO-FG-AC-B-12
H1-HCL-BUFFALO-FG-AC-B-12
HI1-HCI-BOSTON-FG-AC-B-12
H1-HCL-DENVER-FG-AC-B-12
H1-HCL-MINNEAPOLIS-FG-AC-B-12
H10-HCL-MIAMI-SG-RC-YR-12
HI10-HC1-CORPUSCHRISTI-SG-RC-YR-12
H10-HC1-PHOENIX-SG-RC-YR-12
HI10-HC1-BIRMINGHAM-SG-RC-YR-12
H10-HCL-DALLAS-SG-RC-YR-12
H10-HCL-ATLANTA-SG-RC-YR-12
HI10-HC1-LOSANGELES-5G-RC-YR-12.
HI10-HCL-NEWYORK-SG-RC-YR- 12
H10-HCL-STLOUIS-SG-RC-YR-12

3971 Excel
outputs

8.124606448
5.647554704
6.068070658

8.06655707

1604529094
15.93875654
1227047437
1332958386
1641072457
1243468982
1715061227
17.03842254
1505307241
1192126275
124159999
1190000206
1035425096
1227124403

189325435
1327342102
13.20840881
18.64495099
1204605014,
1536234138
1531023971
1198069915
1266728123

0.42654

0.2965
0.31857
0.42349

6.68553789 0.35099
6.641148558 0.34856
5112697655 0.26842
5.553993276 0.29158
6837801904 0.35898
518112076 027201
7.146088445 0.37517
7.089342725 0.37272
6272113505 0.32929
4967192812 0.26078
517333331 02716
4958334191 026031
4314271238 02265
5113018347 0.26843
7.88855979 0.41415
5.530592091 0.29036
5503503672 0.28893
7.768729579 0.40786
5.01918756 0.26351
6.400975575 0.33605
6.379266548 0.33491
4991957984 0.26208

openpyxl

Get Final
Results

0.304672742 0.710903
0.211783301 0.4954161
0.22755265 0.530956
0.30249589 0.705824

1 Excel

outgut

0.250707671 0.584985 0.233993826 2256175799 4.00971025 128622432 11871628
0249043071 05811 02324402 2214155251 4.51010694 19.6793683 14716554
0191726162 0.447361 0.176944418 2598190639 5.2008475 9.98235902 10531199
0.208274748 0.485974 0.194389765 27.88795662 5.07683687 115554566 11.025275
0.256417571 0.598308 0.239323067 27.97956621 4.44064765 12.0463984 11303287
0194292029 0.453348  0.181239227 27.97899543 52096559 87097032 1046878
0.267978317 0.625283 0.25011309 19.0841895 2.94698579 110838242 11328696
0.266225352 0.621192 0.248476995 27.69942922 4.10980942 134494739 11.906508
0235204256 0.54881 0.219523973 19.61307078 3.19595533 5.99903539 9.9430498
0.18626973 0434629 0.173851748 2626974886 5.28676876 126331594 11329436
0.193999999 0.452667 0.181066665 3028030822 5.77293196 9.18793379 10256322
0.185937532 0.423854 0.173541697 2147111872 4.29480904 885458333 10.272283
0161785171 0.377499 0.150999493 25.5331621 5.71771504 8.93105594 9.7933498
0.191738188 0.447389 0.178955642 2635468037 5.14300411 7.77012938 9.437465
0.295620992 0.690249 0.276099593 32.0869863 5.58785662 9.33637177 11.640154
0.207397203 0.483927 0.193570723 29.96974886 5.84508587 5.38294521 9.8901196
0.206331388 0481557 0.192622629 2787494292 5.35167843 5.06576434 10.814737
0291327359 0.679764 0.271905535 24.86872146 4.08577975 114035559 1317847
0.188219533 0.439179 0.175671565 27.13224886 5.59787029 102919064 11566701
0.240036584 0.560085 0.224034145 2256175759 4.29598993 12.8622432 13.278951
0.239222496 0.558186 0.223274329 2214155251 5.03665557 19.6793683 15134211
0.187198424 0.436796 0.174718529 25.98190639 5.46009475 9.98235902 11.457231
5278033844 02771 0.197926269 0.461828 0.184731185 27.88795662 5.52451649 115554566 12.425875

EIC]

7.159597039
7.311173358
6.543141242
6.642784986.
7.304225834
7.032265189
7.5777913%9
7.427932183
7673503926
6.289577202
6614899259
6.724631866
5.958351373
6411833389

8.07959363
6.244233257
7164438245
5.011496476
6.972778361
7.919617767
7.244270823
7.010492947
7.360677122

W] -————+ 0%

0.284361226
0.197664415
0.212382473
0.282329497

4712031451
7.405380657
3.988057427
4.382490069
3.399060927
3.436515192
3750904981
4.478575942
2.269545897
5.039858942
3641423174
3.547651013

3.83499844
3.025631582
3.560560466

364588633
3.650299084
4166973255
4.593920258
5.359323382
7.889940265
4.446737682
5.065157608

Apply
Population
Weighting

Factors
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Model scenarios

1. Baseline year: 2012

— Most recent year with both actual weather data and outdoor pollutant
data available when the project began

2. Future meteorological conditions: 2050 and 2080
— Using CCWorldWeatherGen to ‘stretch’ weather files

Jentsch et al. 2008 Energy and Buildings 40:2148-2168; Jentsch et al. 2013 Renewable Energy 55:514-524

3. Future meteorological conditions + climate policy responses
(e.g., widespread energy retrofits, building stock turnover):

2050 and 2080

— Not yet simulated; informed by field work



Preliminary model results: 2012

Air exchange rates are higher in older homes

AER (1/hr)
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PM2.5 Concentration

20

15 4

10

Preliminary model results: 2012

Indoor PM, ;. concentrations compare well to existing literature

Median contributions:

—1 v" Outdoor infiltration: 4 pg/m3
v" Indoor generation: 7 ug/m3
v" Infiltration factor: 0.31
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Preliminary model results: 2012

Median indoor VOC and aldehyde concentrations are
similar to those reported in previous field studies
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Preliminary model results: 2012

Space conditioning energy simulation results are very close to EIA data

. 3.0E+15
=
oo 2.5E+15 -
= ® EIA 2009
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5 2.0E+15 ® Modeling
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(NN
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>
4
NS o .
° ®
RS C
_ Heating-Electricity Heating-Oil |Cooling-Electricity
Our modeling 2.04E+15 1.63E+14 1.11E+14 4.28E+14 2.74E+15
EIA 1.90E+15 2.56E+14 2.93E+14 4.22E+14 2.83E+15

Difference 7% -36% -62% 1% -5%



Preliminary model results: Future climate conditions

Space conditioning energy use: 2012/2050/2080
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Preliminary model results: Future climate conditions
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Annual average air infiltration rate in 2050/2080 (1/h)

Air infiltration rates: 2012/2050/2080
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Preliminary model results: Future climate conditions

Air exchange rates due to natural ventilation: 2012/2050/2080
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Preliminary model results: Future climate conditions

Population weighted annual average indoor concentrations

. ]2050vs. 2012 2080 vs. 2012

Formaldehyde +0.8% +0.8%
Acetaldehyde +0.8% +0.8%
Acrolein +0.8% +0.8%
1,3-Butadiene +0.8% +0.8%
Benzene +0.8% +0.8%
1,4-dichlorobenzene +0.8% +0.8%
Ozone -1.5% -2.6%

PM, s (all sources) -7.1% -9.4%

PM, ; (indoor sources)  -7.7% -10.3%
PM, ; (outdoor sources) -5.9% -7.6%

NO, (all sources) +0.1% +0.2%
NO, (indoor sources) +0.3% +0.2%

NO, (outdoor sources) -0.2% +0.4%



FIELD MEASUREMENTS



Field measurement approach

« Goal: Measure envelope airtightness, pollutant infiltration
factors (F,,;) and, when possible, pollutant penetration factors
(P) and deposition loss rate constants (k) in 30 homes before
and after energy retrofits are applied

— Focus on outdoor pollutants: UFPs, PM, ¢, BC, O, and NO,

— Help fill important data gaps in the modeling effort:
« Initial penetration factors
« How infiltration/penetration factors change after energy retrofits

Home recruitment status:

Completed to date:

30 homes pre/post retrofit 6 SF homes + 3 MF units - 1 failed MF test
= 8 units pre/post retrofit complete
+ 5 non-retrofit MF homes = 13 tests complete

ELEVATE ENERGY

Smarter energy use for all 31



Field measurement approach

* We began by developing/refining penetration test methods in
an unoccupied apartment unit on campus

— Size-resolved PM (for integral measures of UFPs and PM, ;)
— Ozone (0,) -
— Nitrogen oxides (NO, = NO + NO,)

« Unable to realistically measure NO, P
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Field measurement approach

* Pre/post retrofit measurements in 6 SF + 2 MF units
— Homes planning to undergo im
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Typical retrofit measures

 All homes:

— Attic air sealing and blown-in insulation for all homes
* Typically to R-49
« Typically with attic hatch insulation
— Weather stripping on doors

¢ Some homes:
— Attic knee wall air sealing and insulation
— Can light boxes
— Crawlspace insulation and air sealing
— Blown-in wall insulation in balloon framing wall cavities (2 homes)

5 " ~
-
\
Cl.
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Field measurements: Blower door

» Blower door tests were performed
before and after retrofits

* Resulting airtightness parameters
include:
— Leakage flow at 50 Pa (CFM,)
— Effective leakage area (ELA)
— Normalized leakage (NL)
— Air changes per hour at 50 Pa (ACH,;)

35



Field measurements: Pollutant infiltration

Particles:

TSI Model 3330 Optical Particle Sizer (0.3 to 10 ym)
TSI Nanoscan SMPS (0.01 pm to ~0.2 um)

TSI DustTrak #8534 (light scattering PM,, ;+PM,,)
AethLabs MicroAethelometer (for BC) (not shown)

Gas-phase pollutants:
Ozone: 2B Technologies Model 211 monitor
NO,: 2B Technologies Model 405 monitor
CO,: PP Systems SBA-5 monitor
« CO, injection and decay to measure air exchange
Shinyei/GrayWolf formaldehyde monitor (indoor only)

Electronically actuated switching valves:
Stainless steel sampling lines (for PM)

Teflon sampling lines (for O; and NO,)

Houses are unoccupied during testing
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Example data: Pollutant infiltration

15000 60

@ UFPs O, outd
o Particle 50 1 utdoor
e 12000 - ) Outdoor )
o elevation a
S =
E k= 40
S 9000 - 2
m
@ P
g 3 @ Switch (ignore)
c 6000 - g
S (")
o @ 20 1
c
: ® : ®
© 3000 - | °
o Natura Indoo? 10 - Indoor @
= decay concentration
0 T T 0 ’ ! T T ' i I
10:30 12:00 13:30 15:00  11:00 AM12:00 PM 1:00 PM 2:00 PM 3:00 PM 4:00 PM 5:00 PM 6:00 PI

Three distinct test periods to solve for P and k:
1. Elevation w/ open windows + blower door
« Indoor only for ~15 minutes
2. Decay to background
* Indoor only for ~45 minutes
3. Response/rebound period - infiltration factor
«  Alternating indoor/outdoor for ~3 hours

Houses are unoccupied during testing



Solving for infiltration and penetration factors

1.2

15000

UFP concentration (#/cm?3)

y = 2.108x
@ UFPs . 1| R2=0.9936
12000 { Particle Outdoor o AER= 1.16 hr?!
elevation Q s k=0.948 hr-
9000 - {—
5 0.6
©, J
6000 - J 04
3000 A @ E 0.2 Cint _Cinbg @
Natural Indoof ' —In C ’ C’ =(A+k)t
decay concentration 0 int=0 " in,bg
0 ' ' ' 0 0.1 0.2 0.3 0.4 0.5 0.6
10:30 12:00 13:30 15:00
Time (hours)
dC. PA
Mass or number balance: n =PAMC  —-(A+k)C. —> F  =—
At out in inf Atk
« C,, and C,, are indoor and outdoor concentrations (ppb or ug/ms3 or #/cm3)

* Pis the penetration factor (-)

« kis the first order deposition loss rate constant/first order reaction rate (h-")

« Ais the air exchange rate (AER) (h-"), which is simultaneously measured
using injection and decay of CO, as a tracer gas

Solve for Pusing kand A:  C, , =PAC,, At+(1-(A+k)AD)C,,,, @+B) =



Preliminary results: ACH;,

The retrofits reduced ACH;, by between -4% and 46%
» Average change: -15%
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Preliminary results: Normalized Leakage (NL)

The retrofits decreased NL by as much as -47% but increased
as much as 63%

« Average change: -4%

* NL is calculated based on both the leakage coefficient (C)
and the leakage exponent (n)
v Influenced by the nature of building crack geometry

Normalized Leakage (NL)
2.00 \n 3

ELA( H

NL = 1000 7 ’\m +63%
1.50 '

ELA = CAP], ,° 5 +3%
1.00

-24%

36%  -47%
0.50 II -13% ”0/" +22A> I I I
0.00 I I

7 8

n before L after
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Preliminary results: AERs and infiltration factors

 Air exchange rates were between
39% lower and 5% higher during
measurements before and after
retrofits

* Influenced by airtightness, temperature
differences, and wind speed/direction

» Average UFP infiltration factors were
0.22+0.04 before retrofits and
0.22+0.06 after retrofits

* No difference (some up, some down)

* Average PM, ; infiltration factors
were 0.40+0.11 before retrofits and
0.39+0.12 after retrofits

* No difference (some up, some down)

* F, cinfluenced by multiple factors
» Retrofits + climate conditions + PSDs
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Preliminary results: AERs and infiltration factors

Ozone infiltration factors (Finf)

0.15
» Average ozone infiltration factors 0.12

were 0.05+0.02 before retrofits and o9
0.06+0.03 after retrofits 0.06
* No difference (some up, some down) (o3 i i I i Ii
0.00 L
1 2 3 4 5 6 7 8

Black carbon infiltration factors (Finf)

B before ™ after

 Average black carbon infiltration
factors were 0.48+0.18 before ;'gg " before ™ after
retrofits and 0.46+0.12 after retrofits

0.60
» No difference (some up, some down) 40
oo | NN
0.00
1 2 3 4 5 6 7 8
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Preliminary results: UFP, PM, ., and O, penetration factors

UFP penetration factors

B before M after

1.00  Estimates of UFP penetration factors
0.7 (mean = SD) were 0.72+0.12 before
II I I I I II i retrofits and 0.72+0.10 after retrofits
I I » Ranging from 0.46+0.03 to 0.88+0.09
1 2 3 4 5 6 7 8

PM2.5 penetration factors _ _
=before W after « Estimates of PM, ; penetration factors

]

0.5

o

0.2

a

0.0

o

.00 (mean + SD) were 0.78+0.09 before
SZZ retrofits and 0.85+0.11 after retrofits
0.25 » Ranging from 0.64+0.11 to 1.02+0.06
200 1 2 3 4 5 6 7 8

Ozone penetration factors

B hefore ®after

» Estimates of ozone penetration factors
(mean = SD) were 0.76+0.09 before

1.00

g;z retrofits and 0.70+0.19 after retrofits

025 I I - Ranging from 0.68+0.07 to 0.97+0.07
1 2 3 4 5 6

0.00
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Non-retrofit homes (all multi-family)
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Preliminary results: Non-retrofit home infiltration factors

UFP Finf

0.8

0.6

0.4
) i i i
0
1 2 3 4 5

BC Finf

1.00

0.80

0.60
0.40
0.20 i
0.00
1 2 3 4 5

All homes were multi-family units
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0.80
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0.40

0.20

0.00
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0.08

0.06

0.04

0.02

0.00

1 2 3 4 5
1 2 3 4 5

» Average (SD) UFP
infiltration factors:
0.3520.07

* Ranging from 0.17 to 0.62

PM2.5 Finf

 Average (SD) PM, ;
infiltration factors:
0.59+0.06
* Ranging from 0.40 to 0.84

» Average (SD) BC
infiltration factors:
0.49+0.17

* Ranging from 0.24 to 0.76

Ozone Finf

* Average (SD) ozone
infiltration factors:
0.06+0.02

* Ranging from 0.03 to 0.08
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Preliminary results: Non-retrofit home penetration factors

UFP penetration factors
« Estimates of UFP penetration factors '

(mean = SD) were 0.74+0.07 050
» Ranging from 0.46+0.03 to 0.98+0.07 > I ' I
1 2 3 4 5

0.20
0.00

PM2.5 penetration factors
» Estimates of PM, ; penetration 12

factors (mean = SD) were 0.96+0.05 oz
* Ranging from 0.86+0.02 to 1.03+0.04 ' I
0.20
0.00
1 2 3 4 5

Ozone penetration factors
1.20

» Estimates of ozone penetration 00
factors (mean £ SD) were 0.76£0.03 oz

» Ranging from 0.40£0.0 to 1.04£0.04 %
0.20 I .
0.00
1 2 3 4 °

All homes were multi-family units 40



Summary of work to date

Modeling
* New residential building energy and IAQ modeling framework developed

« Still need to incorporate health outcomes analysis (e.g., DALYs, CCRs),
develop future policy scenarios, and figure out how to handle future
hourly outdoor pollutant data

Field measurements
« Tested 8 homes pre/post retrofit (6 SF + 2 MF) and 5 non-retrofit MF units

* No apparent strong correlations between changes in pollutant infiltration
factors or penetration factors with envelope airtightness alone

« Some suggestion of the impact of a combination of change in
envelope airtightness (i.e., NL or ACHS50) in addition to changes in
meteorological and/or pollutant conditions during testing

« Original goal of testing 30 homes pre/post retrofit will be difficult to meet
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