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ABSTRACT

Energy recovery ventilators offer the prospect of tighter
control over restdential ventilation rates than manual methods,
such as opening windows, with a lesser energy penalty. How-
ever, the appropriate size of such a ventilator is not readily
apparent in most situations. Sizing of energy recovery venti-
lation software was developed to calculate the size of ventilator
necessary to satisfy ASHRAE Standard 62-1989, Ventilation for
Acceptable Air Quality, or a user-specified air exchange rate.
I[nputs to the software include house location, structural charac-
teristics, house operations and energy costs, ventilation charac-
teristics, and HVAC system COP/efficiency. Based on these
inpuls, the program estimates the existing air exchange rate for
the house, the ventilation rate required to meet the ASHRAE
standard or user-specified air exchange rate, the size of the ven-
tilator needed to meet the requirement, and the expected
changes in indoor air quality and energy consumption. An illus-
trative application of the software is provided.

INTRODUCTION

Qccupants of residential dwellings tend to rely primarily on
infiltration for ventilation of the indoor air space. With an in-
creasing emphasis on infiltration reduction as one aspect of
energy conservation, infiltration alone is not always adequate to
dilute humidity, odors, or other indoor contaminants to desired
levels. It is possible to increase ventilation by opening windows,
but the increase in ventilation through such manual methods
cannot be easily controlled and usually carries some energy
penalty. Energy recovery ventilators offer the prospect of tighter
control with a lesser energy penalty. The appropriate size of
such a ventilator, however, is not readily apparent in most situa-
tions, as it can depend on factors such as the size and tightness
of the residence, the number of occupants, local weather pat-
terns, and generally prevailing indoor air guality.

Sizing of energy recovery ventilator software (EPRI 1990)
Wwas developed to calculate the size of ventilator necessary to
satisfy air-change requirements for a single-family residence.
The program also estimates changes in indoor air quality (IAQ)
that would result from operating the ventilator as well as the
energy required for providing the supplemental ventilation dur-
Ing summer and winter seasons. Subsequent sections of this
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paper describe input screens, calculations by the program, and
an illustrative application.

USER INPUTS

As summarized in Figure 1, five types of user input are
required: (1) house location, (2) structural characteristics, (3)
house operation and energy costs, (4) ventilation characteristics,
and (5) HVAC system COP/efficiency. Based on these inputs,
the software estimates the existing ventilation rate for the house,
the ventilation rate required to meet ASHRAE Standard
62-1989 (ASHRAE 19892a) or a user-specified air exchange rate,
the size of the ventilator needed to meet the requirement, and
the expected changes in indoor air quality and energy consump-
tion (Figure 2). Further specifics on each type of input are
provided below,

House Location

The first input screen (Figure 3) provides a list of 25 cities
across the United States. Typically, the user of the software
would select a city with climatic conditions similar to those in
the geographic area for which installation of an energy recovery
ventilator is contemplated. The choice of city determines (1)
weather data for infiltration and energy calculations and (2)
outdoor concentration data for carbon monoxide (CO) and
nitrogen dioxide (NO,) for IAQ calculations. These calcula-
tions are described later in the paper.

Structural Characteristics

The second input screen (Figure 4) requests information
concerning (1) house leakiness and terrain sheltering, for calcu-
lation of air infiltration rates, and (2) floor area and ceiling
height, for calculation of house volume. Floor area of the condi-
tioned space is a summation of all floors including the base-
ment. Values for house leakiness (L) are in the range of 1 to 5.
Typically, a very tight house (L value of 5) would be one built
recently with infiltration-reduction measures such as vapor bar-
riers, double- or triple-pane windows, tight-fitting exterior
doors, and no perceptible leaks or drafts around windows or
electrical outlets. The sheltering factor (C) accounts for the
effect of local terrain on the infiltration rate of a house. Values
for C arein the range of 1to 4. A highly sheltered home (C value
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Figure 1 Overview of user input screens
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Figure 2 Overview of calculation routine
==05/07/30 17:30: 14
SERV: Sizing of Energy Recovery Ventilator
= <Input 1 of 5> <House Location> ==
ME 1. Albuguerque, NM 14. Nashville, TN <F1=Help;41
= 2. Atlanta, GA 15. New Orleans, LA e
L 3. Bismarck, ND 16. New York, NY & :
ST 4. Boise, ID 17. Omaha, NE 3
5. Baoston, MA 18. Phoenix, AZ
s 6. Buffalo, NY 19. Pittsburgh, PA ]
7. Chicago, IL 20. Portland, OR ¥
8. Cincinnati, OH 21. Sacramento, CA . :
¢ 9. Fort Worth, TX 22. Salt Lake City, UT
; 10. Houston, TX 23. San Francisco, CA
ot 11. Los Angeles, CA 24. Saeattle, WA
y 12. Miami, FL 25. Washington, DC,
3.5 13. Minneapolis, MN > I
X2l - |
—.—| Enter the number of the city most representative of : (g
the climatic conditiens in your area (1-25) : 25 m“;hwm“ﬂkaﬁ
To Change Screens, Use <PgUp><PgDn> Keys. To Change Entry Fleld,
Use Arrosw Keys. To Return to Menu, Press <Escape> Kay.

Figure 3  First input screen (house location)
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Figure4 Second input screen (structural characteristics)
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= <Input ] of 5> ==== <House Operation & Energy Costs> =

==05/07/90 = 17:30:39=
SERV: Sizing of Energy Recovery Ventilator

|====pm <Input 1 of 5> <House Location>
MEr 1. Albuquerque, NM 14. Nashville, TN =l <Fl=Help

<Structural Characteristics> s ———8

5 Number of Occupan<ts in the House : 4 g o
¥ Indoor Temperature for wWinter (deg F) : 70.0 .
Indoor Temperature for Summer (deg F) : 75.0 :
e Electric Cost for Heatlng/Coollng ($/kwWh) : .08 e
Gas/0il Cost for Heating ($/therm) : .50 B
Annual House Energy Cost ($/year) : 1200 3 o RO g
e Weekly Gas Range Operation Heours :
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To Change Screens, Use <PgUp><PgDn> Keys.
Use Arrow Keys. To Return to Menu,

Press <Escape> Key.

To Change Entry Field,

Figure 5 Third input screen (house operation and energy costs)

of 4) would be one in very close proximity to other houses and
with a dense array of surrounding trees or tall shrubs.

House Operation and Energy Costs

Among the inputs to be provided on this screen (Figure 5)
are the number of house occupants and typical indoor tempera-
tures during the summer and winter seasons. The number of
occupants is used together with house volume to determine the
minimum air exchange rate needed to provide 15 cfm/person of
outdoor air. Typical indoor temperatures would be the thermo-
stat setpoints for heatimg and cooling; the program does not
consider temperature setback. The user also is asked to provide
the cost of electricity for both the heating and cooling seasons
and the cost of oil or natural gas for the heating equipment.
These values are used by the program in determining the cost of
supplemental ventilation provided by the energy recovery venti-
lator. The user’s estimate of annual house energy costs is used by
the program in estimating the percent increase in energy costs
due to operation of the ventilator. The user’s choice of an elec-
tric or gas range has no effect on energy calculations but will

affect JAQ calculations (the gas range is an indoor source of CO
and NOz)

Ventilation Characteristics

The program sizes the energy recovery ventilator for the
house using 0.35 air changes per hour (ach), 15 cfm/person, or a
user-specified air exchange rate, whichever is greater (Figure 6).
A value below 0.35 ach is not accepted by the program, as such a
value is not consistent with the intent of ASHRAE Standard
62-1989. The user is also asked to provide inputs on weekly oper-
ation hours and airflow rates for any vented exhaust fans that
are used intermittently. Although included in the program,
these fans typically have only a small impact on existing ventila-
tion, relative to the impact of infiltration. Operation of any of
these fans can be suppressed by entering zero as the number of
weekly operation hours.

HVAC System COP/Efficiency

Four heating and cooling system options are available in
the program (Figure 7). It is assumed that each option satisfies
the entire heating and cooling load. The options are heat pump
(default), central cooling/gas heating, central cooling/oil heat-
ing, and central cooling/electric heating. For the option select-
ed, the user is asked to provide information on (1) COP of the
heat pump or central system; (2) efficiency of the oil furnace,




=025/07/90 17:30:48=5
SERV: Sizing of Energy Recovery Ventilator
=== <Input 4 of 5> <Ventilation Characteristics> = ———————
ME ‘ ] <Fl=Help>
| The program sizes the ventilator using ASHRAE'sS recommended |——————
1 0.35 air changes per hour (ACH) or 15 CFY per person, y
whichever is greater. If higher ACH is required, enter
the ACH.
v ACH Required : .35
-t Number of Vented Bath Exhaust Fans : 2
Average CFM per Bath Fan : 50
— Weekly Operation Hours per Bath Fan : 1.0 o e e
CFM of Vented Kitchen Exhaust Fan : 100
7 weekly Operation Hours of the Fan : 1.0
CFM of Vented Dryer Exhaust Fan : 50
Weekly Operation Hours of the Fan : 5.0 e

To Change Screens, Use <PgUp><PgDn> Keys. To Change Entry Field,
Use Arrow Keys. To Return to Menu, Press <Escape> Key.

Figure 6 Fourth input screen (ventilation characteristics)
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Figure 7 Fifth input screen (HVAC system COP/efficiency)

gas furnace, or electric furnace; and (3) overall efficiency of the
energy recovery ventilator. The efficiency of the energy recovery
ventilator takes into consideration any energy used by its supply
and exhaust fans. A typical efficiency for an energy recovery
ventilator would be 60% to 70%, which would be reduced to
40% to 50% after accounting for the energy required to operate
its supply and exhaust fans.

PROGRAM CALCULATIONS

The program calculates the air exchange rate for the house
due to air infiltration and mechanical ventilation, the size of the
energy recovery ventilator (if needed) to satisfy air-change
requirements, heating and cooling energy associated with the
supplemental ventilation, and expected changes in pollutant
concentrations. Each of these calculations is described below.

Air Exchange Rate

A variety of mathematical models for air infiltration exist.
Such models, however, cannot be readily used here because the
inputs required (e.g., leakage areas, crack lengths) cannot be
easily gathered by the typical user (e.g., utility representative) of
this program. Another approach to estimation of air infiltration
rates is through empirical models, which relv on collection of
infiltration measurements under a variety of weather conditions

52

for estimating the relationship to wind speed and temperature.
However, the model user typically will not have the resources to
develop the regression estimates needed for these predictions.

A good compromise between the theoretical and empirical
approaches has been struck in the model, specified by Dietz et
al. (1986):

ACH = L(0.006 x AT + 0.03/C x U'3) 0]

where ACH = average air changes per hour or infiltration rate
(h—", L = generalized house leakiness factor (1 < L<5), C =
terrain sheltering factor (1 < C < 10), AT = average inside-
outside temperature difference (°C), and U = average wind
speed (m/s). It is possible for the user to develop reasonable esti-
mates for L and C, given limited guidance, and appropriate
values of average outdoor temperature and wind speed in vari-
ous geographic areas have been developed from historical data.
For these reasons, the above model was chosen for infiltration
calculations. Separate infiltration estimates are provided by the
program for summer and winter seasons, based on user inputs
for L, C, and indoor temperature combined with seasonal-aver-
age temperature and wind speed values for a test reference year.

Mechanical ventilation through exhaust fans (e.g., bath-
room, kitchen, clothes dryer) further contributes to the residen-
tial air exchange rate. The incremental air exchange due to any
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exhaust fan, in ach, is determined by dividing its exhaust rate
(ft/h) by the house volume (ft?). Letting ACHgyp, represent
the air exchange rate from all supply fans in combination J and
ACH gx s represent the air exchange rate from all exhaust fans
in combination J, the effective air exchange rate from infil-
tration and from mechanical ventilation in combination J
(ACH1,/) can be obtained from the relation:

ACHip; = |ACH? + (ACH,, - ACH5)*%° + ACHs (2)

where ACH is the infiltration rate from Equation 1, ACH| is
the larger of ACHSUF!J and ACHEXH,J’ and ACHS is the
smaller of ACHgypyand ACHgxy; ;. Assuming that there are
K fan combinations in a week, the effective air exchange rate for
each combination is given by Equation 2. The total effective air
exchange rate from infiltration and mechanical ventilation
(ACH] ) during a weekly period is then given by the relation:

K ‘
ACHypy = 168/ Y, (WOH,/ACH )

J=l

(€)

where 168 is the number of hours in a week and WOH refers to
the weekly operation hours of fans in combination J. For cal-
culational convenience, none of the exhaust fans is assumed to
operate at the same time.

Size of Energy Recovery Ventilator

ASHRAE Standard 62-1989 is the most widely recognized
reference on ventilation requirements for acceptable [AQ.
Therefore, this standard was used as the basis for establishing
required air exchange rates. The standard provides two aiterna-
tive procedures to obtain acceptable indoor air quality: the ven-
tilation rate procedure (VRP) and indoor air quality procedure
(IAQP). The IAQP achieves acceptable air quality within a
space by controlling known contaminants. The use of the IAQP
may result in increased ventilation requirements, depending on
the strength of a particular contaminant source in the space.

The program uses the VRP of ASHRAE Standard 62-1989
to assess the impact of providing outdoor air to the space. IAQ is
considered acceptable if the outdoor air is delivered to the
occupied space at the rates specified in Table 1. These rates are
specified both in terms of c¢fm per person and air changes per
hour because the level of contamination may be related to fac-
tors such as emissions from building materials or furnishings, as
well as to building occupancy. If the existing air exchange rate
calculated by the program is not sufficient to meet the
ASHRAE standard or the user-specified air exchange rate, then
a ventilator is used to satisfy the required ventilation. The size of
the ventilator, in ¢fm, is calculated by an iterative procedure
involving Equations 2 and 3.

3

Heating and Cooling Energy for Supplemental Ventilation

The incremental energy due to the loss through supplemen-
tal ventilation during heating and cooling seasons is calculated
separately for each season using the incremental air exchange
rate, indoor and outdoor climatic conditions, heating degree-
days, cooling degree-hours, equipment efficiencies, and the
volume of the house. The energy estimation method described
in ASHRAE Fundamentals (ASHRAE 1989b) is used in the
analysis. The density and specific heat of air used in the analysis
are 0.075 1b/ft3 and 0.24 Btu/lb-°F, respectively. Latent loads
during a cooling season are calculated using an average indoor
humidity ratio of 0.011 Ib water/1b dry air. An energy recovery
ventilator recovers a fraction of the energy required for the sup-
plemental ventilation. A typical value for the overall efficiency
of an energy recovery ventilator is 40%, which takes into
account the energy used by the supply and exhaust fans of the
ventilator. The net energy used for providing the supplemental
ventilation is the difference between the heating season
incremental energy and the energy recovered by the ventilator.

Pollutant Concentrations

The following steady-state version of a mass-balance
model (Nagda et al. 1987) is used to estimate the impact of sup-
plemental ventilation on indoor concentrations of CO, NO,,
formaldehyde, and radon:

Cipn = (S/V + aPC,,)/(a + k) 4
where C;, = indoor concentration (mass/volume), S = indoor
generation rate (mass/time), ¥ = indoor volume (volume), g =
air exchange rate (1/time), P = penetration rate (1 — fraction of
outdoor concentration intercepted by the building envelope),
C,. = outdoor concentration (mass/volume), and & = rate
constant for chemical decay (1/time). Indoor concentrations
with and without supplemental ventilation are calculated, and
the percent difference between the two conditions is then
computed.

For CO and NO,, outdoor concentrations for each of the
25 cities have been estimated from data compiled by the U.S.
Environmental Protection Agency’s National Air Data Branch.
A penetration factor of one is appropriate for CO because it is
chemically inert. For NO,, previous regression estimates (Drye
et al. 1989) indicate that a value of 0.65 can be assumed; for the
outdoor NO, brought indoors through the ventilator, however,
the penetration factor can be assumed to equal one. The only
potential indoor CO/NO, source considered in the program is a
gas range. A decay rate constant of 0.8 is assumed for NO,; CO
is chemically nonreactive (i.e., & = 0).

Both radon and formaldehyde are assumed to be nonre-
active, and outdoor concentrations for these pollutants are

TABLE 1
Outdoor Air Requirements for Ventilation of Residential Buildings (4SHRAE Standard 62-1989)

Application

Outdoor Air Requirements

Living Areas

Kitchens

Baths, Toilets

0.35 ACH but not less than 15 cfm (7.5 L/s)
per person

100 cfm (50 L/s) intermittent or 25 cfm
(12 L/s) continuous, or openable windows

50 cfm (25 L/s) intermittent of 20 cfm
(10 L/s) continuous, or openable windows for
each bath and toilet
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assumed to equal zero. In this case, C;, is inversely proportional
to the air exchange rate. Thus, for example, if the base infiltra-
tion rate is doubled, then the average radon concentration will
be reduced by half. For formaldehyde, previous research has
shown that the concentration reduction is less than propor-
tional to the increase in the ventilation rate. Based on an empiri-
cal relationship developed in previous research (Nagda et al.
1985), the ventilation rate raised to the power of 0.38 is used in
calculating the percent difference.

ILLUSTRATIVE APPLICATION

Figure 8 shows the results of program execution for
Washington, DC, using defaults that were displayed in previous
figures. The required air changes per hour are 0.35 ach because
the user did not override this default value and the calculated
ach based on the number of occupants did not exceed 0.35 ach.
The size of the energy recovery ventilator to satisfy the required
air exchange rate is 62 cfm. This is the size of a Balanced system
with supply and exhaust fans of equal capacities.

Alr infiltration rates due to temperature and wind forces
for winter and summer seasons are 0.22 ach and 0.09 ach,
respectively. When an energy recovery ventilator is adled, the
air exchange rates for winter and summer seasons resuiting from
the combined effect of air infiltration, existing exhaust fans,
and the ventilator are 0.49 ach and 0.35 ach, respectively. The

=05/07/90

ventilator is sized by calculating the supplemental ventilation
needed to increase the lower of the two existing seasonal values
to the required air changes per hour. In most cases, the summer
value will be lower than the winter value. The net air exchange
rate supplied by the ventilator during either season is 0.26 ach.

The supplemental ventilation did not change the indoor
CO concentration because there was no indoor source (an elec-
tric range was specified). The added ventilation increased NO,
because outdoor NO, is partially removed by the building enve-
lope, but the supplemental ventilation provided by the ventila-
tor bypasses this building-removal process. Both formaldehyde
and radon decreased because their sources are exclusively
indoors.

The estimated incremental energy values in winter and
summer, due to energy not recovered in providing supplemental
ventilation, are 1,741 kBtu and 624 kBtu, respectively. The
annual incremental energy of 2,365 kBtu/year is the summation
of these two values. The annual cost of added ventilation is
$55/year, which is 4.6% of the baseline annual energy cost of
the house. This number does not include the initial costs for
purchase and installation of the energy recovery ventilator.

Figure 9 shows the result of increasing the required air
exchange rate from 0.35 to 0.50 ach. Default values were retained
for all other input parameters. A comparison of the results
with those in Figure 8 indicates that the size of the ventilator

17:37:14=
r <Results> City: Washington, DC ==
= Required Ailr Changes per Hour (ACH) .35 AcCH —
Calculated Size of Energy Recovery Ventilator 62 CFM
s HVAC System: Heat Pump —
[ - Winter — Summer —|
e Air Infiltration Rate (ACH) .224 .090 gl
= Alr Change Rate with Exhaust Fans Added (ACH) 227 .093 T
N Air Change Rate with Fans and Ventilator (ACH) .486 .354 =5
| Net AcH Supplied by Ventilator (ACH) .259 .261 st
i Incremental Energy for Added Ventilation (kB8tu) 1741.0 624.3 St
il - !
= Change in Carbon Monoxida (%) 0 .0 Fors
bl Change in Nitrogen Dioxide (%) 70.9 195.0 e
2 Change in Formaldehyde (%) =251 =39.9 Wl
- Change in Radon (%) -53.3 -73.8 st
= User-estimated Annual Energy Cost 1200.00 $/year -
& Annual Incremental Energy for Added Ventilation 2365.31 kBtu/year
= Annual Cost of Added Ventilation 55.00 $/year =
Annual Cost Increase for Added Ventilation 4.6 Percent
Press Any Key to Return to Menu
Figure 8 Program output with defaults for ail inputs
=~05/23/91 $~23-91 Thu 4:20 P
= <Rasults> city: Washington, DC — l:
p— Required Air Changes per Hour (ACH) .50 ACH -—=|
Calculated Size of Energy Recovery Ventilator 97 CFM _1
—| HVAC Systaem: Heat Pump
= Winter — Summer — __]
7| Air Infiltration Rate (ACH) .224 .090 —|
~!| Air Change Rate with Exhaust Fans Added (ACH) 227 .093 =T
-| Alr Change Rate with Fans and Ventilator (ACH) .632 .500 S
3 Net ACH Supplied by Ventilator (ACH) .405 .407 |
b Incremental Energy for Added Ventilation (kBtu) 272253 974.7 3=
—~| change in Carbon Monoxide (%) +0 .0 i
=1 Change in Nitrogen Dioxide (%) 99.6 270.2 Bkl
“ Change in Formaldehyde (%) -32.2 -47.3 Y=
B Change ln Radon (%) -64.1 -81.4 —
|
: User-estimated Annual Energy Cost 1200.00 $/year ==}
Annual Incramental Enerqgy for Added Ventilation 3697.0 kBtu/year |
o Annual Cost of Added Ventilation 87.00 $§/year —
Annual Cost Increase for Added Ventilation 7.2 Percent [
|

Press Any Key to Return to Menu

Figure 9 Program output with required air exchange rate changed from 0.35 t0 0.50 ach
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increased from 62 to 97 cfm. Air exchange rates due to the com-
bined effect of infiltration, vented exhaust fans, and the ventila-
tor increased from 0.49 to 0.63 ach for winter and from 0.35 to
0.50 ach for summer. Annual incremental energy for added ven-
tilation increased from 2,365 kBtu/year to 3,697 kBtu/year. The
annual incremental energy cost increased from $55 to $87.
Indoor NO, concentrations further increased and formalde-
hyde and radon concentrations further decreased with the
higher supplemental ventilation.
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