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ABSTRACT

In 2003, ASHRAE approved the nation’s first residential ventilation standard, ANSI/ASHRAE Standard 62.2-2004, Venti-
lation and Acceptable Indoor Air Quality in Low-Rise Residential Buildings. Because meeting this standard can significantly
change the ventilation rate in residences, there is concern about how these changes may impact humidity. This paper examines
the effects of Standard 62.2 levels of ventilation on humidity in typical newly constructed residences (whose thermal envelopes
conform to the International Energy Conservation Code). Four different systems were simulated in six climates of varying outdoor
humidity characteristics in Charlotte, Houston, Kansas City, Seattle, Minneapolis, and Phoenix. In order to capture moisture-
related HVAC system operation, such as the lack of dehumidification from typical air-conditioning systems at the beginning of
each cycle, we developed a simulation tool that operates on a minute-by-minute basis and utilizes a dynamic model of air condi-
tioner performance. The simulations also include the effects of internal generation. Dehumidification typical of most houses is
provided by the operation of cooling equipment that is controlled by temperature rather than humidity. The results show that
although Standard 62.2-compliant ventilation systems increase average indoor humidity in hot, humid climates, the number of
high humidity events is unchanged. In less humid climates, Standard 62.2-compliant ventilation systems do not significantly affect
indoor humidity. Other factors, such as occupant density, climate, and air-conditioner operation, are more significant factors in
determining indoor humidity.

INTRODUCTION

ANSI/ASHRAE Standard 62.1-2004, Ventilation for
Acceptable Indoor Air Quality (ASHRAE 2007) (for nonres-
idential buildings) and ANSI/ASHRAE Standard 62.2-2004,
Ventilation and Acceptable Indoor Air Quality in Low-Rise
Residential Buildings (ASHRAE 2007) are becoming the
standards of care for ventilation system design. These stan-
dards are increasingly referenced in building energy and
indoor air quality (IAQ) codes, particularly in residences that
are the focus of this study. The impact of adopting Standard
62.2 ventilation rates on energy use is documented elsewhere
(Walker and Sherman 2006a, 2006b). In this paper, we will
focus on the moisture impact of providing Standard 62.2-
compliant ventilation. In cold, dry winter climates, humidities
can be low enough that internal generation by occupants and

their activities is insufficient to maintain comfortable indoor
humidity levels. Low humidities can lead to health problems
related to asthma, dry skin, and mucous membranes, and can
cause electric shock from static electricity, which is unpleas-
ant for humans and can damage electrical equipment. In most
climates where this is a severe problem, it is common to
humidify houses to maintain comfort and reduce electrical
hazards. What is currently of more concern in the building
industry is the effect of ventilation at high humidity levels. In
hot, humid climates, failure to properly consider moisture
balances and the attendant latent loads can lead to discomfort
or moisture-related problems such as mold. 

For most residences, dehumidification occurs in the course
of conventional air conditioning. In some cases, room dehumid-
ifiers are used for problem areas, such as basements, but they do
not directly dehumidify the whole house. Therefore, the
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amount of dehumidification available depends on the sensible
load met by the air-conditioning system. As new construction
improves the thermal envelope of houses, the sensible load on
air-conditioning systems decreases, as does the level of inci-
dental dehumidification. Since the latent load is not decreasing,
the potential for humidity levels to be too high increases.

This study used detailed simulation tools to explore the
indoor humidity levels generated in International Energy
Conservation Code (IECC) compliant new homes by ventila-
tion systems providing the Standard 62.2 minimum airflow
rates. The simulation tools used standard engineering heat and
mass transfer relationships, many of which were used in previ-
ous studies. For example, Miller (1984) showed the impor-
tance of coil moisture tracking and interior moisture storage
using calculation methods similar to those employed in this
study. The key differences are that the current study used more
sophisticated models of ventilation and coil moisture and had
a complete airflow and a combined thermal model of the house
and HVAC system. Trowbridge et al. (1994) specifically
looked at the importance of changing ventilation rates, but
they chose two fixed rates and also had no HVAC system
model. In both of these studies, the modeling was limited to
short time periods, and no effort was made to examine indoor
humidity over a full year. However, the results in terms of
peak, mean, and diurnal swing for indoor relative humidity
(RH) are essentially the same (a direct comparison is not valid
due to the many differences between the calculations) as the
results of this study.

The objectives of this study were to determine the range
of indoor humidity and occurrence of high humidity levels for
Standard 62.2-complaint ventilation. In addition, information
on the impact of applying Standard 62.2 minimum ventilation
rates is provided that is essential to informed debate on this
issue within the buildings community.

MOISTURE BALANCE

The moisture balance for a home depends on sources of
moisture (both internal and external), moisture removal
(either by ventilation or operation of cooling equipment),
and moisture storage in the house and its contents. A mass-
balance moisture model was used in this study to determine
the moisture content of air in four locations: indoor air, attic
air, supply ducts, and return ducts. A storage term was
included for the indoor air that accounts for the interaction
with interior moisture-absorbing surfaces, such as wallboard
and furnishings. A model of the cooling coil tracked mois-
ture deposited during air-conditioner operation. This model
allowed for moisture remaining on the coil to be re-evapo-
rated when the blower operated with the cooling off and
allowed for the transient in moisture removal at the begin-
ning of a cooling cycle. 

Internal Moisture Sources

The sources of internal moisture production are relatively
well known, at least qualitatively. Respiration and perspiration

come directly from human occupants, and their magnitude
depends on the number of occupants and their activity levels.
Occupant water usage during activities such as cooking, bath-
ing, and washing also produces substantial amounts of indoor
moisture, and the result of occupant activities and the quanti-
ties of moisture generated by these activities vary widely.
Plants, pets, unvented combustion, and other things (e.g.,
aquariums) common in homes also produce moisture in signif-
icant amounts. In new homes, moisture problems often occur
in the first couple of years due to construction moisture from
sources such as drying concrete, materials that were wetted
during construction (e.g., due to rain), or high moisture
content lumber. Moisture from damp crawlspaces or leaking
basement walls can also contribute significantly to indoor
moisture. Because the magnitudes of all these sources vary
over a large range, the internal moisture generated by combi-
nations of these sources can easily vary by a factor of ten for
any given home. 

In this study we focused on the occupant-related mois-
ture. Several sources of information on estimating the magni-
tude of internal moisture generation rates were examined to
determine some reasonable estimates for the magnitude of
occupant-related moisture sources:

• The very first Canadian Building Digest
(Hutcheon 1960) gave 17 lb/day (7.7 kg/day)
plus 2 lb/hour (1 kg/h) on washdays.

• An NRCan report (Quirouette 1983) gave 2.75 lb/day
(1.25 L/day) per person or 11 lb/day (5 L/day) total for
four people to account for respiration and perspiration.
Other activities added about 5.3 lb/day (2.4 L/day) for a
total of 16.3 lb/day (7.4 L/day).

• Canadian Building Digest 231, Moisture Prob-
lems in Houses (Hansen 1984) gave a tabular
breakdown for various activities (although some,
such as floor mopping, seem to be rare events).
The key cause is humans, which produce 0.4 lb/h
(0.18 kg/h) or 9.5 lb/day (4.3 kg/day). This is
equivalent to 38 lb/day (17.2 kg/day) for four peo-
ple.

• The ASHRAE Humidity Control Design Guide
(ASHRAE 2001) gives generation rates per person from
respiration of only about 0.22 lb/h (0.1 kg/h) or 21 lb/
day (9.5 kg/day) for a family of four. 

• Christian (1993) gave a more detailed discussion than
the above references and summarized moisture genera-
tion for a typical home to be 12.1 lb/day (5.5 L/day) for
occupants, 25.8 lb/day (11.7 L/day) for occupants com-
bined with other sources, and 42 lb/day (20 L/day) for a
new house with a basement due to concrete drying.

• ASTM Manual 18: Moisture Control in Buildings, Chap-
ter 8, “Moisture Sources” (ASTM 1994) gives values of
14 to 15 lb/day (6 to 7 kg/day), which matches the pro-
posed new ASHRAE Standard 160, Design Criteria for
Moisture Control in Buildings, (ASHRAE n.d.) for two
adults. 
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• In an assessment of moisture impact of ventilation,
Moyer et al. (2004) used 0.4 lb/h (0.2 kg/h) plus an addi-
tional 0.4 lb/h (0.2 kg/h) in the evening.

• Proposed ASHRAE Standard 160 used the data in the
above references as well as the experience of the stan-
dard committee members to come up with a reasonable
compromise for typical generation rates of 30.4 lb/day
(13.8 kg/day) for a family of four (using Table 2.8 in the
draft standard).

• The National Institute of Standards and Technology
(Emmerich et al. 2005) shows that 8.8 lb/day (4 kg/day)
is generated by bathing, cooking, and dishwashing for a
family of four. 

For this study we used the data from the draft Proposed
ASHRAE Standard 160 and also assumed that exhaust fans
operating in bathrooms and kitchens directly exhaust the
bathing, cooking, and dishwashing moisture, so this mois-
ture needs to be subtracted from the total generation rate.
Subtracting the NIST values of 8.8 lb/day (4 kg/day) from
the 30.4 lb/day (13.8 kg/day) in the draft Standard 160P
results in 21.6 lb/day (9.8 kg/day) of moisture generation.
To account for occupancy (or in this case lack of occu-
pancy), we further assumed that the house was only occu-
pied for two-thirds of the day so that the final generation
rate was 14.4 lb/day (6.5 kg/day). A constant generation
rate was used where the daily generation rate was the same
for every minute of the simulation.

External Moisture Sources

The only external moisture source considered here was
that contained in air that infiltrates or is brought in through the
ventilation system.1 The moisture content of this air depends
strongly on geographical location, time of year, and local
weather. There is a large range of outdoor air moisture content
from essentially zero in cold climates in the winter to a maxi-
mum of about 0.02 lbH2O/lbair (0.02 kgH2O/kgair) in humid
climates. In this study, we used the measured outdoor air
humidity in weather data files as input to the model.

Internal Removal Mechanisms

In residences, moisture is removed from indoors by cool-
ing the air below the dew point and draining away the resulting
condensation either in a dehumidifier or more commonly in an
air conditioner that is operating to cool the house. Other mois-
ture removal mechanisms (e.g., desiccants) could also be used
but are currently not readily available in a suitable form for
residential applications, and many are energy intensive (e.g.,
recharging of desiccants). In this study, there is no dehumidi-
fier operation, and moisture is removed by air-conditioner
operation. The quantity of moisture removal depends on the

return-air humidity and temperature together with operation
of the air conditioner.

In the simulations, moisture removal by the air-conditioner
operation used estimates of latent capacity that include both
steady-state and dynamic operation combined with a model of
the coil that tracks the quantity of moisture on the coil, sets an
upper limit to the amount of moisture on the coil, and sets
condensation and evaporation rates that determine the mass
fluxes to and from the coil.

The mass flux of moisture onto the coil depends on the
latent capacity. The simulations calculated total capacity and
energy efficiency ratio (EER) as functions of outdoor temper-
ature, air-handler flow, and refrigerant charge. The latent
capacity was calculated using the estimate of total capacity
and sensible heat ratio (SHR). The SHR was based on the
humidity ratio (hr) of air entering the coil, and the following
empirical correlation between SHR and hr was developed
based on laboratory data (Farzad and O’Neal 1988a, 1988b;
Rodriguez 1995; O’Neal et al. 1989) as well as data published
by air-conditioner manufacturers. The SHR is unity up to a
lower limit of about 25% RH and decreases linearly to a limit
of 0.25 at about 90% indoor RH. 

(1)

At the beginning of each air-conditioner cycle, the system
took three minutes to ramp up to full latent capacity and the
SHR was adjusted accordingly. Based on work by Henderson
and Rengaharan (1996), we used a linear increase from zero to
full latent capacity over the first three minutes of each air-
conditioning cycle. Because many of the simulations for this
study included blower fan operation with no cooling, the latent
model separated condensing and evaporating components,
with the total mass of moisture on the coil tracked on a minute-
by-minute basis by the simulations. Condensation occurred
when the cooling system operated, and evaporation occurred
when the coil was wet. Because the SHR was the net of
condensation and evaporation, the moisture removal from the
air to the coil during air-conditioner operation ( ) was
calculated using Equation 2:

(2)

where  was the total system capacity and  was the
latent heat of condensation/evaporation. Equation 2 gives the
mass transfer rate of moisture onto the coil, which accumu-
lated until the coil was saturated. This accumulation had a
limit ( ) of 0.66 lb/rated ton (0.3 kg/rated ton) of moisture
based on the work in Henderson (1998) and Henderson and
Rengarahan (1996). For a three-ton system, 2 lb (0.9kg) of
moisture could be stored on the coil. Once this quantity of
moisture was on the coil, any further mass transport of mois-
ture to the coil left the system and was the latent removal used
in the moisture mass balance.   

1.  Liquid moisture sources, such as those from rain penetration, improper drainage, and plumbing leaks can be very important in understanding
moisture problems, but are not part of this analysis.

SHR 1 50 hr 0.005–( )–=
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When the blower fan was running without air condition-
ing, any previously condensed mass on the coil was evapo-
rated. The evaporation rate was estimated based on a coil
taking thirty minutes to dry (also based on the results in Hend-
erson [1998] and Henderson and Rengarahan [1996]). The
evaporation rate ( ) was given by the following equation:

(3)

This evaporation rate was maintained until there was no mois-
ture remaining on the coil or the blower fan was turned off.

External Removal Mechanisms

Air exchange acts as an external removal mechanism
whenever the outdoor humidity is lower than the humidity of
the air being exhausted. This is almost always true for bath and
kitchen exhaust flows. In cold or dry climates, this is almost
always true for any indoor air. Even in many hot, humid
climates, indoor air has a higher humidity than outdoor air for
a considerable part of the year. Walker and Sherman (2006b)
discuss this issue in more detail.

Moisture Storage

For moisture storage, a mass transport coefficient and
total mass storage capacity were used that were determined
empirically by comparing predicted humidity variation to
measured field data in houses (Rudd and Henderson 2006;
Building Science Corporation 2006). Both coefficients scale
with house size (floor area): the total mass capacity for storage
was 12.3 lb/ft2 (60 kg/m2) of floor area and the mass transport
coefficient was 0.0006lb/s·ft2 (0.003kg/s·m2). The resulting
damping in indoor air moisture variability is close to the
empirical formulation in the Environmental Protection
Agency’s (EPA 2001) indoor humidity assessment tool, which
uses a capacitance term to allow only 5% to 10% of moisture
flow inside into the air and assumes the other 90% to 95% is
absorbed by building contents. 

SIMULATIONS

We adapted an existing tool that has been used in several
previous studies (Walker et al. 1999, 2001, 2004) to simulate
minute-by-minute operation. The simulations allow complex
HVAC controls to be included, for example furnace blower
cycling devices that operate on subhourly schedules. Also, it
allows the tracking of indoor-outdoor humidity differences
that do not appear in long-term averages.2 The simulation tool
is called REGCAP and is capable of simulating minute-by-
minute HVAC system operation as well as performing a heat
and mass balance on the house and HVAC system. A key
aspect of REGCAP is that it explicitly includes all of the
HVAC system-related airflows, including duct leakage and
registers. The airflows include the effects of weather and leak

location, and the interactions of HVAC system flows with
house and attic envelopes. These airflow interactions are
particularly important because the airflows associated with
ventilation systems (including duct leakage) significantly
affect the pressure differences that drive natural infiltration in
houses. REGCAP also includes models of air-conditioner
performance that include the effects of coil airflows and
indoor and outdoor air temperature and humidity. REGCAP
has been validated in several previous studies. The attic venti-
lation models were evaluated by Forest and Walker (1992,
1993a, 1993b), Walker (1993) and Walker et al. (2004). The
thermal distribution system interactions were evaluated by
Siegel (1999), Walker et al. (1999), Siegel at el. (2000), Walker
et al. (2001), and Walker et al. (2002). All of the verification
shows a similar pattern. Specifically, the house and attic
temperatures are predicted within 1°C (<3% average absolute
difference in temperature for the house and <2% for the attic).
The duct supply and return temperatures are both predicted
very closely (within 0.5°C or 4% average absolute difference
from the measured temperatures) when the air handler is on.
When the air handler is off, REGCAP does not do as well at
predicting duct temperatures, as it does not account for flows
between different zones in the house or possible thermosiphon
flows. The equipment model predicts energy consumption and
capacity very closely (within 4% of measured capacity). 

Weather Data

Six locations were used that cover the major US climate
zones: Houston (2A), Phoenix (2B), Charlotte (3A), Kansas
City (4A), Seattle (4C), and Minneapolis (6A). Typical mete-
orological hourly data files (TMY2) were used that were
converted to minute-by-minute format by linear interpolation.
The simulations also used location data (altitude and latitude)
in solar radiation and air density calculations. The required
weather data for the simulations were direct solar radiation,
total horizontal solar radiation, dry-bulb temperature, humid-
ity ratio, wind speed, wind direction, and barometric pressure. 

Houses to Be Simulated

Three house sizes were simulated to examine the implicit
effect of occupant density in the Standard 62.2 requirements:
small (1000 ft2 [93 m2], two-bedroom, one-story), medium
(2000 ft2 [186 m2], three-bedroom, two-story), and large
(4000 ft2 [372 m2], five-bedroom, two-story). For most of the
simulations, the medium-sized house was used, and for a few
select cases for the most common ventilation systems, smaller
and larger houses were simulated. The houses met current
International Energy Conservation Code (ICC 2005) envelope
requirements (primarily envelope insulation and window U-
factor and solar heat gain coefficient). The exterior surface
area for wall insulation scaled with floor area and number of
stories and was set to 1.54 times the floor area for two-story

2.  For example, consider the case with no internal moisture generation. Over a year (ignoring dehumidification), we expect to have the same
indoor and outdoor humidity; however, over shorter periods, as outdoor conditions change, it can be drier indoors or more humid indoors. 

mevap
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buildings and 1.22 times the floor area for one-story buildings.
These values were taken from averages of several thousand
new Building America homes. Window area was 18% of floor
area with windows equally distributed in walls facing in the
four cardinal directions.

ANSI/ASHRAE Standard 62.2
Mechanical Ventilation Systems 

The ventilation systems were sized to meet the minimum
requirements of Standard 62.2 using Equation 4.1a and 4.1b of
Standard 62.2:

(4)

where  is the floor are of the house,  is the number of
bedrooms, and +1 is the number of occupants. The airflows
for the three house sizes were as follows:

• Small (3 occupants) ⇒ 32.5 cfm (15.2 L/s)
• Medium (4 occupants) ⇒ 50 cfm (23.3 L/s)
• Large (6 occupants) ⇒ 85 cfm (39.6 L/s)

Infiltration Credit for Leaky Homes

Two levels of envelope leakage were examined. For most
of the simulations, the building envelope tightness was based
on the LBNL air leakage database for new construction (Sher-
man and Matson [2002]) where the typical normalized leakage
is NL = 0.3 (or about 5.8 ach at 50 Pa). For one case, the enve-
lope leakage was increased to represent an older more leaky
house. For this case the infiltration credit assumptions laid out
in Section 4.1.3 of Standard 62.2 were used to determine the
envelope leakage using the weather factors from ANSI/
ASHRAE Standard 136-2006, A Method of Determining Air
Change Rates in Detached Dwellings (ASHRAE 1993) and
the airflow requirements from Section 4.1.3.of Standard 62.2:

(5)

This resulted in a different envelope leakage in each
climate for each house size.    

Heating and Cooling Equipment

Equipment sizing was based on ACCA Manual J, HVAC
Residential Load Calculation and ACCA Manual S, Residen-
tial Heating and Cooling Equipment Selection (ACCA 1986a,
1986b). Equipment sizing is most important when considering
systems that use the central air handler to distribute ventilation
air, because the power requirements of the air distribution
blower depend on the equipment capacity. The heating was

supplied by a standard 78% annual fuel utilizaton efficiency
(AFUE) gas furnace. For cooling, a standard energy efficiency
ratio (EER) 11 (seasonal energy efficiency ratio [SEER] 13)
split system air conditioner was used. All systems had correct
air-handler flow and refrigerant charge. The HVAC system was
located in the attic for houses in Houston, Phoenix, Charlotte,
and Seattle, and in the basement in Kansas City and Minneap-
olis. 

The duct leakage was 5%, split with 3% supply leakage
and 2% return leakage. For the basement houses in Kansas
City and Minneapolis, the leakage was 1.5% supply and 1%
return, as it was assumed that the basements were inside condi-
tioned space and half the ducts were in the basement. This
level of leakage is significantly lower than typical new
construction; however, we decided to use these values in this
study because sealed ducts are a requirement in the IECC code
and should be a requirement for ducts used for ventilation. 

Operation of the heating and cooling equipment used the
set-up and set-back thermostat settings. For heating, the
setpoint was 70°F (21°C) from 8 a.m. to 11 p.m. and 68°F
(20°F) the rest of the time. For cooling, the setpoint was 78°F
(25.5°C) from 8 a.m. to 4 p.m. and 76°F (24.5°F) the rest of the
time. On weekends, the cooling setpoint was not set up to 78°F
(25.5 °C) and remained at 76°F (24.5 °C). The dead band for
the thermostat was 1°F (0.5°C). Heating and cooling were
available every minute of the year, and the operation of heating
and cooling equipment is solely decided by the indoor temper-
ature compared to the thermostat settings. 

Moisture removal by air-conditioner operation used esti-
mates of latent capacity that account for dynamic operation.
The model of the coil tracks the quantity of moisture on the
coil, sets an upper limit to the amount of moisture on the coil,
and sets condensation and evaporation rates that determine the
moisture transport rates to and from the coil. 

VENTILATION TECHNOLOGIES SIMULATED 

Two Standard 62.2 mechanical ventilation systems were
examined. The first has a continuously operating exhaust fan
and the second is a heat recovery ventilator (HRV) or energy
recovery ventilator (ERV), depending on climate. The fan
power for each mechanical ventilation system was determined
by finding fans of the appropriate airflow and sone require-
ment in the Certified Home Ventilating Product Directory
(HVI 2005). For reference, two houses without Standard 62.2-
compliant mechanical ventilation were simulated. The base
case house had the same envelope leakage as the Standard 62.2
mechanically ventilated cases. The second was a house with a
leaky envelope that was more like older US construction and
was sufficiently leaky to meet Standard 62.2 without mechan-
ical ventilation. An additional ten ventilation systems were
simulated as part of this study (Walker and Sherman 2006a)
but all the Standard 62.2-compliant systems gave nearly iden-
tical results. 

Q cfm( ) 0.01Afloor ft2( ) 7.5 N 1+( )+=

Q L/s( ) 0.05Afloor m2( ) 3.5 N 1+( )+=

Afloor N

N

ASHRAE Standard 136 airflow 2 Q (from Equation 4)×=

+ 2 cfm/100 ft
2
 floor area 2 Q (from Equation 4)×=

 + 10 L/s/100 m
2
 floor area
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System 1: Standard House (No Whole-House 
Mechanical Ventilation)

This is the base case for comparison to the other ventila-
tion methods and was simulated for all six climates and three
house sizes. This was the same house as the mechanically
ventilated cases, except it had no whole-house mechanical
ventilation, only bathroom and kitchen source control exhaust.
This house was not Standard 62.2 compliant.

System 2: Leaky Envelope

This is the base case for existing homes and was simulated
for all six climates and three house sizes. This house is Stan-
dard 62.2 compliant because of its leaky envelope.

System 3: Continuous Exhaust

Continuous exhaust was simulated using a bathroom
exhaust fan. For the small, medium, and large houses, the fan
power requirements were 13.1, 18.1, and 20.5 W.

System 4: Heat Recovery Ventilator (HRV) and 
Energy Recovery Ventilator (ERV)

An HRV was used in the medium house for Minneapolis,
Seattle, Kansas City, and Phoenix. Houston and Charlotte
used ERVs. They were connected to the forced-air duct system
and the air-handler fan operated at the same time to distribute
the air. The lowest airflow HRV/ERVs in the HVI Directory
(HVI 2005) had airflows of 138 cfm (65 L/s), so this airflow
was used in the simulations. In order to match the Standard
62.2 required airflow rates, the HRVs and ERVs operated for
21 minutes out of each hour. HVI-listed recovery efficiencies
were applied to the airflow through the HRV when calculating
the energy use. For these simulations, the apparent sensible
effectiveness (ASE) was used to determine the temperature of
air supplied to the house. The HRV fans used 124 W and had
an ASE of 70%. The ERV fans used 126 W, had an ASE of
68%, total recovery efficiency of 45%, and latent recovery of
36% when cooling. 

Source Control Ventilation

In addition to the specific technologies that meet
Standard 62.2, occasional intermittent operation of
kitchen and bathroom fans was included for all simula-
tions. Bathroom fans operated for half an hour every
morning from 7:30 to 8:00 a.m. These bathroom fans were
sized to meet the Standard 62.2 requirements for intermit-

tent bathroom fans. From Table 5.1 in Standard 62.2, this
was 50 cfm (25 L/s) per bathroom. For houses with multi-
ple bathrooms, the bathroom fans operated at the same
time so the medium house had a total of 100 cfm (50 L/s)
and the large house had a total of 150 cfm (75 L/s).
Because these fans did not have to meet the low sone
requirements, it was assumed that they performed as aver-
age exhaust fans. Recent field survey data (Chitwood
2006) have shown that these fans use 0.9 cfm/W, (i.e., 55
W) for each 50 cfm fan. Note that this is significantly more
power than was used by the high efficiency ventilation
fans in System 3. Similarly, all simulations had kitchen
fan operation. Based on input from Standard 62.2,
members, and other experts, the kitchen fans operated for
one hour per day from 5 to 6 p.m. These kitchen fans were
sized to meet the Standard 62.2 requirements for intermit-
tent kitchen fans. From Table 5.1 in Standard 62.2, this
was 100 cfm (50 L/s). Unfortunately, very few of the
kitchen fans in the HVI Directory (HVI 2005) had power
consumption information. The smallest of those that did
had a flow rate of 160 cfm, and used 99W, so this was used
in the simulations.

Additional 62.2 Requirements

All the fans used to provide mechanical ventilation were
selected from the HVI Directory (HVI 2005) to meet the sound
and installation requirements of Standard 62.2. From an
energy use perspective, the main effect was that fans that met
the one-sone requirement for continuous operation and three
sones for intermittent operation tended to be energy efficient
fans that also had power ratings in the HVI Directory.

RESULTS

The results presented here are for the medium sized house
unless stated otherwise. 

Air Change Rate

Table 1 summarizes the annual average air change rates in
air changes per hour (ach) for all the medium house simula-
tions. The standard house with no mechanical ventilation had
significantly lower air change rates by about 0.1 ach. The
continuous exhaust fan (System 2) had the lower ventilation
rates compared to the HRV/ERV. This was due to the nonlinear
nature of exhaust (or supply) fan interaction with natural infil-
tration. The highest exchange rates were provided by the

Table 1.  Summary of Annual Average Air Change Rates (ach) for the Medium House

System Houston Phoenix Charlotte Kansas City Seattle Minneapolis

1 0.18 0.18 0.20 0.24 0.24 0.29

2 0.28 0.31 0.34 0.39 0.38 0.42

3 0.29 0.30 0.29 0.32 0.30 0.36

4 0.38 0.39 0.39 0.43 0.43 0.47
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balanced HRVs and ERVs with their higher fan flows, and the
balanced airflows simply added to the natural infiltration. The
climate-to-climate variability had the general trend from low
ventilation rates to high ventilation rates as the climate became
colder from Houston to Minneapolis.

The small and large houses had greater and smaller ach than
the medium-sized house. Table 2 summarizes the annual average
ach for the standard house and continuous exhaust cases.

To observe the trends in air change rates, the minute-by-
minute airflow data were hourly averaged and used to calcu-
late ach and then put into bins. Figure 1 shows the distribution
of air change rates for Houston. These results show how the
mechanical ventilation systems resulted in a minimum venti-
lation rate equivalent to the fan flow that occurred when there
was little or no natural infiltration. Both the standard and leaky

house had a considerable number of hours of the year below
this low limit. The ERV had a higher low level cut-off and the
highest average due to having the highest airflow rate. In addi-
tion, the ERV is a balanced system that, essentially, adds
linearly with the natural infiltration, unlike supply and exhaust
systems that interact in a subadditive way with natural infil-
tration. The occasional spikes at higher ach were due to inter-
mittent kitchen and bath fan operation.

These general trends were observed for all six climates.
For the cooler climates of Seattle and Minneapolis, there were
greater natural infiltration effects and so the results were more
spread out with more hours at higher ventilation rates, as
shown in Figure 2. With the greater contribution of natural
infiltration, the standard and leaky houses were more like the
mechanically ventilated houses. 

Figure 1 Distribution of ventilation rates for Houston.

Figure 2 Distribution of ventilation rates for Minneapolis.

Table 2.  Comparison of Average Annual ach for Three House Sizes

Small House Medium House Large House

Standard 0.20 0.18 0.16

Continuous exhaust 0.35 0.28 0.25
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Humidity

The results were converted from humidity ratios to rela-
tive humidity for a couple of reasons: (1) for ease of under-
standing by a broader audience and (2) because building
problems such as condensation and mold growth were corre-
lated with RH. In the simulations, the temperatures were
controlled over a narrow range all year so that we did not run
into problems of high RHs due to low air temperatures that
would have resulted in biases in this analysis. In order to
observe the frequency of occurrence of different indoor
humidity levels, the minute-by-minute data were hourly aver-
aged and sorted into bins every 1% of indoor air RH. In addi-
tion to generating distributions of humidity, we looked at
frequency of occurrence of elevated humidities for two differ-
ent levels. ANSI/ASHRAE Standard 55-2004, Thermal Envi-
ronmental Conditions for Human Occupancy, (ASHRAE
2004) is concerned with thermal comfort and sets an upper
limit of a humidity ratio of 0.012 for 80% of the population to
be satisfied. For the results shown here this corresponds to
about 60% RH indoors when cooling is operating. Another
important issue is mold growth where generally higher humid-
ities are required. For mold, the humidity and temperatures (or
condensation) at surfaces are most important rather than the
humidity of indoor air. The two are related, of course; so a
reasonable RH for mold growth is above 70%. Table 3 summa-
rizes the number of hours per year that each system is above
these elevated humidity levels of concern. The climate trends
are as expected, with the dry climates of Phoenix and Seattle
having the fewest high humidity events and Houston the most.
The leaky house generally has fewer high humidity events
than the standard house with the greatest difference in Seattle.

The continuous exhaust relative to the standard house
decreases the number of high humidity events above 70% RH
except in Kansas City, and the ERV/HRV has fewer events
over 70% RH than the other three cases. At the 60% RH limit,
the results change and the continuous exhaust and HRV/ERV
have more high humidity events than the standard house in the
more humid climates. These results indicate that the ERV was
not particularly effective in controlling indoor humidity. If
these houses had dehumidifiers and humidity controls like in
commercial buildings, the ERV would be effective at reducing
the energy required to maintain the indoor humidity.

Figure 3 shows the distribution of RH for the most humid
climate simulated: Houston. The results show that in Houston
the indoor air never has low humidities below 20%, RH and
very rarely has high humidities above 90% RH. On average,
the standard house has the lowest humidity followed by the
leaky house with the Standard 62.2-compliant mechanical
systems providing essentially similar results of higher indoor
humidity.

For Houston, the results show that the leaky house and
ERV have the least time above 70% RH—about 620 hours. The
Standard 62.2 house and continuous exhaust, with 797 and 758
hours, respectively, spends more time above this higher indoor
humidity. This shows that the Standard 62.2 mechanically
ventilated house has about the same amount of time at high
humidity as the standard house. The 38 hours less time at high
humidity for the ERV compared to the continuous exhaust is
only about 5% of the number of hours above 70% RH—again
indicating that the ERV is not particularly effective in control-
ling indoor humidity. These high humidity events tend to be of
short duration: the longest period above 70% RH was 46 hours
and the longest period above 80% RH was only 14 hours. The

Table 3.  Summary of Hours Above Elevated Humidity Levels

Standard House Leaky House Continuous Exhaust ERV/HRV

Above 60% RH

Houston 2659 2542 3266 3076

Phoenix 128 40 53 27

Charlotte 1496 1561 1619 1592

Kansas City 1499 1506 1653 1626

Seattle 1532 728 915 529

Minneapolis 1138 1120 1167 988

Above 70% RH

Houston 797 624 758 614

Phoenix 3 0 0 0

Charlotte 338 287 312 262

Kansas City 222 224 240 168

Seattle 195 57 68 15

Minneapolis 258 226 219 155
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high humidities tend to occur when sensible loads are low and
the air conditioner does not operate so that there is no dehu-
midification. For the hours above 70% RH, the average outdoor
temperature was 62°F (17°C) and there was almost no air-
conditioner operation (the average fractional runtime of the air
conditioner is only 0.2%). Figure 4 shows that these high
humidities occur in March, October, and November, and that
during the summer, when the air conditioning operates, the
indoor humidities are typically in the 50% to 60% range.

Figure 5 shows the humidity distribution for Phoenix,
which has a dry climate. The narrow distribution is the result of
the outdoor humidity conditions having low variability. In this
dry climate, the Standard 62.2 mechanically ventilated houses
have less indoor humidity and there is an insignificant number
of hours above 60% RH or 70% RH for any of the systems.

Figure 6 shows the results for Charlotte—a mixed
climate. Because Charlotte experiences a wide range of
weather conditions, the spread of indoor humidity is wider

than for Phoenix or Houston. The results show that the Stan-
dard 62.2 ventilation systems have slightly higher humidity
levels but only by about 100 hours out of the roughly 4200
hours above 50% RH. There are fewer hours (about half)
greater than 70% RH than in Houston due to less extreme
outdoor humidity. Both the continuous exhaust and ERV have
fewer hours above 70% RH (312 and 262 hours, respectively)
compared to 338 hours for the standard house.

Kansas City has a bimodal distribution of indoor
humidity, as shown in Figure 7. The low humidities occur in
winter and high ones in summer, with a distinct separation
of the two weather types; this effect is most extreme for our
Kansas City simulations, but is present in all of them.
Although there is little to choose between the different
cases, the Standard 62.2 systems do have lower winter
humidity and show a sharper separation of winter and
summer conditions. The occurrence of high humidity
(>70%) is almost the same for the Standard 62.2 house,

Figure 3 Distribution of RH for the medium house in Houston.

Figure 4 Hourly indoor RH and temperature together with outdoor temperature for continuous exhaust in Houston.
Buildings X 9



Figure 5 Distribution of RH for the medium house in Phoenix.

Figure 6 Distribution of RH for the medium house in Charlotte.

Figure 7 Distribution of RH for the medium house in Kansas City.
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leaky house, and continuous exhaust (between 220 and 240
hours), and slightly less (168 hours) for the HRV.

Because Seattle has such a dry climate (in terms of humid-
ity rather than rainfall), the extra ventilation provided by the
Standard 62.2-compliant systems resulted in 5% to 10% lower
indoor relative humidity on average than for the standard
house. Like Kansas City, Figure 8 for Seattle shows a bimodal
indoor humidity distribution with low humidity in winter and
higher humidity in summer. The dry outdoor conditions lead
to the Standard 62.2-compliant cases having significantly
fewer hours above 70% RH (15 to 68 hours) compared to the
standard house (195 hours).

The cold winter in Minneapolis leads to more hours when
indoor humidities are low (less than 25%) than the other
climates. The broad, even spread of indoor humidity shown in
Figure 9 reflects the large range of weather experienced by
Minneapolis compared to the other climates. There is very
little to differentiate between the different systems in this
climate other than the Standard 62.2-compliant cases having
fewer hours at high humidity above 70% RH.

During the heating season the humidity levels of concern
depend on issues such as surface condensation and dry air that
can cause problems such as human discomfort and static elec-
tric discharge. For surface condensation, the surface temper-
ature depression relative to the room air determines the air
humidity at which condensation will occur. This depression
depends on climate with colder climates such as Minneapolis
having colder surfaces. All the climates (except Minneapolis
with about 20 hours for each system) had no hours where heat-
ing indoor temperatures were above 80% RH. Only Minneap-
olis had more than 100 hours above 70% RH. The Standard
62.2-compliant systems had fewer hours above 70% RH than
the standard house for heating in Minneapolis. At the other end
of the scale, humidities below 25% were generally more likely
with mechanically ventilated homes and were most likely to
occur for the leaky houses due to high air change rates at low
outdoor temperatures associated with low outdoor humidity.

Effect of Blower Operation for Mixing 

Additional simulations were performed with the central
heating and cooling system blower operated for a minimum of
ten minutes out of every hour. As a result, the annual average ach
increased by 0.01, mostly due to duct leakage effects. The oper-
ation of the blower allowed some of the moisture left on the cool-
ing coil at the end of air-conditioning cycle to be re-evaporated
into the airstream. Generally speaking, the operation of this
blower increased the median humidity by about 2% RH, but had
little impact on high humidity events—because such events
tended to occur when there was no air conditioning operating
and, hence, no condensate to re-evaporate.

Effect of House Size

House size changes the occupant density, with lower
density for a large house. Thus, the amount of moisture gener-
ated for each unit of volume for the house is lower for the large
house, and this results in lower humidities in the large house.
Conversely, the envelope leakage and resulting airflows are
greater per unit of volume for smaller houses so ventilation
rates are proportionally greater. The results indicate that the
occupant density changes had a bigger effect than the envelope
leakage changes. At the higher humidities for the smaller
house in Houston, the extra ventilation provided by the contin-
uous exhaust reduces the high humidity occurrences above
70% RH from 1937 hours to 1404 hours. This is because the
higher indoor moisture level means that outdoor air is less
humid than indoor air and the extra ventilation acts to reduce
indoor moisture. For the large house in Houston, the number
of hours above 70% RH increased from 267 hours to 405 hours
due to adding continuous exhaust because the large house had
typically lower indoor humidity than outdoors at these times.

CONCLUSIONS

The Standard 62.2-compliant systems increase ventila-
tion rates by about 0.1 ach on average, relative to the same

Figure 8 Distribution of relative humidity for the medium house in Seattle.
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house without mechanical ventilation; however, this did not
necessarily lead to significantly higher indoor humidities. The
simulation results show that there are no significant changes in
indoor humidity when adding Standard 62.2-compliant
mechanical ventilation systems except for hot humid climates.
For the hot, humid climate of Houston, Standard 62.2 venti-
lation increased the average RH by about 5% to 10% but
reduced the occurrence of high humidity levels above 70%
RH. This reduction in high humidity levels was observed for
all climates. The higher indoor humidities occur when the air
conditioning does not operate due to low sensible loads and are
all of short duration (less than 48 hours).

The use of an ERV did not change the humidity distri-
bution in a hot, humid climate compared to a continuous
exhaust system.

The operation of the central fan blower for air mixing did
not significantly change the indoor humidity except in Hous-
ton. Blower operation for mixing in Houston increased the
average RH by about 5%, but did not affect extreme values.

Indoor humidities are higher for higher occupant densities.
In Houston, higher occupant densities in small houses require
Standard 62.2 ventilation, which reduces indoor humidity. 

Mechanical ventilation generally reduces the extent of
high humidity events. High humidity events tend to occur when
the sensible demand for cooling is low, and the outdoor air is
mild in temperature, but humid. In such cases, the outdoor air
may actually serve to lower indoor humidity rather than raise
it because the outdoor air is less humid than the indoor air.
Thus, depending on the exact conditions and internal moisture
generation rates, increasing ventilation during the peak indoor
humidity events will help reduce indoor humidity.

There are a couple of important caveats with these results
and conclusions: (1) the results depend on internal moisture
generation, which can vary considerably from house to house
such that individual houses may have very different humidity
levels from those presented here, and (2) although Houston is
considered a hot, humid climate, in south Florida or the tropics

humidity levels may be different due to higher ambient humid-
ity and potentially less air-conditioning operation. 

Future Research Needs

The results presented here suggest several future research
needs:

• Evaluation of dehumidification strategies and the related
performance of ERVs.

• Field measurements to determine typical internal mois-
ture loads for different housing and climate types.

• Simulations to compare different air distribution strategies
for their impact on re-evaporation and moisture control.
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