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Abstract

Minimum outdoor air ventilation rates specified in standards such as ASHRAE Standard 62.2
are generally based on envelope airtightness, building floor area, geographical location, and
number of occupants. In practice, simple on/off controls and operating schedules are most
commonly used to maintain the required ventilation rate. Ideally, minimum outdoor
ventilation rates should account for unintentional leakage through the building envelope, or
“infiltration.” ASHRAE Standard 62.2-2016 allows for constant infiltration credit, which
reduces the required mechanical ventilation. However, infiltration rates vary based on the
indoor-outdoor temperature difference, wind, and system operation. Thus, mechanical
systems designed to maintain minimum ventilation rates could operate less, and provide the
required minimum rate more reliably, if the real-time infiltration rate was known and used to
control the mechanical ventilation rate. Detailed and simplified CONTAM models of two test
houses on the campus of the National Institute of Standards and Technology were verified
using measured data and then used to simulate real-time infiltration rates. As part of the
simulation, these real-time infiltration rates were passed to a theoretical controller that
adjusted the mechanical ventilation rate on an hourly basis. Simulated energy use and relative
annual occupant exposure for several real-time ventilation control approaches were compared
with simulations using a constant ventilation rate. Implementation of the theoretical
controllers resulted in annual average energy savings of $68 across both houses and three
climates, without a significant increase in annual occupant exposure compared to ventilating
continuously at a constant rate. The authors discuss the advantages and limitations of the
proposed real-time ventilation control strategies.

Key words

ASHRAE Standard 62.2, CONTAM, energy use, exposure factor, real-time infiltration,
residential ventilation, simplified airflow modeling.
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1. Introduction

In ASHRAE Standard 62.2-2016 [1], the minimum required outdoor ventilation rate is
determined based on the number of bedrooms and occupiable floor area. An infiltration credit
can be used to reduce the required mechanical ventilation in a house. The credit is based on
converting an envelope airtightness value to an effective annual infiltration rate using floor
area, house height, and location of the house to capture the climatic conditions. The credit is
applied to the entire year, even though the actual infiltration rate will be lower or higher than
the credit at any given time [2]. Similarly, the infiltration credit does not account for times of
the year when the mechanical ventilation plus the actual infiltration rate exceed the outdoor
air ventilation requirement, leading to excessive energy use. Application of real-time
ventilation control can help achieve the target total ventilation rate on an hourly basis rather
than on an annual average basis. This would balance the goals of maintaining acceptable
indoor air quality and reducing energy use by avoiding both under- and over-ventilation.

In studies of control strategies to reduce the energy use of mechanical ventilation, carbon
dioxide and relative humidity have been used as the control indicator [3]. However, the
dynamic nature of infiltration is often not addressed or quantified. One experimental study
shut off mechanical ventilation at the highest indoor-outdoor temperature differences to save
about 9 % in heating/cooling energy [4]. It was assumed that infiltration would be the
greatest under these conditions, which would compensate for the mechanical ventilation
system being off. While greater indoor-outdoor temperature differences do result in higher
infiltration rates, the infiltration rate was not measured in this study. It was, however,
estimated using empirical equations in Appendix C of ASHRAE Standard 62.2-2016.

Hesaraki and Holmberg (5) implemented an occupant-based ventilation control approach in
newly-built Swedish houses, where the ventilation rate was decreased by 27 % during
unoccupied periods to save energy. They varied the length of time in which the reduced
ventilation was allowed (a range of 4 hours to 10 hours) and estimated what the potential
exposure would be to occupants returning home after a prolonged period of reduced
ventilation. Their study showed that a heating energy savings of 16 % could be achieved by
operating at the reduced ventilation rate for eight hours (and returning to normal ventilation
two hours before occupants returned). This study only accounted for mechanical ventilation
(i.e., they assumed no infiltration) when determining the concentration of pollutants during
the periods of reduced and normal ventilation. Without accounting for infiltration, their
estimates of the concentrations of internally-generated contaminants may be elevated.

Turner and Walker (6) simulated potential energy savings of more than 40 % using their
Residential Integrated Ventilation Controller (RIVEC), without compromising long-term or
short-term exposures to pollutants with constant emission rates. The RIVEC monitored all
the ventilation devices in a house, including the kitchen and bathroom exhausts, and reduced
mechanical outdoor ventilation when those exhaust systems were running. The RIVEC also
took into consideration times of peak electrical demand and times of the day when outdoor
pollutants may be high to reduce outdoor ventilation until a more favorable time. Because the
mechanical ventilation fan may be switched-off for up to four hours (i.e., during peak
electrical demand), the airflow capacity of the installed fan must be 125 % of what is
required by ASHRAE Standard 62.2, per the requirements of the standard for intermittent



operation [7]. Turner and Walker (6) used the constant ASHRAE Standard 62.2 infiltration
credit in their analysis.

A study by Walker and Less (8) used relative dose and exposure for real-time ventilation
control using a model developed by Lawrence Berkeley National Laboratory (LBNL) called
REGCAP. This is a mass-balance model that accounts for ventilation, heat transfer,
equipment operation, and moisture. It was assumed that a generic pollutant is emitted
continuously but that occupancy varied throughout the day. Simulations were performed on a
single-story home. As in the previous study, the ventilation airflow rate needed to be 2 to 2.5
times higher than the requirement in ASHRAE Standard 62.2-2016 in order to make-up for
fan-off times during unoccupied periods. It also needed to be oversized to maintain the
annual relative exposure during occupied hours per requirements in the standard for real-time
control. Thus, ventilation energy savings were small because the benefits of switching-off
ventilation during unoccupied hours was offset by elevated ventilation during occupied
hours. Infiltration was calculated in one of two ways: (1) an annual mean effective rate which
is constant for the year and (2) using the Alberta Air Infiltration Model (AIM-2) [9, 10].
Relatively small savings in HVAC energy were also reported in Ref. [11] due to the increase
in fan operation to make-up for fan-off times. They used CONTAM-EnergyPlus coupled
models [12] for their analyses.

Infiltration is dynamic, varying in time by 5-to-1, or more, with ventilation system operation,
weather, and indoor conditions [13] Despite this variability, the dynamics are often
simplified in ventilation standards and ventilation control strategies. For example, a single
infiltration rate is often used even though it may not be appropriate when determining
whether the total outdoor air ventilation rate complies with a standard or local code
requirements throughout the year. Currently, the most accurate way to determine real-time
infiltration rates into a building is through tracer gas testing dilution testing [ 14]. Infiltration
rates determined by tracer gas dilution tests are often averaged over a period of several hours
and are only applicable to the weather conditions under which the tests are performed. Tracer
gas dilution tests are not currently practical, however, as a means of real-time ventilation
control because measurements are taken over a period of several hours and the installation
and maintenance of such a system can be costly.

2. Study objective

The objective of this work was to determine how effectively real-time (RT) estimates of
infiltration could be used to control residential mechanical ventilation while saving energy
and maintaining IAQ according to the standard. The authors propose using airflow
simulations to predict RT infiltration rates so that the operation of the mechanical ventilation
fan could be reduced or stopped if the RT infiltration is greater than the baseline infiltration
credit. Comparisons are made among constant and RT ventilation control strategies in terms
of metrics that describe ventilation performance, exposure, and energy use.

3. Infiltration estimation methods

This section describes the infiltration estimation methods used in this study. First, the
infiltration credit in ASHRAE Standard 62.2-2016 is described in Section 3.1, and then the
CONTAM models used to simulate infiltration for RT control are summarized in Sec. 3.2.



3.1. Infiltration credit
In ASHRAE Standard 62.2-2016 [1], the minimum required outdoor ventilation rate (Qot,62.2)
is determined by:

Qtot,62.2 (L/S) = 0.15 x Aﬂoor + 3.5 X (Nbr + 1) (1)

where Afoor is the dwelling floor area (m?) and Ny is the number of bedrooms. The standard
allows the use of an infiltration credit so that the required rate of mechanical ventilation —
which determines the minimum size of the fan and ducts that are installed — can be less than
Orot622. The infiltration credit can be determined in various ways. The normalized leakage
(NL) method was used in this study:

NL = 1000 x 224 x [i] z )

floor Hy

where ELA is the effective leakage area at 4 Pa measured with a fan pressurization or blower
door test (m?) [15], H is the vertical distance between the lowest and highest above-grade
points within the dwelling’s pressure boundary (m), H, is the reference height (2.5 m), and z
is an exponent to convert ELA to an effective annual infiltration rate (z = 0.4). All of these
parameters are defined in more detail in Standard 62.2. The infiltration credit (Qint62.2) 18
defined as:

NLXWSfXAfoor
1.44

Qinte22 (L/s) = 3)
where wsf is the weather shielding factor. This factor is based on geographical location (i.e.,

to capture the climatic conditions) and is assigned as specified in Normative Appendix B of
ASHRAE Standard 62.2-2016. Thus, for a single-family detached house,

Qran22 (L78) = Qo622 — Qint62.2 4)

For cases where a blower door test is not available, ASHRAE Standard 62.2-2016 does not
provide a mechanism to estimate NL. Despite not being part of the current standard, the
authors used two additional methods to estimate NL. For one of these methods, air leakage
data from 147,000 U. S. houses that comprise LBNL’s Residential Diagnostics Database
(ResDB) [16, 17] were used. Using these data, LBNL correlated NL with the following
parameters:

Year of construction (Byear) House height (m) (Bn)
Climate zone (Bcz) Floor area (m?) (Barea)

The LBNL approach also accounts for foundation type (Broor) (slab on-grade; unconditioned
basement or unvented crawlspace; conditioned basement or vented crawlspace) and location
of ductwork (Bauct) (conditioned space; unconditioned attic or basement; vented crawlspace).
Based on these parameters, NL is determined as follows:

In(NL) = :Byear + Bcz + Barea - Area + By - Height + :Bfloor + Bauce (5)



In addition, the LBNL approach allows adjustment of NL by ANL to account for homes that
are weatherized or participated in energy efficient programs using the following equation:

ANL = —0.128 - NL - —0.000425 - Area + 0.0146 - Height (6)

For the other method, the kitchen exhaust fans in the test houses (to be described in Sec. 4)
were used to conduct a fan depressurization test to estimate the building envelope
airtightness and converted to NL using Eq. (2). More details on this method will be presented
in Sec. 4.2.

3.2. Real-time estimate using CONTAM

Infiltration rates in homes change with time depending on weather, indoor conditions and
equipment operation. In this study, real-time infiltration rates are estimated using the
multizone airflow simulation software, CONTAM, developed at the National Institute of
Standards and Technology (NIST) [18]. CONTAM is particularly useful for whole-building
simulation because it fully captures the airflow physics related to building airflow and is
computationally efficient. CONTAM also has the advantage in that it can model the impacts
of HVAC system operation on infiltration and interzonal airflows. CONTAM has been
validated in terms of program integrity [19], and comparisons with laboratory experiments
[19] and field studies [19-22].

4. Methods

The objective of this work was to determine how effectively RT estimates of infiltration
could be used to control residential mechanical ventilation while saving energy and
maintaining IAQ according to the standard. The authors used CONTAM to predict RT
infiltration rates in two test houses on the NIST campus and then used those rates to emulate
RT mechanical ventilation system controllers. The two test houses, their ventilation
requirements, and the measurements of air change rates, pressure differences and other
parameters are described in Sec. 4.1. CONTAM models of the test houses are described in
Sec. 4.2, starting with detailed models that include every interior zone and closely match the
actual floor plans. A method was also developed to create useful, simplified CONTAM
models that can be more easily applied in the field. For these simplified CONTAM models, it
was assumed that blower door test results would not be available, so the authors evaluated
two methods to estimate the building envelope airtightness: (1) the normalized leakage
database study described in Sec. 3.1 (the “DB method”) and (2) an in-situ fan exhaust
depressurization test (the “ExhF method”).

Tracer gas decay tests were used to verify the predictive ability of the detailed and simplified
CONTAM models (Sec. 4.2 and Sec. 4.3). Sec. 4.4 discusses the four ventilation control
strategies that were investigated, including a continuous and three RT control strategies.

Sec. 4.5 describes the metrics used to evaluate the performance of the four ventilation control
strategies.

4.1.  Test houses, ventilation requirements, and measurements
This section describes the two test houses on the NIST campus in Gaithersburg, MD, USA,
their ventilation requirements, and the measurements that were conducted in them.



4.1.1.1. TAQ Manufactured House

The IAQ Manufactured House (MH) is a one-story, double-wide, manufactured house built
on the NIST campus in 2002 (Fig. 1a). It has three bedrooms, two bathrooms, and an open
space containing a living room, dining room, family room, and kitchen. The MH is
conditioned with a central, forced-air 22 kW gas furnace and 15 kW electric air conditioner.
The supply air distribution ductwork is in an insulated portion of the crawlspace (i.e., belly)
that spans the entire floor area of the house (Fig. 1b). Based on prior measurements, air
within the supply ducts leaks into the belly [23], such that when the space conditioning
system is on, the conditioned areas of the MH are slightly depressurized.

The MH has two bath exhausts, a kitchen exhaust, and a whole-house ventilation exhaust fan.
These four exhausts were turned off during the testing. The temperature of the house was
measured and the operation of the central heating and cooling system, including its indoor
blower, were controlled by a commercially available thermostat. The front and back doors of
the attached garage were open during the testing to reduce the garage’s impact on the
pressure boundary of the house. Table 1 summarizes the characteristics of the MH.
Additional details of the MH can be found in Refs. [23, 24].

4.1.1.2. Net-Zero Energy Residential Test Facility

The Net-Zero Energy Residential Test Facility (NZERTF) at NIST was built in 2012 to
support the development and adoption of cost-effective net-zero energy designs,
technologies, and construction methods (Fig. 2). It is two-story, and has four bedrooms, three
bathrooms, and an open living room, dining room, and kitchen space. The NZERTF also has
a basement and attic, both located within the conditioned space because the thermal and air-
moisture barriers encompass the basement walls and attic roof. Transfer grilles link the living
spaces to these two zones. The central heating and cooling system includes an air-to-air heat
pump, which delivers air to the basement, first and second floors. The heat pump has a
cooling capacity of 7.6 kW and a heating capacity of 7.8 kW. The indoor unit is in the
basement and ductwork runs along the basement ceiling. A balanced heat recovery ventilator
(HRV) is installed in the basement and has its own dedicated ductwork. The HRV supplies
47 L/s of outdoor air to the house, with supplies on the first floor (in the kitchen/dining area)
and in each of the three second-floor bedrooms. Air from the first-floor bathroom and both
second-floor bathrooms are exhausted to the HRV before being exhausted. During the
testing, the HRV operated on an intermittent schedule (40 min on, 20 min off) to deliver an
hourly average of 38 L/s. The house also has a kitchen exhaust and a clothes dryer exhaust,
both of which were turned off. The temperature of the house was measured and the operation
of the space conditioning system, including its recirculating air distribution fan, were
controlled by a commercially available thermostat. Table 1 summarizes the characteristics of
the NZERTF. Additional design, construction, equipment, and energy performance details
for the NZERTF can be found in Refs. [25-27].
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Fig. 1. (a) Photograph and (b) schematic cross-section of MH showing crawlspace and belly.



Fig. 2. Photograph of NZERTF.

Table 1. Characteristics of MH and NZH.

Building characteristics MH NZERTF
Year of construction 2002 2012
Floor area (m?) 140 2459(011?:1? %b;grgfa)
Building volume (m?) 357 1301 (all floors)
) 3 above ground, includes
Stories 1 .
attic
Height (m) 2.5 6.3
Exterior surface azrea, above 301 367
grade (m°)
ELA at 4 Pa (cm?)
(from blower door test) 663 137
22 kW gas furnace Air-to-air heat pump
Heating/Cooling system 15 kW electric air 7.6 kW cooling capacity
conditioner 7.8 kW heating capacity
Mechanical ventilation Components in place, but HRV. 38"
(Design value, L/s) disabled during this study ’

2The habitable area of the NZERTTF is used to calculate the infiltration credit in ASHRAE Standard 62.2-2016.
The total area of the house is used to calculate NL.
*The mechanical ventilation of 38 L/s is based on ASHRAE Standard 62.2-2010, the standard in effect when the
building was designed.



4.1.1.3. Ventilation requirements

The ASHRAE Standard 62.2-2016 requirements for both houses, Qiot62.2, Oinf62.2 and Ofan62.2,
are summarized in Table 2 for Atlanta (mixed-humid), Baltimore (mixed-humid), and
Chicago (cold). These cities were chosen to represent a range of climatic conditions. Due to
its larger size, the NZERTF requires 54 L/s of total outdoor air per ASHRAE Standard 62.2-
2016, compared to the MH, which only requires 35 L/s.

Blower door tests were performed on both houses in accordance to ASTM E779-10 [15]. The
measured ELA of the MH was 663 cm?+ 84 cm? and that of the NZERTF was 137 cm?+ 7
cm?. As shown in Table 2, because the NZERTEF is tighter than the MH, the Qfan 2.2 required
(Eq. (4)) at the NZERTF is larger than what is required at the MH. The infiltration credit was
determined using Eq. (2) and Eq. (3), where the wsf for Atlanta, Baltimore, and Chicago are
respectively 0.46, 0.50, and 0.60. Note that ASHRAE Standard 62.2-2016 sets a limit on the
infiltration credit so that it cannot exceed 2/3 of Qiot,62.2 for new construction (i.e., 36 L/s for
the NZERTF and 23 L/s for the MH). For existing homes, Appendix A of ASHRAE
Standard 62.2-2016 provides guidance on determining the required mechanical ventilation.
For the purposes of this study, it was assumed that both test houses were new construction.
Using Eq. (3), the infiltration credit in Chicago for the MH was calculated as 28 L/s, but was
set to 23 L/s due to the 2/3’s limitation in the standard.

Table 2. ASHRAE Standard 62.2-2016 ventilation requirements and infiltration credit for
MH and NZERTF in three cities.

MH
Value/City Atlanta Baltimore Chicago
Oror62.2 (L/s) 35 35 35
Ointe2.2 (L/s) 21 23 23?
Ofan62.2 (L/s) 14 12 12
NZERTF

Value/City Atlanta Baltimore Chicago
Oror622 (L/s) 54 54 54
Oints2.2 (L/s) 6 7 8
Oran2.2 (L/s) 48 47 46

aUsing Eq. (3), the infiltration credit in Chicago for the MH was calculated as 28 L/s but due to the 2/3s
limitation in the standard, its credit is set to 23 L/s.

4.1.1.4. Measurements

Tracer gas decay tests were conducted to measure the whole building air change rate
(envelope infiltration plus any mechanical outdoor air intake) in each house under varying
conditions, including with the air distribution fans always-on and always-off. Exhaust fans
were turned off during the testing. The tracer gas decay tests complied with ASTM E741-11
[14], with sulfur hexafluoride (SFs) automatically injected at specified time intervals into the
return stream of the space conditioning system in the MH and into the HRV supply duct in
the NZERTF. In both houses, this injection approach led the tracer gas to be delivered and
mixed throughout the house. The tracer gas was sampled in six locations in each house

(Fig. 3) at 30 s intervals with a photoacoustic infrared sampler. This instrument has a

3



measurement range of 3.6 mg/m? to 18.2 mg/m? (0.6 ppmy to 3 ppmy), and the
manufacturer’s reported accuracy is 5 % and its rated repeatability is within 1 %.

Differential pressure (AP), indoor and outdoor relative humidity (RH), indoor and outdoor
temperature (7in and Tout, respectively), and wind speed (Ws) were collected during the tests at
one-minute intervals (Table 3). At both test houses, Tin, Tout, and RH (indoor and outdoor)
were measured using humidity and temperature probes. AP was measured using differential
pressure transducers. In the MH, AP was measured across each exterior wall and on the wall
between the house and open garage at heights of 0.3 m and 1.8 m from the floor (Fig. 3). In
the NZH, AP was measured across each exterior wall at heights of 0.8 m and 4.3 m from the
ground level (i.e., middle of the wall on each floor). Ws was measured at the MH using a
sonic anemometer placed 4 m from the south wall and 9 m above the ground. s was
measured at the NZERTF using an ultrasonic wind sensor located 90 cm above the roof line.
The measurement range and accuracy of the sensors are listed in Table 3. Different products
were used at the two test houses so that the specifications for measurement range and
accuracy in Table 3 are different.

Table 3. Data collected and specifications of instruments.

Data collected Measurement range Accuracy
Differential pressure +25Pa + 1 % full scale
Indoor dry bulb MH: -39.2 °C to 60 °C +0.2 °C
temperature and relative 0.8 % RH to 100 % RH +2 % RH (0 % to 90 % RH)
humidity +3 % RH (90 % to 100 % RH)
NZERTF: -20 °C to 70 °C +0.21 °C (0 °C to 50 °C)
1 % RH to 95 % RH +2.5 % RH (10 % to 90 % RH)
+5 % RH (<10 % and >90 % RH)
Outdoor dry bulb MH: -39.2 °C to 60 °C +0.2 °C
temperature and relative 0.8 % RH to 100 % RH +2 % RH (0 % to 90 % RH)
humidity +3 % RH (90 % to 100 % RH)

NZERTF: -40 °C to 70 °C
0 % RH to 100 % RH

+0.21 °C (0 °C to 50 °C)
+2.5 % RH (10 % to 90 % RH)
+5 % RH (<10 % and >90 % RH)

Outdoor wind speed

MH: 0 m/s to 65 m/s

+0.5m/sor5 %

0°to360° +5°at Ws>22m/s
NZERTF: 0 m/s to 60 m/s +3%at 10 m/s
0°to360° +3°

4.2. CONTAM models

Hourly CONTAM simulations were run for each test house using annual Typical
Meteorological Year 3 (TMY3) weather files for Atlanta, Baltimore, and Chicago [28]. Two
types of CONTAM models were developed for each test house: detailed and simplified. The
detailed models were developed using the floor plans and included all rooms in the house.
The building envelope airtightness values determined from blower door measurements were
also included in the detailed models. The simplified models had single-zone, square floor
plans. Two methods for estimating building envelope airtightness for each house were
included in the simplified models. For one method, air tightness was estimated using an




empirical equation and building characteristics (Sec. 4.2.2.1). A simplified blower door test
was used to estimate air tightness for the second method (Sec. 4.2.2.2). Each model is
described in more detail first.

4.2.1. Detailed CONTAM models

The detailed CONTAM models (or “CONTAM4” models) of the test houses include every
room, including closets and duct shafts in the case of the NZERTF. A detailed description of
the MH model, as well as its validation, can be found in Refs. [23, 24]. Validation of a
coupled CONTAM-EnergyPlus model of the NZERTF is available in Ref. [29].

In CONTAM, ventilation systems can be modeled either as “simple” or ducted air handling
systems (AHS). In the MH, the central heating and cooling system is modeled in CONTAM
as a ducted air handling system to capture airflow and contaminant transport between the
belly and the habitable areas of the MH. Fig. 4 shows the ductwork at the MH in the belly,
which supplies the habitable areas through floor vents. The recirculating fan (labeled as
“HVAC fan” on the first floor) is modeled using the Fan Performance fan type in CONTAM,
with a cut-off ratio of 0.1, meaning the simulated fan turns off if the calculated airflow is less
than 10 % of the maximum airflow. The fan then becomes a simple orifice with an area of
0.02 m? to allow airflow through the duct system, to and from the belly, when the fan is off.

Because the HVAC fan affects the depressurization of the MH, it was important to capture its
operation in the CONTAM model. This accounting was accomplished by simulating control
of a hypothetical heating and cooling system that is uniquely sized based on the local design
heating and cooling temperatures (HDT and CDT, respectively), and a chosen indoor setpoint
of 23.5 °C, and a representative thermostat deadband of = 2 °C [30]. HDT and CDT are the
temperatures that are exceeded 1 % of the hours in a typical weather year according to Ref.
[31]. It was assumed that the system operated two-thirds of the hour when the outside
temperature was equal to its HDT or CDT. For temperatures between 23.5 °C and HDT, and
between 23.5 °C and CDT, the runtime fraction varied linearly between 0.0 and 0.67. The fan
runtime fraction was not allowed to exceed 1.0 at any temperature. Also, the fan runtime
fraction was set to 0.0 when the outdoor temperature was between 21.5 °C and 25.5 °C. An
example of the controller runtime fraction as a function of outdoor temperature is given in
Fig. 5 for Baltimore, MD, USA (HDT =-7.6 °C and CDT = 33.0 °C). The other two U. S.
cities included in this study and their respective HDT and CDT were: Atlanta, GA where
HDT =-3.0 °C and CDT = 33.1 °C, and Chicago, IL where HDT =-15.3 °C and

CDT =31.4°C.
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Fig. 6. CONTAM model of NZERTF (basement and attic levels not shown).
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In the NZERTF, both the heating/cooling and HRV systems are modeled as simple AHS so
only supplies and returns are included in the CONTAM model (Fig. 6). The only ductwork
included in the CONTAM model of the NZERTF are the kitchen and dryer exhausts on the
first floor. The airflow rate at each supply diffuser and return outlet were specified in the
model based on airflow rates measured using a low-flow capture hood. Because any duct
leakage at the NZERTF is within the conditioned space, fan operation does not impact
indoor-outdoor air pressures or infiltration rates. Therefore, a fan runtime controller was not
implemented in the CONTAM model, as was done for the MH. Instead, the central heat
pump fan was simulated as on continuously. Further, the HRV is a balanced system so its
operation does not affect the pressurization of the NZERTF.

There are three leakage sites per section of wall in each model to better capture the stack
effect. One leak is placed one-quarter up the height of the wall, another is placed at the
middle of the wall, and the third is placed three-quarters up the height of the wall. All the
exterior windows and doors were closed and all interior doors were open in the simulations.
Results from simulations of the detailed MH and NZERTF models are compared with
measurements in Sec. 4.3.

4.2.2. Simplified CONTAM models

The objective of this work was to determine how effectively RT estimates of infiltration
could be used to control residential mechanical ventilation while saving energy and
maintaining IAQ according to the standard. While CONTAM is not computationally
intensive, creating a detailed model of unique houses can be more time-consuming than
might be practical for widespread application. Thus, a method was developed to create a
simplified CONTAM model (or “CONTAM;” model). For both houses, the simplified model
was one-zone and had a square footprint (Fig. 7). The floor volume is set to the actual house
volume and the height of the walls is equal to that of the actual building in Table 1. No
ventilation systems were included in the two simplified models. This simplification is more
valid for the NZERTF because the heat pump is a recirculating system and the HRV system
is balanced. For the MH, however, the simplified model will not capture pressure effects of
duct leakage into the belly.
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In anticipation of cases where a blower door test result would not be available, the authors
tested two alternative methods of estimating building envelope leakage: (1) the NL equation
described in Sec. 3.1 (referred to as the “DB” method) and (2) the results of an in-situ fan
exhaust test (referred to as the “ExhF” method).

4.2.2.1. DB method

The DB method is based on correlations developed by LBNL that relate measured NL data
on homes in ResDB with the parameters noted in Section 3.1. As shown in Table 4, even
though the MH and NZERTF were built 10 years apart, they were both built after 2000, and
their values for Byear are the same. For PBn and Parea, these values are also the same for the two
test houses because the DB method does not breakdown house size into smaller categories.
Finally, both NIST test houses are in the same climate zone, so PBcz is also the same. To
account for weatherization and energy efficiency improvements in both test houses, Eq. (6)
was used to reduce NL by ANL.

Using Eq (2), NL was converted to ELA at 4 Pa, and the results were ELAvu = 707 cm? and
ELAnzerTr = 362 cm?®. These values are compared with the values determined by blower door
testing and the ExhF method in Table 5. For use in the CONTAM models, ELA was
normalized by the exterior surface area of each test house.

To account for the stack effect in the CONTAM; models, the exterior wall leakage was
modeled as two paths on each wall, one at height (4#) = 0 m and one at the test house height
(H), both with the same normalized leakage value (ELA1, and ELAm;, respectively). The
leakage path at 4 = 0 had a multiplier equal to half the wall exterior surface area. The leakage
path at 47 = H had a multiplier equal to half the wall exterior surface area plus a quarter of the
roof exterior surface area. The CONTAM; model using the DB method for estimating and
modeling exterior leakage is referred to as the CONTAM; pg model.
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Table 4. Regression parameters used to determine NL and ANL by DB method.

LBNL regression MH value NZERTF value
parameter
Year of construction (Bycar) ]Eullt_m 12 %(;é’ ];ullt_m 12 (())1528’
year — ~ 1. year — ~1.
House height (Bn) Brn=0.064
Climate zone (Bcz) Humid A4, Bcz = 0.326
FIOOI‘ arca (Barea) Bﬂoor = ‘000208
. Vented crawlspace, Conditioned basement,
Foundation type Bﬂ00r2 =0.18 Bﬂoorl =0.109
. Vented crawlspace, Conditioned space,
Duct location Bauerz = 0.181 Bstab = -0.124

Weatherization & energy

efficiency improvements Used Eq. (6) to reduce NL by ANL

4.2.2.2. ExhF method

For the ExhF method, the kitchen exhaust fans in the MH and NZERTF were used to conduct
a fan depressurization test to estimate the building envelope airtightness. In the MH, the
kitchen exhaust was operated over four fan speeds with airflow rates between 50 L/s to 200
L/s, resulting in AP between -7 Pa and -1 Pa. In the NZERTF, the kitchen exhaust was
operated over three fan speeds with airflow rates between 35 L/s to 75 L/s, resulting in AP
between -10 Pa and -3 Pa. Larger AP values were achieved at the NZERTF, even with the
lower exhaust flow rates, because of its tighter building envelope.

The ExhF tests at the MH were conducted four times in October 2017. The test conditions
varied between AT (outdoor-indoor) of -0.6 °C and -8.0 °C, and Ws between 0.9 m/s and 2.6
m/s. Time-series of AP at all test locations (with W (dots) also on the y-axis) are shown in
Fig. 8 for two of the four ExhF tests at the MH. At time (¢) = 40 min, the kitchen exhaust fan
was switched to Speed 1. At =50 min, it was switched to Speed 2, and so on until the
kitchen fan was running at its highest speed (Speed = 4) at # = 60 min. In Fig. 8a (10/17/17),
the change in AP is more apparent than in Fig. 8b (10/26/17) since 10/26/17 was a colder and
windier day.
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Fig. 9. Plots of AP and wind speed vs. time at NZERTF on December 4, 2017.

Measurements from three sensors were not included in the calculation of average AP of the
test. One AP sensor failed (pink dotted line, Bed3S-Lo) during the test. Two sets of AP
measurements followed similar trends as the other measurements but were not as elevated as
the others. These sensors were in the Family Room, on the west wall (pink and blue triangles,
FamW-Hi and FamW-Lo), which is adjacent to the garage. Even though the garage doors
were fully open during the entire duration of this study, the AP measurements at the house-
garage interface were excluded from the analysis. Due to time constraints at the NZERTF,
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only one ExhF test was conducted on December 4, 2017. Fig. 9 shows an apparent change in
AP at t =20 min and ¢ = 30 min when the kitchen exhaust fan was at its two highest settings
(Speed = 2 and Speed = 3).

Following the procedure in ASTM E779-10 for depressurization tests [15], the ELA4 at 4 Pa
from the ExhF tests are summarized in Table 5. These values are compared with both the
ELA at 4 Pa value from the DB method and with the results from the blower door tests
conducted by NIST. The CONTAM;s model using the ExhF method for estimating and
modeling exterior leakage is referred to as the CONTAM; g model.

Table 5. Summary of ELA at 4 Pa values for NIST test houses determined by various

methods.
NIST test Blower Door Database (DB) Exhaust Fan (ExhF)
house
MH 663 cm? =+ 84 cm? 707 cm? 580 cm? + 280 cm?
NZERTF 137 cm?+ 7 cm? 362 cm? 152 cm?+ 15 cm?

To account for the stack effect, the approach for modeling exterior wall leakage for the
CONTAM; e model was modified from the approach used for the CONTAM;s ps model.
Again, two leakage paths are modeled on each wall, at # = 0 m (multiplier equal to half the
wall area) and at the 2 = H m (multiplier equal to half the wall exterior surface area plus a
quarter of the roof exterior surface area). Instead of the leakage values being equal, as they
were for the CONTAM; pp model, the leakage values for the CONTAM; g model were
different for the two leaks. Their difference depended on the location of the neutral pressure
level (NPL), and so better accounts for the vertical distribution of the envelope air leakage.
Neglecting differences in the density of air, the NPL can be determined using Ref. [32]:

NPL= — 2 (7)

ELA n
1+ ( lo,f)
ELAhi,f

where ELAo.r and ELAnif are respectively the fraction of the exterior leakage that is attributed
to the lower and upper portions of the building and # is the flow exponent (n = 0.65). The
sum of ELAjor and ELAni s must equal 1.0. Differential pressure measurements were taken at
both test houses when the systems were off to estimate NPL. Using only the data when wind
speed was less than 2 m/s, three test periods at the MH and one test period at the NZERTF
were available. Using the sensor heights of 0.3 m and 1.8 m at the MH, 0.8 m and 4.3 m at
the NZERTF, a slope and intercept were calculated and used to determine the NPL (i.e., at
AP = 0) (Table 6).

Using Eq (7), ELAniswas varied (and ELAio¢ set equal to 1 - ELAni¢) until the calculated NPL
was equal to NPLayg determined using AP measurements. The calculated ELAor and ELAni¢
confirmed that the MH has a leaky roof (ELAor < ELAnir) and that the NZERTF has a tight
roof (ELAiot> ELAnif).
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Table 6. Measurements and calculated values used to determine exterior leakage distribution.

MH NZERTF
Test period Test period Test period Test period
1 2 3 1
Avg Ws(m/s) 1.5 1.7 0.6 1.3
Avg AT (°C) -6.5 -7.6 -6.8 -30.7
APio -1.5 -1.6 -0.9 -1.4
APhi -0.5 -0.2 -0.1 3.4
Slope (AP/h) 0.7 0.9 0.6 1.4
Intercept (AP) -1.7 -1.9 -1.1 -2.4
NPL (m) 2.5 2.0 1.9 1.8
NPLavg (m) 2.2 1.8
ELAo 0.23 0.65
ELAwit 0.77 0.35
ELA1, (cm?/m?) 0.4 0.2
ELAvi (cm*/m?) 1.5 0.1

The NPL.yg of the MH (2.2 m) is nearly as high as its height of 2.5 m. The NPLay of the
NZERTF (1.8 m) is less than half its height of 6.3 m. Thus, for the CONTAM;g model, the
distribution of roof-to-wall leakage in the MH was 0.77/0.23, meaning that 77 % of the
exterior envelope leakage was modeled at # = H m and 23 % was modeled at 2 = 0 m. At the
NZERTF, the distribution of roof-to-wall leakage was 0.35/0.65. These fractions were then
multiplied by the ELA (ExhF methods only) in Table 5 to obtain ELAi, and ELAn; for each
test house (Table 6).

4.3. CONTAM verification tests

Tracer gas decay measurements of whole building air change rates were used to verify the
detailed CONTAM models of the test houses. In turn, rates predicted by the simplified
CONTAM models were then compared with those predicted using the detailed CONTAM
models. Fourteen decay tests were performed in the MH in October 2017 (8 with the system
heating/cooling system on, 6 with the heating/cooling system off). At the NZERTF, eight
tests were performed in December 2017 (6 with the heating/cooling system and HRV on, 2
with the heating/cooling system and HRV off). The outdoor air change was calculated using
the procedure in ASTM E741-11 [14]. Table 7 and Table 8 show the average temperature
difference (Tou-Tin) and wind speed (Ws) during the tests. On average, the tests at the MH
were conducted in milder weather than the tests conducted at the NZERTF [14].

Table 7 shows the measured and predicted air change rates for the MH, where the average
measured total outdoor airflow rate (mechanical ventilation plus infiltration) with the
heating/cooling system on was 21 L/s with a 95 % confidence interval of + 0.2 L/s (Table 7).
The average predicted rate was 18 L/s (average absolute difference of 14 %). With the
heating/cooling system off, the measured total outdoor airflow rate was 18 L/s with a 95 %
confidence interval of + 0.2 L/s, and the average predicted rate was 16 L/s (average absolute
difference of 22 %). As noted earlier, the mechanical ventilation system in the MH was off,
so the space conditioning system on and off air change rates were expected to be similar,
except for the additional infiltration and duct leakage into the belly.
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Table 8 shows the measured and predicted air change rates for the NZERTF. The average
measured total outdoor airflow rate with the system on was 60 L/s with a 95 % confidence
interval of +2 L/s, and the average predicted rate was 52 L/s (average absolute difference of
12 %). Both the measured and predicted rates included the outdoor mechanical ventilation
provided by the HRV. There was one 4-hr period during Test #4, and one 2-hr period during
Test #6, when the HRV recirculation mode was activated because the outside temperature
was below -10 ° C. The average measured total outdoor airflow rate with the system off was
22 L/s + with a 95 % confidence interval of 0.5 L/s, and the average predicted rate was 18
L/s (average absolute difference of 18 %).

In summary, the absolute differences between the measured and predicted rates ranged
between 4 L/s and 7 L/s at the MH, and between 1 L/s and 18 L/s at the NZERTF, including
both the system-on and system-off values. These differences were on average 15 % of the
average measured outdoor airflow rate at each test house. These rates translate to an average
of 0.05 h! difference at the MH, and 0.03 h™! difference at the NZERTF. As noted in

Ref. [33], at rates this low, the measurement accuracy of the tracer gas decay measurements
needs to be considered. Further, ASTM E741-11 [14] states that following its procedure,
measurements of gas concentrations will provide air change rate values within 10 % of the
true value. Given the low air change rates and stated uncertainty in ASTM E741-11, the
results of the CONTAM4 models were considered to be within reasonable accuracy.
Comparisons of measured and predicted infiltration rates have also yielded differences with
similar magnitude [34-36]. Thus the CONTAMy models were used to compare the results of
the CONTAM; models and their impact on RT ventilation control.

4.4. Ventilation control strategies

As noted earlier, this study involved the evaluation of four ventilation control strategies,
including one continuous and three RT control strategies. The four ventilation strategies
considered were:

1. Venteont: This strategy continuously supplied each test house with Qgne2.2 as defined
by Eq. (4). The hourly infiltration rates for this strategy are predicted by the detailed
CONTAM model, CONTAMa.

2. Ventrr.a: This strategy implemented RT ventilation control by supplying each test
house with Qg rT-d that varied with each timestep depending on the infiltration rate
calculated by CONTAMg, such that Qfanr1-d = Qtor,62.2 - Ointd. As discussed below, if
Ointd > Orot62.2, then OpanrT-d = 0. (This same restriction is placed on the Ventrr.p and
Vent rr-g strategies described below.)

3. Ventrt.pe: This strategy implemented RT ventilation control by supplying each test
house with OrnrT-DB that varied with each timestep depending on the infiltration rate
calculated by CONTAM; ps (the simplified model using the leakage value from the
DB method,) such that QfanrT-DB = Q01,622 - Qinf,DB.

4. Ventrrkr: This strategy implemented RT ventilation control by supplying each test
house with Qg rT-E that varied with each timestep depending on the infiltration rate
calculated by CONTAM; g (the simplified model using the leakage value from the
ExhF method) such that QfunrT-E= Qtot,62.2 - QinfE-

15



Two fan-sizing scenarios were considered in evaluating the RT control strategies (Fig. 10). In
the first (Scenario 1), the OrnrT values are allowed to be greater than QOran62.2 in order to
achieve Qo622 When the predicted RT infiltration is less than the Qinge2.2. In Scenario 2, the
OranrT values are limited to QOfan,e2.2. It was assumed that QOgnrT could be achieved by
scheduling the fan to operate a fraction of the hour that is equal to the ratio of QfanrT to the
maximum flow rate (e.g., Qw622 for Scenario 1).

For the Vent rt.4, Vent r1-pB, and Vent rr- control strategies, Orn,rT is determined by
subtracting the predicted Qinf (from the respective CONTAM models) from Qio622. As

Fig. 10 shows, if Qinf > QOtot62.2, then Ornrr= 0. For Scenario 1, there is no upper limit on
OranrT SO that the total outdoor ventilation (Qint + OfanrT) could be greater than Qor,62.2.
Further, the maximum airflow rate of the fan is equal to Qiot62.2, S0 that the outdoor
ventilation requirement is met even when infiltration is close to zero. In Scenario 2, QOfan
cannot exceed Ofan62.2 SO that Oior,62.2 may not always be met. For the Ventcon: strategy, QOfan 18
equal to Orn,62.2 and does not vary.
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Table 7. Measured and predicted CONTAMg total outdoor airflow rates for MH.

95 %
Measured total confidence Predicted total Percentage
System Test Average Average . . . .
status  number Tout-Tin (°C) W, (m/s) outdoor airflow interval of outdoor airflow difference
rate (L/s) measured value rate (L/s) (%)
(L/s)
On 1 3 1 21 0.3 14 33
On 2 -7 1 15 0.1 15 0
On 3 4 4 30 0.2 25 17
On 4 -1 3 23 0.2 21 9
On 5 1 1 17 0.2 13 24
On 6 -2 4 24 0.1 23 4
On 7 4 2 23 0.3 19 17
On 8 -5 0 12 0.1 13 -8
Average
On tests 1 0 2 21 0.2 18 14
to 8
Off 9 -2 1 9 0.1 8 11
Off 10 -3 3 14 0.1 18 -29
Off 11 -6 4 19 0.4 22 -16
Off 12 -7 2 23 0.2 18 22
Off 13 -8 2 21 0.2 17 19
Off 14 -7 1 20 0.1 15 25
Average
Off tests 9 -5 2 18 0.2 16 20
to 14
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Table 8. Measured and predicted CONTAMg total outdoor airflow rates for NZERTF.

(1)
Measured total 95 %o Predicted total
confidence Percentage
System Average Average outdoor . outdoor .
Test number . interval of . difference
status Tout-Tin (°C) Ws (m/s) airflow rate airflow rate o
(L/s) measured (LJs) (%)
value (L/s)
On 1 -21 3 77 3 59 23
On 2 =22 2 68 3 54 21
On 3 -24 4 66 3 59 11
On 4 -31 5 42* 2 41 2
On 5 -28 3 63 2 58 8
On 6 -30 1 432 1 40 7
Average of
On tests 1 to 6 -26 3 60 2 52 12
Off 7 -25 2 17 0.3 18 -6
Off 8 -31 1 27 0.4 19 30
off ~ Averageol 28 2 22 0.5 18 18

tests 7 and 8

¥The HRV was in recirculation mode during part of these tests to prevent frosting of the heat exchanger.
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Fig. 10. Flow chart showing how QOrnrT is calculated at every hour for Scenarios 1 and 2.

4.5. Performance metrics for comparing ventilation control strategies

To compare the performance of the four ventilation control strategies, the following five
metrics were used: predicted infiltration rates, average Qrn flow rate, ventilation hours,
relative exposure factor, and energy impacts of ventilation.

4.5.1. Predicted infiltration rates

The annual average predicted infiltration rate for the two test houses in three cities is
compared among the three CONTAM models. They are also compared with the infiltration
credit in ASHRAE 62.2-2016.

4.5.2. Average Qrn flow rate

For the RT ventilation control strategies (VentrT.4, Ventrr-pe, Ventrt-g), the infiltration rate
predicted by each of the respective CONTAM models was subtracted from the total
ventilation requirement using Eq. (4) to obtain QOrnrT at every hour of the year. The annual
average QOrnrt, Which include the times when the fan was off (i.e., QfnrT = 0), was
calculated for each case. These values are compared with QOfn62.2.

4.5.3. Ventilation hours

At each hourly timestep, whether and how Qrot,62.2 was met was evaluated. Outdoor air
ventilation was either met by infiltration-alone or by the sum of QgnrT and Qinr. Any
timesteps where the sum of QOgn and Qinrwas less than Qo622 were considered an unmet
ventilation hours.

4.5.4. Relative exposure factor
ASHRAE Standard 62.2-2016 allows RT ventilation control only if the annual average
relative exposure factor (Ravg) during occupied periods does not exceed 1.0 when compared
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with the exposure that would result from ventilating continuously at Qiw,62.2. Further, the
relative exposure at any time step (R;) must not be greater than 5.0 for time steps not to
exceed one hour. Based on ASHRAE Standard 62.2-2016 Normative Appendix C, and
assuming a generic constant contaminant source that is spatially uniform, R; is:

Qtot.62 2/ ( Qrot,62 2/ ) —Quii/V
- ,02. . — ,02. X tot, i
R; Qtot,i +(Riva Qtot,i € ®)

where i is the ith timestep, and V is conditioned volume (m?) of the home. In this study,
relative exposure at every hour of the year was evaluated. Normative Appendix C to
Standard 62.2 provides several methods for determining Qint, including converting NL from
Eq. (2) to a constant infiltration rate using Eq. (3). The user may also calculate the stack- and
wind-driven flows using empirical equations for every time step, given the weather and 7i, at
every time step, for an infiltration rate at every timestep. The standard states that these
infiltration estimation methods can only be used if a blower door test has been performed.
Otherwise, Qinr is set to zero. However, the first of these methods for determining Qins (using
NL with Eq. (3)) assumes that infiltration is constant throughout the year. The empirical
equations used in the second method vary infiltration with weather but may not fully capture
wind effects on infiltration because the wind coefficients used are averaged over the entire
building and not dependent on the specific wind direction. In this study, infiltration is
predicted using detailed and simplified CONTAM models for the specific buildings being
studied, which more accurately accounts for variations in indoor and outdoor conditions.
Note that in Eq. (8), the occupant exposure is relative to the total ventilation rate required by
ASHRAE Standard 62.2-2016.

4.5.5. Energy impacts of ventilation

The energy impact of ventilation was evaluated in this study in terms of: (1) the energy to
operate the mechanical ventilation (MV) fan (2) the energy to condition the MV air, and (3)
the energy to condition the infiltration air. The energy required was then converted to energy
cost using an assumed cost of electricity per kilowatt-hour (kWh). Hourly values of the
energy to operate the MV fan, Emv, were calculated using Eq. (9), assuming a ventilation fan
efficiency (emv) of 0.5 L/(s*W). This is the average efficiency of HRVs in the Heating
Ventilating Institute (HVI) equipment database for fans with the capacity to supply Qrot,62.2 in
both houses [37].

1
Eyy[kWhi = @n/p 5 L5 1hr )

where Ot 1s the hourly fan airflow rate and 1/1000 is a conversion factor from W to kW.

Hourly values of the energy required to condition the MV and infiltration air were
determined by calculating the sensible heat of the air being delivered to the test house at Tout
and conditioned to the indoor setpoint (7in) of 23.5 °C. The effects of latent heat and heat
recovery on the heating/cooling load of the test houses was not considered in this study. The
sensible heat associated with the MV air, gsensmv, 1s thus:

1
CIsens,MV [kWh] = Qfan X 3.6 X p X Cp,air X (Tin_Tout) X % X 1hr (10)
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where cp.air is the specific heat of air (1.003 kJ/kge °C), p is the density of air (1.2 kg/m?), 3.6
is a conversion factor from L/s to m?/s, and 1/3600 is a conversion factor from hour to
second. The sensible heat of the infiltration air is calculated the same way, replacing gsensMv
With gsens,inf and replacing Qran With Qinr in Eq (10).

As a reminder, the MH is conditioned by an electric air-conditioner and heated by a gas
furnace. The NZERTF is heated and cooled by an air-to-air heat pump. For simplicity in
comparing the energy impacts in the two test houses, it was assumed that the heating/cooling
systems in both test houses were both heat pumps with the same performance. The hourly
energy required for the heat pump to condition the outdoor air (MV and infiltration air)
(Enp,mv and Enp inf) Was calculated assuming a heat pump (hp) coefficient of performance
(COP) of 3.6 kW/kW. This value is the average COP of heat pumps in the Air-Conditioning,
Heating and Refrigeration Institute (AHRI) database with heating and cooling capacities
between 7.3 kW and 15 kW, which covers the capacities of the equipment in the test houses
[38]. The energy required by the heat pump to condition MV and infiltration air was thus
expressed as:

Eypy [kWh] = BMV/ 0 1 hr (11)
EnpinlkWh] = 05800/ o 1 hr (12)

The hourly cost to operate the MV fan and condition the outdoor air were calculated by
multiplying the energy use (kWh) by the national average cost of electricity for 2018-2019 as
determined by the U. S. Energy Information Administration. This average value is
$0.13/kWh [39]. The energy savings predicted for each of the RT ventilation control
strategies was compared with the Ventcon: Strategy.

5. Results

Analyses of the four ventilation control strategies include comparisons of five performance
metrics described in Sec. 4.5, which are predicted infiltration rates (Sec. 5.1), average Ofn
flow rate (Sec. 5.2), ventilation hours (Sec. 5.3), relative exposure factor (Sec. 5.4) and
energy impacts of ventilation (Sec. 5.5).

5.1.  Predicted infiltration rates

Table 9 and Table 10 show the average predicted infiltration rate for the detailed and the two
simplified CONTAM models, as well as the ASHRAE Standard 62.2-2016 infiltration credit
(Oint62.2) for each test house and city studied.

Table 9 shows that for the MH, the annual average infiltration rate is similar among the three
CONTAM models (CONTAM4, CONTAM; p, and CONTAM;E), and that the predicted
annual infiltration rate was greater than the ASHRAE Standard 62.2-2016 infiltration credit.
The largest difference between the predicted infiltration rate and Qinf2.2 was in Chicago,
where CONTAMgy estimated an average infiltration rate that is a little more than double
Ointe2.2. Table 9 also shows the standard deviation in the annual infiltration rates, which are
relatively large with regards to the average value. This indicates that infiltration varies
greatly throughout the year, which the ASHRAE Standard 62.2-2016 infiltration credit does
not capture.
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Table 9. Predicted annual average infiltration rates (+ standard deviation) and infiltration
credit for MH

Annual average infiltration rate (L/s) Atlanta Baltimore Chicago
Simulation: Qinfd 33+20 37+22 47+26
Simulation: QOintps 32+20 33+22 39+23
Simulation: QinfEe 34+21 34423 41+£25
Infiltration credit: Qinf62.2 21 23 23

a. As noted also in Sec. 4.1, the infiltration credit in Chicago for the MH was calculated as
28 L/s but due to the 2/3s limitation in the standard, its credit is set to 23 L/s.

Most of the difference between the predicted infiltration and infiltration credit in Chicago can
be attributed to the heating months as seen in Fig. 11. This figure shows the monthly average
infiltration rate predicted by each CONTAM model, as well as the infiltration credit (Qinf62.2)
and total ventilation rate required by ASHRAE Standard 62.2-2016 (Qiot,62.2) for the MH in
Chicago. For the bulk of heating months (October to March), the infiltration credit for the
MH underestimates the infiltration rate by between 93 % and 135 % (average 110 %)
depending on the CONTAM model. In cooling months, the infiltration credit also
underestimates the infiltration rate, but only by between 43 % and 68 % (average 53 %).
Graphs of monthly average infiltration rates for Atlanta and Baltimore show similar trends
and are not presented. It should also be noted that in the heating months, the predicted
infiltration alone could on average meet Q62,2 at the MH for all three cities.
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Fig. 11. Monthly average infiltration predicted by three CONTAM models in Chicago at the
MH. The horizontal lines show the infiltration credit and total outdoor airflow rate required
by ASHRAE Standard 62.2-2016.

Table 10 shows that for the NZERTF, the annual infiltration rates vary more among the three
CONTAM models than they did in the MH. This result is not surprising given that the range
of ELA values across the three CONTAM models at the MH was 18 % compared with a
range of 62 % for the NZERTF. For the NZERTF, the CONTAM; pg model predicted the
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highest infiltration rate, as it had the largest ELA. The NZERTF CONTAM 4 model predicted
on average 24 % less infiltration, and the CONTAM:; e model predicted on average 61 % less
infiltration, relative to the CONTAM; pg model. Even though the annual average infiltration
predicted by the CONTAM; g model (8 L/s to 10 L/s for the three cities) is very similar to the
ASHRAE Standard 62.2-2016 infiltration credit (6 L/s to 8 L/s), the CONTAM; g model
predicts infiltration rates with a standard deviation of 6 L/s (Table 10).

Table 10. Predicted annual average infiltration rates (+ standard deviation) and infiltration

credit for NZERTF.
Annual infiltration rate (L/s) Atlanta Baltimore Chicago
Simulation: Qintd 1610 18+11 2111
Simulation: QintpB 22+13 23+14 2715
Simulation: Qintk 8+5 9+5 10+6
Infiltration credit: Qinte2.2 6 7 8

Table 10 shows that at the NZERTF, for all three cities, Qintd 1S on average 2.5 times more
than Qinfe2.2. Most of the difference can be attributed to the heating months, as shown in

Fig. 12 for Chicago. Fig. 12 shows the monthly average infiltration rate predicted by each
CONTAM model, as well as the infiltration credit (Qint62.2) and total ventilation rate required
by ASHRAE Standard 62.2-2016 (Qiot,62.2). In the heating months (October to following
March), the infiltration credit underestimated the infiltration rate by an average of 175 %. In
cooling months, the infiltration credit underestimated the infiltration rate by an average of

95 %. Monthly average infiltration rates for Atlanta and Baltimore showed similar trends but
are not presented here. It should be noted that at the NZERTF, the CONTAM:;t model
predicted infiltration that is closest to the infiltration credit, though still higher than the credit
in many months.
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Fig. 12. Monthly average infiltration predicted by three CONTAM models in Chicago at the
NZERTF. The horizontal lines show the infiltration credit and total outdoor airflow rate
required by ASHRAE Standard 62.2-2016.



These findings of predicted infiltration rates below Qin62.2 indicate that energy savings may
be possible if RT control of an MV fan is implemented, especially during times when the
infiltration rate was greater than Qinfe2.2 or met Qro,62.2.

5.2. Average Qmn flow rate

The average of OrnrT at the NZERTF predicted by the RT ventilation control strategies for
all the cities (37 L/s) is larger than for the MH (8 L/s) for Scenario 1. The RT ventilation
control strategies predicted an annual average QOrnrT that was 38 % less than what is required
by ASHRAE Standard 62.2-2016 at the MH, and 21 % less at the NZERTF when the fan-off
flows were included. It should be noted that while the average Ornrt fan flow rate is less
than what is required in the standard, the maximum fan airflow required in Scenario 1 is
equal to Qiwt,62.2. This is to ensure that when the infiltration was close to zero, the total
outdoor ventilation rate could still be met. It should also be noted that if fan-off flows were
not included in the average, the annual average Qfnrt at the MH would be 13 L/s across the
three cities, which is a 7 % reduction from what is required by ASHRAE Standard 62.2-
2016. Because the NZERTF requires more MV, its annual average Qrn rT 1S not affected by
the fan-off flows.

Fig. 13(a) shows that for the MH, the difference between the average QOfan rr-pB and Ofan RT-E
was small (< 2 L/s) for Scenario 1. In Atlanta, the average Qrnrr for all three of the RT
ventilation control strategies were similar (3 % difference). However, in Baltimore and
Chicago, the average QmnrT-¢ Was the smallest among the three RT control strategies, 36 %
and 71 % less, respectively, than QO rT-DB and QOrnrT-E. These results indicate that a
simplified CONTAM model was able to predict infiltration rates as well as a detailed
CONTAM model in the mildest climate studied for the MH. The Ventrt.pB 0or Ventrr-g
ventilation control strategies at the MH in the two colder cities tended to result in a
conservative (low) estimate of the infiltration rates, and therefore overestimate the amount of
mechanical ventilation needed compared with the fan size estimated for the Ventrr.q strategy.

Fig. 13(b) shows that for the NZERTF, the average Qfnrr-0pB and Qgnrt-E Were less similar
than for the MH in Scenario 1. The average QfanrT-E Was closer to the Ogn,62.2 (4 %
difference). The average OfanrT-d and OrnrT-DB Were more similar to one another, but the
average difference between the two was still 14 %. Contrary to the results at the MH, the
OtanrT-E for the NZERTF was larger than the Qfanrt-d and QOran,r1-DB. These findings may
indicate that in a tight home like the NZERTF, it is not as clear which simplified model
performs best based on the annual average flow rate of OrnrT in the three cities studied.
Further, while LBNL’s database used in the DB method included 147,000 homes, there were
very few homes that were high-performance homes like the NZERTF. The majority of homes
in ResDB had an NL between 0.2 and 2.0, whereas the NL of the NZERTF is 0.08. Further,
Chan et al. [17] note that central estimates of NL are predicted with the equations in Sec. 3.1
and variability was estimated in their work to be substantial. Thus, tighter homes using the
Ventrr,pB control strategy may overestimate infiltration rates when compared with the
Ventrt,q control strategy. Nevertheless, the Ventrr.g control strategy provided a conservative
(low) estimate of infiltration rates, and thus a higher Qgn r1-E flow.
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Fig. 13. Annual average QpnrT flow rate at (a) MH and (b) NZERTF for Scenario 1. Q622
is shown for reference.

5.3.  Ventilation hours

Fig. 14 shows the number of hours when the total ventilation (Qiot,62.2) was: (1) met by
infiltration-alone; (2) met by infiltration plus mechanical ventilation; and (3) was unmet. The
total of these hours is equal to 8760 h (i.e., one year). These graphs are for Scenario 1, where
OranrT Was allowed to be greater than Qmn62.2. The results are shown for each city and the
four ventilation control strategies.

Even though the MV fan ran continuously at a rate of Qmn,62.2 for the Ventcon: strategy, there
were unmet ventilation hours when the predicted CONTAMy infiltration rate was less than
Ointe2.2 (Fig. 14). Unmet ventilation hours can be eliminated with RT ventilation control
strategies by allowing Qgnrt > QOfan62.2 to make-up for the times when infiltration was lower
than the infiltration credit, such as for the Ventrr.q, Ventrt-pB, and Ventrr.g control strategies
in Scenario 1. Q622 Was unmet 24 % of the year (89 days) at the MH using the Ventcont
strategy. At the NZERTF, it was unmet 10 % of the year (35 days) using the same ventilation
strategy.

The most notable difference between Fig. 14a (MH) and Fig. 14b (NZERTF) is that in the
MH there are more hours of the year where infiltration-alone met the ventilation requirement
(Oinf = Orot62.2) than in the NZERTF. This is because the NZERTF is much tighter than the
MH, thus the infiltration rates are lower. In addition, the NZERTF requires more ventilation
because it is larger. As expected, the colder the climate, the greater the number of met-
ventilation hours by infiltration-alone in both houses. The only RT ventilation strategy where
infiltration-alone never met the ventilation requirement was for the Ventrr.g strategy at the
NZERTF. In this strategy, the fan had to operate continuously because the predicted Qintk
was very similar to the conservative infiltration credit (see Table 10) and MV was always
required to meet Qiot62.2.
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On average, Q622 Was met by infiltration-alone at the MH across the three cities for almost
half the year. At the NZERTF, ventilation was on average met by infiltration-alone only 2 %
of the year. With MV, the three RT ventilation control strategies resulted in no unmet
ventilation hours.
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Fig. 14. Hours of the year Qo622 met by infiltration-alone, met by MV plus infiltration, and
unmet at (a) MH and (b) NZERTF for Scenario 1 where Qs rT allowed to exceed Ofan62.2.
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For Scenario 2, when QOrnrt was limited to be less than or equal to Ofan62.2, the number of
unmet ventilation hours increased as expected (Fig. 15). Scenario 2 increased the number of
unmet hours for the RT ventilation control strategies from zero to over 2600 hours (30 % of
the year) across the three cities at the MH and to over 1600 hours (18 % of the year) at the
NZERTF. Note that ASHRAE Standard 62.2-2016 does not have requirements related to
unmet ventilation hours. It only requires non-continuous ventilation operation demonstrate
that occupant exposure not increase above that which results from continuous ventilation
operation.
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Fig. 15. Hours of the year Qo622 met by infiltration-alone, met by MV plus infiltration, and
unmet at (a) MH and (b) NZERTF for Scenario 2 where QfanrT < Ofan,62.2.
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5.4. Relative exposure factor

Table 11 and Table 12 show the annual relative exposure factor (Ravg) for the three RT
ventilation control strategies across the three cities for both test houses and both fan-sizing
scenarios. The annual relative exposure factor of the RT ventilation strategies was less than
or equal to 1.0 for both test houses in all three cities for both fan-sizing scenarios. The
highest Ravg values were at the NZERTF. Table 11 and Table 12 show that despite the
limitation on QrnrT In Scenario 2, the increase in average Ravg was only 8 % at the MH and
1 % at the NZERTF. At the NZERTF, this increase is not apparent in Table 12 because the
values in the table are only shown to two significant figures.

There were no hours of the year at the MH or the NZERTF when R; was greater than 5.0,
which is the limit in ASHRAE Standard 62.2-2016. The findings of reduced average QOfan,rT
in Sec. 5.2 and the relatively small impact on Rayg indicate that potential energy savings may
be realized with reduced fan operation, while not significantly increasing occupant exposure.
On the contrary, at the MH, Rayg per the exposure assumed in this study was reduced with RT
ventilation control compared with continuous ventilation at Qiot62.2. At the NZERTF, Ravg RT
ventilation control remained similar to the exposure using continuous ventilation at Qo,62.2.
Therefore, based on the RT ventilation control strategies studied, users of ASHRAE Standard
62.2-2016 could install the fan size specified in the standard (i.e., Scenario 2 where QOfn =
Oran62.2) With insignificant increases in relative occupant exposure over a year compared with
installing a fan sized to deliver Qw622 (i.€., Scenario 1).

Table 11. Rayg at MH in three cities.

RT ventilation MH
control Scenario 1 Scenario 2
strategy Atlanta  Baltimore Chicago Atlanta  Baltimore Chicago
Ventrr,d 0.9 0.8 0.7 0.9 0.9 0.8
Ventrr,pB 0.9 0.9 0.8 0.9 1.0 0.9
VentrTE 0.9 0.8 0.8 0.9 0.9 0.8
Average 0.8 0.9 (13 % increase relative to Scenario

19)

#t should be noted that the difference is reported as 13 % based on the number of significant
digits reported. If more significant digits were considered, the difference would be 8 %.
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Table 12. Ravg at NZERTF in three cities.

RT NZERTF
ventilation Scenario 1 Scenario 2

control Atlanta Baltimore Chicago Atlanta Baltimore Chicago
strategy

Ventrr,d 1.0 1.0 1.0 1.0 1.0 1.0
Ventrr,pB 1.0 1.0 1.0 1.0 1.0 1.0
VentrTE 1.0 1.0 1.0 1.0 1.0 1.0
Average 1.0 1.0 (0 % increase relative to

Scenario 1?)

4t should be noted that the difference is reported as 0 % based on the number of significant
digits reported. If more significant digits were considered, the difference would be 1 %.

5.5. Energy impacts of ventilation

As outlined in Sec. 4.5, the energy required for ventilation is evaluated in this study in terms
of: (1) the energy to operate the mechanical ventilation (MV) fan, (2) the sensible energy to
condition the MV air, and (3) the sensible energy to condition the infiltration air. It was
assumed that the MV system did not have heat recovery. The energy required was then
converted to energy cost using an assumed cost of electricity per kilowatt-hour (kWh). In
order to understand the energy impacts, a discussion of fan runtimes is presented first.

Fig. 16 presents the percentage reduction in fan runtime of the RT ventilation control
strategies compared with the more typical case of continuous fan operation (i.e., the Ventcon
strategy). Fig. 16 shows that at the MH, there was an average 43 % reduction in fan runtime
across the three cities for the three RT control strategies. At the NZERTF, the average fan
runtime reduction was only 2 %. The reduction was greater in the MH because it is leakier
and subsequently, infiltration-alone could fulfill the ventilation requirement more of the time.
In the tighter NZERTF, the Ventrr.pB strategy shows a greater reduction in fan runtime
compared with the Ventrt.q strategy due to the CONTAM; pg model estimating a higher
average infiltration than the CONTAMg4 model. At the NZERTF, the CONTAMRr-E model
predicted the lowest infiltration rate, thus the fan needed to run continuously under the
Ventrr.k strategy and there was no reduction in fan runtime. The fan runtime reduction varied
from 1 % to 63 % across all RT ventilation control strategies, cities and houses, and so all
control strategies provided some level of energy savings as compared with the Ventcont
strategy.
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Fig. 16. Percentage reduction in fan runtime for RT control strategies at (a) MH and (b)
NZERTF in three cities compared with Ventcon Strategy.

Fig. 17 shows the cost difference of implementing each RT ventilation control strategy
compared with the Ventcon: strategy for fan-sizing Scenario 1. The cost differences are
calculated for both test houses, in each city, and split into to the differences resulting from (1)
conditioning the MV air, (2) operating the MV fan, and (3) conditioning the infiltration air.
Fig. 17 shows that for the Ventrrq strategy (both homes, all cities), there are no savings from
conditioning the infiltration air because the infiltration used in the Ventcont and Ventrr g
strategies were both from the CONTAMg model. In all RT ventilation strategies, the smallest
savings came from reducing the MV fan operation. There was also a trend that in the coldest
city of those studied, i.e., Chicago, the total energy (operation and conditioning) cost savings
was the greatest.

At the MH (Fig. 17a), the RT ventilation strategies predicted savings from conditioning the
infiltration air that were greater than the savings from conditioning the MV air, except in
Atlanta. In Atlanta, the savings from conditioning the MV air were about the same as the
savings from conditioning the infiltration air. Of the three RT ventilation strategies and
across the three cities, the total annual energy cost savings at the MH ranged from $36 to $98
(average = $57). For Scenario 2, when the fan flow rate was limited to be less than or equal
to QOrn,62.2, the total energy savings increased to $42 to $109 (average = $67) a year across the
three cities at the MH.

At the NZERTF (Fig. 17b), the Ventrr,pB strategy showed an increase in energy cost required
to condition infiltration air in all three cities when compared with conditioning the infiltration
air supplied by CONTAMg in the Ventcon strategy. This is due to the modeled infiltration of
the CONTAM; ps model being greater than the CONTAMy infiltration rates. Nevertheless,
the increase in energy cost was offset by the savings in MV fan operation and in conditioning
the MV air. For the three RT ventilation strategies, the total annual energy cost savings at the
NZERTF ranged from $44 to $113 (average = $78) for Scenario 1. For Scenario 2, when the
fan flow rate was limited to be less than or equal to QOrn2.2, the range of total energy cost
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savings increased very little to $47 to $114 (average = $80). This change is small because the
ASHRAE Standard 62.2-2016 fan flow requirement is higher for the NZERTF compared
with the MH, and when limits were placed on Qgnrr, it affected the NZERTF less because
the average predicted fan flow rate was already closer to Ofan,e2.2 at the NZERTF.
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Fig. 17. Energy cost difference for fan-sizing Scenario 1 at (a) MH and (b) NZERTF.

It should be noted that the cost to condition the infiltration air predicted by the three
CONTAM models was 2 to 5 times higher than the cost to condition the infiltration rate
based on the ASHRAE Standard 62.2-2016 infiltration credit throughout the year. As
discussed in Sec. 5.1, this is due to the fact that the average predicted infiltration was higher
than the ASHRAE Standard 62.2-2016 infiltration credit in both test houses and in all the
cities studied.

6. Discussion and Limitations

In this study, the authors studied the performance of RT ventilation control strategies using
detailed and simplified CONTAM models to predict hourly infiltration rates and
incorporating them into a theoretical controller. Four ventilation control strategies were
evaluated at the MH and NZERTF, three of which were RT control strategies using results of
different CONTAM models for estimating infiltration.
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When using CONTAM models to predict RT infiltration for fan-sizing under Scenario 1, as
opposed to assuming a constant infiltration rate, we found an average 29 % reduction in the
average MV airflow compared with the requirement in ASHRAE Standard 62.2.-2016 for the
two test houses and three cities studied. This was when fan-off flow rates were also included
in the average. When fan-off flow rates were excluded from the average, the reduction in MV
across the two test houses and three cities was 6 %. In Scenario 2, when the fan flow rate was
limited to the requirement in the standard, there was an average reduction of 39 % in the
average MV airflow compared with the standard’s requirement. However, the greater
reduction in MV flow increased the number of unmet ventilation hours to over 2000 h (or 88
days) under Scenario 2. For all RT control strategies and in all cities, reducing the average
MYV airflow did not increase annual relative exposure above the limits in the standard. The
RT control strategies resulted in an average annual savings of $68 across both test houses and
three cities for Scenario 1. For Scenario 2, the average annual savings was $73. While the
savings in an individual home may not seem large, across a larger community of homes, the
total savings would be more substantial.

Each of the RT ventilation control strategies had advantages and disadvantages. The Ventrr,a
strategy used infiltration rates from a verified, detailed CONTAM model of the house.
However, developing and verifying the detailed model required expertise and time. Both the
Ventrt,pB and Ventrte control strategies used infiltration rates from a single-zone model,
requiring only the building height, volume, a weather file, orientation, and exterior envelope
leakage area. Many of these could be obtained from the homeowner or estimated from other
data sources such as satellite imagery. Note that the real-time weather needed for RT
ventilation control is currently available via a range of mechanisms and is are already applied
in many smart thermostats.

The advantage of the Ventrr,p control strategy is that no measurements are required to
obtain the exterior envelope leakage area. This control strategy utilizes existing leakage-area
correlations, with the inputs including year of construction and foundation type. While
LBNL’s database for these correlations includes 147,000 homes, there were very few homes
that were high-performance homes like the NZERTF. Thus, tighter homes using the
Ventrt,pB control strategy may overestimate infiltration rates when compared with the
Ventrr,q control strategy. The Ventrrg control strategy did require measurements. However,
it used existing kitchen exhaust fans, which is simpler than blower door testing, but also
required differential pressure transducers that are accurate at low pressures. While the use of
differential pressure transducers requires a measurement across the building envelope (e.g.,
through a window opening), it is only required for the duration of the exhaust fan tests.

7. Future work

Additional measurement and simulation exercises would be useful to achieve a better
understanding of the performance of RT ventilation controllers using infiltration rates
estimates. In particular, the test houses are examples of particularly tight and leaky
construction; it would be useful to evaluate homes that are more typical in terms of envelope
airtightness. The analyses also assumed that the MV system was balanced. However, other
types of ventilation systems should be evaluated, such as exhaust-only, supply-only, and
those integrated with the heating/cooling system.
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Estimating envelope leakage from an exhaust fan test shows promise when a full blower-
door test is not the preferred option. The exhaust fan tests conducted in this study yielded
reasonable results at both the MH and NZERTF, but more homes should be tested to see how
the results compare to standard blower doors tests. Based on additional tests, it may be
possible to develop a standardized test procedure for local exhaust fan airtightness tests for
residential buildings.

When evaluating the impacts of outdoor air ventilation on energy, only sensible heat was
considered in this study. The impact of latent heat load on a home, especially in summer,
needs to be considered, particularly for cities like Atlanta, where the latent load could exceed
the sensible load. For this type of analysis, a coupled airflow-energy model is ideal, such as
the CONTAM-EnergyPlus model used here [26, 40].

The simplified CONTAM model used in two of the RT ventilation control strategies was
created manually. Automating the process and embedding it onto a microprocessor for
integration into HVAC equipment control could greatly facilitate the application of RT
ventilation control. Other capabilities could also be added to the microprocessor, such as
collecting weather data, outdoor air quality and user inputs about a home to further facilitate
the application of real-time ventilation control strategies.

There may also be methods to estimate real-time infiltration that would not rely on a
CONTAM model, such as regression models, artificial intelligence, or a combination of
CONTAM simulations and data-driven models. These approaches would require more
measurements to be taken in more houses and in more locations. There are also other models
of infiltration, such as the AIM-2 [9] that can be used to estimate infiltration and may be
easier to program into a controller than CONTAM.

This study evaluated occupant exposure using a uniformly-distributed, constant and generic
contaminant source as outlined in ASHRAE Standard 62.2-2016. In reality, airborne
contaminant sources exhibit spatial and temporal variation, and have very different health
and comfort impacts on building occupants. With the increased availability of consumer-
grade air monitors and the continual improvement in their measurement accuracy, it may be
possible to implement ventilation control that is more responsive to individual indoor
environments and to the occupants’ unique health and comfort needs and preferences.

8. Conclusions

Outdoor air ventilation rates specified in ASHRAE Standard 62.2-2016 account for
infiltration using a single, constant value. However, infiltration rates vary significantly with
ventilation system operation, weather, and indoor conditions in accordance with known
physical relationships. Thus, a single assumed or measured infiltration rate may not be
appropriate when determining whether the total outdoor air ventilation rate requirement is
met throughout the year. The authors proposed the use of CONTAM airflow models to
determine real-time infiltration rates, which could then be passed to an RT ventilation system
controller to reduce or eliminate MV when the infiltration is greater than the credit assigned
per ASHRAE Standard 62.2-2016. The method was evaluated for two test houses on the
NIST campus in Gaithersburg, MD, USA. The implementation of the theoretical controller
resulted in predicted annual energy cost savings ranging from $36 to $98 (average = $57) in
the MH and $44 to $113 (average = $78) in the NZERTF. These savings were realized
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without a significant increase in annual occupant exposure to a simple, generic contaminant,
relative to ventilating continuously at a single rate. In many cases, the annual occupant
exposure improved with RT ventilation control.
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