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Abstract

This report evaluates residential ventilation systems for the U.S. Environmieratdction

Agency’s (EPA’s) BRIERGY STAR® Homes program and recommends mechanical ventilation
strategies fomew, low-infiltration, energy-efficient, single-family, MERGY STAR production
(site-built tract) homes in four climates: cold, mixed (cold and hot), hot humid, and hot arid.

Our group in the Energynalysis Department at Lawrence Berkeley National lcatmmpared
residential ventilation strategies in four climat@scording to three criteria: totalnnualized
costs (the sum of annualized capital cost and anoparating cost), predominantindoor
pressure induced by the ventilation systamg distribution of ventilation air within theome.
The mechanical ventilation systemmdeled deliver 0.35 air changes per haontinuously,
regardless of actual infiltration or occupant window-opening behavior.

Based on the assumptions and analysis described in this repagcammendindependently
ducted multi-port supply ventilation in all climates except cold because this strptegies

the safety and health benefits of positimdoor pressure asell asthe ability to dehumidify

and filter ventilation air. In cold climates, wecommendthat multi-port supply ventilation be
balanced by a single-port exhaust ventilation fan, and that builders offer baldmeaae

recovery ventilation to buyers as an optional upgrade.

For builders who continue to instdibrced-air integrated supplyentilation, werecommend
ensuring ducts are airtight or in conditionepace, installing acontrol that automatically
operates the forced-air fan 15-20 minutes during each thairthe fan does not operate for
heating or cooling, and offering ICM forced-air fans to home buyers as an upgrade.
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Acronyms and Abbreviations

AC air conditioning

ACCA Air Conditioning Contractors of America
AC/h air changes per hour

AFUE annual fuel utilization efficiency

ASHRAE American Society of Heating, Refrigerating

and Air-Conditioning Engineers

COP coefficient of performance

DSvU dehumidifying supply ventilation unit

ECM electronically commutated motor

EHP electric heat pump

ERV energy-recovery (sensible and latent heat-recovery) ventilation unit
FAC gas furnace with central air conditioning

FSEC Florida Solar Energy Center

HERS Home Energy Rating System

HRV (sensible) heat-recovery ventilation unit

ICM integrated-control motor (all ICMs are also ECMSs)
LBNL Lawrence Berkeley National Laboratory (formerly LBL)
PSC permanent split capacitor (motor)

SEER seasonal energy-efficiency ratio

T™MY typical meteorological year



Definition of Terms as they are used in this report

balanced ventilation

energy-recovery ventilation
heat-recovery ventilation

distribution
circulation
delivery

duct
ductwork
exhaust ducts
supply ducts

outside-air duct
ventilation ducts

exhaust ventilation

multi-port exhaust

passive vent

single-port exhaust
bath exhaust
central exhaust

fan
forced-air fan
local exhaust fan

continuously exhausts and supplies air in a house
transfers sensible and latent heat between air streams
transfers sensible heat between air streams
movement of air by mechanical means

movement of air in response to a fan only

movement of air by a fan through a system of ducts
tubular or rectangular passage through which air flows
a system of ducts and their accessories

ducts through which air is exhausted from a house
ducts through which air is delivered to a house

duct leading from the outside to indoors

ducts that distribute only ventilation air

ventilates by continuously exhausting air from a house
exhausts air from several locations

small screened opening in an exterior wall

exhausts air from a single location

exhausts air from a bathroom

exhausts air from a central location

an electronic air-moving device

intermittently distributes conditioned indoor air
intermittently exhausts air from one room

ventilation fan (exhaust or supply) ventilates an entire house

port (exhaust or supply) opening in a wall or ceiling that is ducted to a fan

supply ventilation ventilates by continuously supplying air to a house
forced-air supply delivers air through forced-air conditioning ductwork
multi-port supply delivers air through ventilation-only ductwork

ventilation the regular exchange of indoor with outdoor air, along with

any air treatment (tempering, filtering) or distribution

continual ventilation automatically operates at regular intervals
continuous ventilation automatically operates non-stop (8,760 hrs/year)
intermittent ventilation operates under the control of occupants or a sensor

mechanical ventilation exchanges air by using one or more ventilation fans

natural ventilation exchanges air by infiltration or open windows

Vi



1. Introduction

As awarenesard concern abouglobd climate changeincreases, sdoes demand in all parts
of the country, for homes that require less fossil-fuel energ for spae heatirg and cooling.
The U.S. Environmental Protection Agency (EPABRGY STAR Homes progran encourages
production (site-built tract)homebuilding compangeto voluntarily excee the Modd Energy
Code by minimizing envelope infiltration, installing better windpwereasig insulatin levels,
and properly sizing and installing efficient space heating and cooling equipmenaus low-
infiltration homes need mechanical ventilatidine ENERGY STAR Homes progran askel our
research group in the Energy Analysis Department at Lawrence Betkateond Lab (LBNL)
to recommed the most appropriat mechanich ventilation strategie for new, single-family
ENERGY STAR homes in four climates: cold, mixed (hot and cold), hot humid, and hot arid.

Mechanical ventilation is uncommon in U.S. single-family herhecausguntil recently it was
thought th& homes were leaky enouf to provide adequatair exchange However building
materials and practices have changed, leakage levels have decasdsédas becone obvious
that ventilationis a residentia desig isste (ASHRAE 1997, Cumming and Moyer 1995).
This report dog not questimmn whetheé mechanich ventilation is necessaryit assume the need
for mechanical ventilationcompares th cod and effectivenesof nine common ventilation
systems, and recommends the most appropriate systerpsoftuction homes in four climates.
Our analysis is based on computer simulations of ventilation systems in prototypical hothes
requires assumptions alioclimate,home characteristicéndoor pollutantsand occupans that
do not necessarily apply to every situation. Our task is to provide general recommenigation
ventilation of production honsein four climates, bt we alo provide informatio tha enables
contractors to choose the most suitable ventilation system for each set of circumstances.

Effective ventilationis importart to horne indoa air quality, occupanhealh and satisfaction,
but mechanical ventilation adds to the cost of a new home. Production hamEsigne and
sold ly large residential developméncompanis (referred to in this repot as “builders”)
whose profi margin depends rominimizing materia and laba costs Homes are actually
constructed by subcontractors whose activity is coordinbyethe builder. At ead site about
100 new home are completel ead year, i.e., ax averag of two homes per week In general,
subcontractig crews hae very demandiig work scheduls and little or no training and their
supervisors emphasize productivity, not quality of work. UWrtese circumstancesventilation
systems need to be inexpensive for production builders andesforpsubcontracta to install,
without compromising homeowner's expectations of quality indoor air and low operating costs.

The short-tan succes of production hora builders depend on sales but ther long-term
success depends on the satisfactb their customers Production home buyeis usually select
among several floor plans and optional packages (upgraded cabinets, e@rpdiut decisions
affecting hone desigh are mace by the builder. However,people wio buy ENERGY STAR
homes expect significantly lower utility bills than they would have in a typical new hsnrtee
money saved on space conditioning should not be compleftdet by the cod of operatig a
ventilation system Furthermore residens shoutl be informed about thai ventilation system
but notaware of its operation because, unless ventilation istqaie automatic peopk will use
it infrequently or not at all, and poor air exchang could cause indoo air qualiy problems
(Camerm 1997, ESB 1995a ESB 1995b Jacksa 1993 Lubliner et al. 1997, Smith 1994,
White 1996). By installing ventilation system that are simplequiet and affordable for
homeownersa use production buildes can improe custome satisfaction, redue callbacks,
and reduce their own exposure to liability related to poor indoor air quality.

Like many energy-efficient construction practices, residential ventilatianinitzally developed
by builders in cold climates who realized tiliacoss lessto mechanically ventila and air-seal
a hone than to hea exces amouns$ of infiltration air (ESB 1995b) However ventilation

1 These recommendations are not intended for HUD-code manufactured homes.



systems desiguefor homes in cold climates ag¢ not necessanl suitabke for homes in the
cooling-dominated sunbelt where most new homes are being built (EDU 19%aaXhermore,
tight homes and mechanich ventilation are relativgl unknown in some parts ¢ the soulh and
southwest, wher many residentiacontractos tend to equae "ventilation" with spa exhaust
fans, whit intermittenty exhaus air from bathrooms and kitchens or forced-ar systems,
which condition and recirculate indoor aiHowever these familia systens were nat designed
for ventilation which isthe regular exchang of indoa with outdoa air by a natura or
mechanical syste (Smith 1994) We evaluate these familiasystems thawere adaptedfor
home ventilation as well as less familiar systems that were designed for home ventilation.

2. Minimum Criteria

The ENERGY STAR Homes program requires theentilation systens in ENERGY STAR homes
meet the curreanU.S. ventilation standard, ASHAAStandad 62-198 (ASHRAE 1989).
Ventilation systera tha we evaluaé also (1) provide 0.35 ar changs pe hour (AC/h)
mechanical ventilation(2) operate continuously, and (3) adochronic ventilation-related
condensation in exterior walls. Ventilation systemg thad thes criteria, which are discussed
below, exceed th minimum requiremerg of ASHRAE-& by continuoust providing the
minimum ar exchange specifteby ASHRAE, regardless of infiltratio or naturd ventilation
(Rashkin and Bloomfield-Resch 1997).

2.1. Ventilation Capacity

ASHRAE & says livirg area nea "0.35 air changs per hour bu not lessthan B cfm (7.5
L/s) per person." In other words, the stauldiar0.35 AC/h or 15 cfm per personwhicheve is
greater; the first guideline is based on building volume, the second on occupaftien actual
occupancyis unknown asin the case ofproduction home unde construction occupang is
usually (bu not alway$ assumedd be one more tha the numbe of bedrooms i.e., two
occupants n the maste bedroan and one inead additiond bedroom 2 (ASHRAE 1989,
Tsongas 1993 We use tke building volume guideline (0.35 AC/h), rather than assumed
occupancy to determine minimum ventilation sabecaue the actud occupang of any home
will fluctuate over time. Also, the occupancy guideline is more apprepniaen occupans are
the principal pollutant sourcesvhile the building volume guideline is more appropriate when
the building itself is a significant source of air contaminargsnamod new production homes.
However, this or any "standadrdentilation rate is necessanl somewha arbitrary, controversial,
and subject to change (Palmiter 1991).

ASHRAE's 0.35 AC/h i® minimum rate, anl some conside 0.60 AC/h apractical uppe limit

for mechanical ventilation because as the ventilation rate increases, soadmditionirg costs.
The State of Washingtorequires tha new homes hag mechanical ventilatio systens capable
of providing 0.35-0.® AC/h and tke Home Ventilatig Institute (HVI) recommend a
minimum of 0.50 AC/h mechanical ventilation. In Canada, the National Building @apliires
a ventilation system capacity of at least 0.50 AC/h unless disiributed throughot the house
(Bower 1995 Stae of Washingtmm 1998 Stevers 1996)  Besides mechanitaventilation,
infiltration and naturd ventilation al® contribue to the overdl air exchange n a house as
discussed below. Our assumption that mechanical ventilation systemsed®adAC/h results
in total air chang rates of 0.41-0.8 AC/h basel on ou modelig and dependig on the
climate and type of ventilation system; see Table 4 for details.

2 Consider a 1,500 square foot, three-bedroom home with 8' ceilingsy thisinccupancy guidelinard assuming
an occupancyof four, the ventilatia rate would be (4 people x15 cfm/person=) 60 cfm. Using tke building
volume guideline, the ventilation rate would be (0.35 x (1500 sq ft x 8 ft) + 60 minutes/hr =) 70 cfm.



2.1.1. Pollutant Sources

The ventilation rate needed to maintémdoar air quality in any given home actually depends

on the number, nature, and strength of indoor pollutants, whitlbe@eneraly categorize as

those generated by occupants and their activities, and those emanating from thg hnildis
furnishings The more pollutard there are in a home the more ventilation is needed and
conversely, the fewer pollutants, the less ventilation is needed and the lower the operating costs.

Moisture and odors generatd in bathroons and kitchers should e exhausted ¥ spd fans.
ASHRAE & consides 0.35 AC/h ventilation theminimumrate necessar to contrd moisture
and odor generated by occupants. However, this rate may not be adeqe@ntrd pollutants
generated Y additiond occupantssud aspet or guests, orby househal activities, such as
smoking, cleaningor hobbie tha involve the use of chemicals And 0.35 AC/h is not
considered adequat® tontrol "unusudl pollutans emanating from t& building, including
volatile organic compoursl (VOCs) fran interior finishes (carpet paint vinyl, etc), building
materials (e.g., engineeravood), furniture and furnishings (e.g, synthetc fabric) (ASHRAE
1989, Dumont and Makohon 1997, EDU 1993b, Hodgson 1997, Stevens 1996).

Building-related pollutants can be minimizéhrouch source contrb— the carefli selectionof

building materials and furnishings combined witle #ducatio and cooperatio of occupants.
Source contrgl however, isnot a componeh of the ENERGY STAR Homes program.
Therefore, the design of ventilation systems for these homes teeadticipat a large number
of indoor pollutant sources — in effect, a worst-case scenario. Ventilation siedé&signe to

control "unusual pollutant sourcessud as smokirg and VOCs. In othe words ventilation

systems shodl be designél to provide a minimum d 0.35 AC/h and hae enough additional
capacity so that residents can boost the ventilation rategdperiods of highe pollutart loads
(EDU 1993b, Hodgson 1997, Lstiburek 1995).

2.1.2. Infiltration and Natural Ventilation

The air exchange ratof a home is the sum of infiltration, naturd ventilation (open windows),
and mechanical ventilationWe do nd consider averagannud infiltration rates, asstimated
by blower-doo measurementsas contributig to the minimum 0.35 AC/h ventilation rate
because actlianfiltration varies widely according ¢ the microclimate weather and seasan
Actual infiltration, which & driven by wind and stadk effect is loweg during mild weatherand
highest during winter and summer, so tight homes thgtaelinfiltration for air exchang will
be underventilated in spring and fall and over ventilated during the heatingoaling seasons
(Feustel et al. 1987). See Appendix D for further discussion of infiltration as ventilation.

Another reason to disregard infiltratios tha mechanich ventilation is simple for production
builders to implemen if the same ventilation systm can be useal in all homes of the same
model; thg is difficult if variatiors in leakage ar@ among homg must k& accountd for but

very easy if these variationseasignored Therefore we assume that ventilatiosystems deliver
the minimumventilation rate of 0.35 AC/h, with infiltratioadditiond to mechanical ventilation.

Some designers assume that if people need ventilation, they should and will opeviritiews.
Open windows can provide ventilation, and sgpeopk keg sone windows open year-round.
However,we cannot assumtha everyore keeps windows open year-round In fact, some
people kep windows closed year-rounl for reasons thainclude noise security allergies,
asthma, infirmity and outdoor pollution If indoor air qualiy of energy-efficieh homes was
dependent omwindows either indoo air quality or energy-efficiencywould ke compromised,
depending on whether windows are clbge open during hard weather Residents shodlbe
able to open windows without turning their ventilation system off, tanclose windows without
having to remember to turn the ventilation system back on. We consider open wimaamwural
ventilatior) supplementato mechanical ventilation, and do not account for it in our evaluation.



2.2. Continuous Operation

Homeowners should bie@formedabou their ventilation system but should né be aware of it.
If residents have to think about turning their mechanical ventilationmysteor off, they may
deliberately or inadvertently tarit off and leave it off which could leal to indoa air quality
problems. Therefore, operation of residential ventilation systems should be automatic.

Ventilation rates are an average of air exchanges over some period of time (e.g.,rayday).o
Ventilating at0.35 AC/h for 24 hous a day and ventilatig at 0.70 AC/h for 12 hous a day
provide the same avemgentilation rate but these two ventilation operating schedugeare not
equally effective at controlling the level of indoor air pollutamtsvhich residens are exposed.

For ventilation systens with the same average ventilation rateard for contaminants o a
consistent souee strengh (e.g., VOCs from building materiad and furnishings) continuous
operation at a lower rate is more effeetat controlling indoa pollutans than non-continuous
operation at a higher rate (Fisk & Turiel 1983, Hekmat et al 1986, Lublirerl®97, Palmiter

& Brown 1989). Therefore, operation of residential ventilation systems should be continuous.

Continuots ventilation is mog effective at controlling indoar contaminantsbut there is one
situation in which continuaiventilation may not be advisable Becaus of the relatively high

cost d operatig forced-ar fans with standard permanénsplit-capacito (PSC) motors,
ventilation systems that rely on these fans are usually operated conti(aiakgula intervals),
instead of continuously. One researcher estimates that ogefatoed-ar systens continually

(e.g., D min/hr) can saw 60% of thke cod of operatigp a PSC forced-air fan continuously
(Rudd 1998h. Our evaluation assunseall ventilation systemsincluding thog that usePSC
forced-air fans, operate continuously; thus, all our operating costs reflect continuous operation.

2.3. Condensation in Exterior Walls

Ventilation-induced pressure can sometimes affect the long-term structural yntefgathome.
Supply ventilatim pushe indoa air out of a hous through tle exteria walls. In humid
climates, this is an advantage because it helps preventloutdoo air from enterirg (Feustel
et al 1987) However during the heatirg seasa in cold climates, mois indoor ar moving
through exterio walls can condenrs on surfaces i the wall that are below dew-point, e.g.the
inside surface of exterior sheathing. If the wall has a vapor bami¢he exteria surfae or if
the heatirg seasa is prolonged, accumulatecondensationn the wall cavity mg eventually
lead to ro¢ of wooden framing membes (Cumming and Moyer 1995 Gehrirg 1994.
Similarly, negative indoor pressure pulls outdadr into a home through exterio walls where,
in hot humid weather, moisture condensastw first cod (air conditioned) surfae within the
wall, e.g., tle outsice surfae of interior sheathing If there is a vapa barrie on the interior
wall surface, the wall can't "grto the insidé' and accumulatd moistue may lead to rot (EDU
1996b). Building scientists ca anticipae and avod these potentid problems but within the
context & the ENERGY STAR homes programsupply ventilation (positive indoar pressure)
shoul be avoideal in cold climates and exhaus ventilation shou be avoida in hot humid
climates because, even lppassie vens installed exhaus ventilation pulls hunmd outdoor air
into the house via infiltration, ard condensatin can eventualy lead to rot (ESB 1995a).
Condensation in exterior walls is not a concern in arid climates or with balanced ventilation.

3. Evaluation Criteria

Beyond tle minimum criteria just describedENERGY STAR hone ventilation systens should
also be simple and inexpensive for contractors to install, be simple and inexpensesidents
to operate, ah distribute ventilation air effectively witm the home In addition mechanical
ventilation affects relative indoor pressure, which, in turn, can affect odcepfay and health.
Therefore our analyss includes thes evaluation criteria (1) totd annualizel cod (annualized
capital cost + annual operating cost), (2) distributdfectivenessand (3) predominah indoor
pressure. The remainder of this section explains the nature and importance of these criteria.



3.1. Total Annualized Costs

The total annualized cost of a ventilation system is the dults annualized capitacog and its
annual operating castAnnualized capitd coss include installation coss (materias and labor)
and the cost of periodic equipnmemplacemen (maintenance over the lifetime of the system;
we use a lifetime of 20 years, based on the estimated life of its longest-lived compahats.
Annual operating cost includes ventilation fan energy e cod of temperirg air introduced
by mechanical ventilation, including any infiltration attribuabd mechanich ventilation See
Section 5 for a detailed discussion of ventilation capital, operating, and total annualized costs.

3.2. Distribution Effectiveness

In his bodk Understanding Ventilatim Jom Bowe says "Ventilation effectivenes has to do

with how well a system remov&estak air from whee pollutans are produced ad how well it

introduces fresh air where people need itThe more effective a ventilation systen is, the less
capacity it needs; therefore, it will be less costly to install and operate.” Ventilatiemaieded
in all habitabé rooms, particulayl bedrooms where (mos) peopk sper mog of their time

(Bower 1996, EDU 1997&ESB 1995h Reardm 1995 Smith 1994). Soit is not enoudn for

air to ente the home air must reale the peopt for whom it is intended Our evaluation
compares the ability of ventilatiosystens to distribuie air throughouta home, whith depends
on the numbe and location b ventilation fans and whether ventilation airflev is ducted Air

moves in respone to differencs in temperatug (i.e., naturd convectior) and differences in

pressure, which are created by natural forces (e.g., wind and stack efteateahnanich forces
(e.g., operatio of a fan) (Jacksm 1993 Kesselrig 1991) In this report distribution
describes movemenof air in respons to mechanich forces circulation describe the

distribution of air h respone to a fan only, and delively describes the distributioof air by a
fan throudp a systen of ducts. In general exhaust ventilatio systens rely on air circulation,
and supply ventilation systems rely on air delivery.

3.3. Indoor Pressure

In addition to occupant-generated and building-related pollutants, thiedaogeros potential
pollutants are those that belong outdoors. Living spaces should be free of compustiocts
(e.g., carbon monoxide) ad radon which cax endanger th safey and healh of residents.
When af is mechanicalf exhaustd from a tight home a negatie pressue develofs indoors;
this depressurizatiortan be a significart safeyy and healh risk. Indoa pressue aslow as—3
Pascals can cause backdrajtifie., flue gas reversal of fireplaces and combustion appliances
(e.g., gas or oil furnaces and water heaterBepressurization caalo pull auto exhausfrom
an attached garagenold from an attic or crawlspaceand rado gas (if presen in the ground
under tle house into a home through holes or cracks in the foundatiom (ASHRAE 1989,
Bower 1995, Brook 1996, EDU 1997c, Greiner 1997lber and Chepd 1997). Appendk A
outlines the conditions in which depressurization of a home is safe.

The best way to keep radon and combustion predmdt of a home is to eliminae or exhaust
them at ther source lIdeally, all combustion applianseand fireplaces would be seal@ and
isolated fron living areas, alnewhomesin radon-proe areas would have a rauonitigation
system installedtahe time of construction and peopk would neve operaé mota vehiclesin
an attached garage, especially if the garage dewe closed However the ERA estimates that
20% of nev homes hag radmn mitigation systems (Che 1998) and the overwhelming
majority d new production home have a fireplag and/a attachel garage The ENERGY
STAR Homes program recommends that fuel-fired furnaces and water heatsralél systems

3 Backdrafting of fireplaces can introduce carbon monoxide, smoke, and particulates into a home; bgakidgaiin
or oil appliances can bring carbon monoxide and other combustion gases into a home and may cause flame roll-out.



that are effectively isolated fino habitabé space however, ths is not a progran requirement,
and we do not assume the absence of natural-draft combustion appliances in these homes.

Ventilation systems that do not causignificantdepressurization varin their ability to buffer
against negative indoor pressure causgathe forces Comma househal appliancessuch

as kitchen range hoods and clothes dryers, have exhaust fans powerful enough @%®q1),00

to significantly depressurize tight homes. Ventilation systentspttessurie homes help offset

such temporary depressurizatiorddmelp prevert outdoa pollutans (e.g., radonsmog from
entering ahome Soq, from a safey and healh perspective ventilation systens tha do not
depressurize homes eapreferabé to thos tha do, and ventilation systens tha pressurize
homes provide an advantage over those that do not, and our evaluation takes this into account.

4. Types of Ventilation Systems, their Advantages and Limitations

A basic home ventilation system consists of at least one fan, dkcowanectig the fan to the
outside and/or living space, and controlars usel for ventilation shoull be quie (< 1 sone),
designed fo continuows operation and long life (at least 10yrs)? and as efficient as possible.
Ideally, ventilation fans and ductwoshout be located in conditional space, ath fans should
be locatd so tha they are easiy accessit@ for regula maintenance® (CHBA 1995).
Ductwork used for ventilation shalibe UL181-ratel and designe and installed accordirg to
Air Conditioning Contractos of America (ACCA) Manud D, with minimal duct lendt and
resistance a airflow (ACCA 1995a). Suitable dut materials includ rigid metal o 4-6"
flexible duct; ducs outside conditiongd spae (and some inside, e.g. thoe connectedto
outside) shoul be insulated Duct systen design shoutl accoun for actua internd system
resistance Ventilation system operatio shoull be automat¢ and continuous controk should
include a low-high speed switch and programmablerti(&SB 19950 Lstiburek 1995 Nelson
1998). |If prevailing code requsea ventilation on/off switch,it should [ located and clearly
labeled in such a way that residents undedstaa consequenceof, ard are discouragd from
turning ther ventilation systen off.6 Every ventilation systen shoull be commissiond after
installation to verify that ventilation ductseaairtight and tha the propa (design airflow is
actually delivered @ and/a exhaustd from ead spa@ unde operatig conditions A
Homeowner's Manual should proeidetailed information abou the home ventilation system's
purpose, specifications, operation, and maintenance (Lubliner et al. 1997).

There are three bast types ¢ residential ventilation systemsxhaust supply, ad balanced.
Exhaust systems pull indo@ir out of a house supply systens push outdoa air into a house,
and balancg systens exhaust and supplsimilar volumes of air. The variations, advantages,
and limitations of each type are described belgw. Table 1 lists the ventilation systaliomated.
All systems include a programmable timer and switch.

4.1. Exhaust Ventilation

Fars that exhausair from a building are the simpldastype of mechanich ventilation system.
Most building codes require a local (spethaus fan or operabé window in everly bathroom.
When installd properly anl used appropriately  occupantsspd exhaus fans remowe odor,
moisture, and smoke fno nea their soure before they mix with and contaminat indoor air.
If properly designedselected, am installed, exhausfans can also effectively ventilaie homes.
Exhaust ventilation systesmuse a fan to continuousy remowe indoar air, which is replacedby
outdoa air enterig holes in the building, including vents ad chimneys (i.e. backdrafting,
which is dangerous), windows, and infiltration routes (EDU 1993a, Stevens 1996).

4 Fans located remotely do not need to be as quiet as those located near the living space.
5 Our evaluation assumes that ventilation ductwork is in conditioned space.
6 For example "This switch controls the ventilation system. It should be ON whenever the home is occupied.”



Table 1. Ventilation Systems Evaluated

Exhaust Systems Components:

1. Upgraded bath exhaust Exhaust fan located in a bathroom, with passive vents

2. Single-port (SP) exhaust  Exhaust fan located centrally, with passive vents

3. Multi-port (MP) exhaust Exhaust fan ducted to bathrooms, with passive vents
Supply Systems Components:

4. Forced-air (FA) supply Forced-air fan with permanent split capacitor (PSC) motor,

outside-air duct with motorized damper
5. ICM forced-air supply Forced-air fan with integrated-control motor (ICM),
outside-air duct with motorized damper

6. Multi-port (MP) supply Supply fan ducted to bedrooms and living areas

Balanced Systems Components:

7. Balanced heat-recovery Heat-recovery ventilation unit ducted to and from rooms
8. MP supply with SP exhaust Supply fan ducted to bedrooms and living areas,
with exhaust fan located centrally
9. FA supply with SP exhaust PSC forced-air fan with PSC motor, outside-air duct with
motorized damper, exhaust fan located centrally

4.1.1. Types of Exhaust Ventilation

The variations of exhaust ventilation dedesn the fan location and numbe of exhaus ports.
One variatio replaces a bah exhaus fan with an upgraded bat exhaustfan sized fa the
whole housé€. Alternatively, the exhaust ventilation fan may be located centmigy, in a hall.
Both theg systens exhaus from one location, ® they are callel single-portexhau$ systems.
Multi-port exhaus systems use one fan to exhaust from several ports; aad¢amois connected
by 3-4" diameter ductworkd rooms where moistue arnd odors are generated usually each
bathroom and the laundry. Figure 1 illustrates a cesingle-port exhaustentilation system.

Single-port exhausis the same asupgraded bédt exhaus excep for the locatimm of the fan,
and tre fact that upgraded bdt exhaustsave the cos of one bathroon local exhaus fan.
However, because of its central locatiamgle-port exhaustusualy provides bette circulation.
Multi-port exhaustcosts more to install becausf the ductwok involved but provides the best
circulation d all the exhaust ventilatio strategis becaus it exhauss from severalrooms.
Figure 2 illustratesnulti-port exhausventilation.

4.1.2. Circulation of Ventilation Air

Exhaust ventilatio depend on ar moving freely betwee the house and #exhaust fanbut
too often airflow is disruptel by closeal interior doors For example with upgradel bath
exhaus ventilation,flow of air to the exhaus fan can be disruptel when the bathroom doo is
closed and, if the fan is in a master bath, the master bedroom door can also disrupt flow of air.

Even with single-port exhaustwhere the exhaust fan igentrally locatedr a hal or stairway,
flow of air from ary room can be disruptal by closing the doa to tha room Unrestricted
indoar airflow is essential a the effectiveness fo any ventilation systen and is especially
important fa forced-ar systen performance becaasair has to redt the forced-ar return(s).

7 In upgraded systems, a spot exhaust fan is replaced by a quiet, efficient exhaust fan with a PSC (or better) motor.



Therefore, regardless of the ventilation system used, homebuilders should use akeleashen
following measuresat facilitate airflow: (1) instal a forced-air retun in evely bedroom,(2)
install through-wadl transfe grilles betwee ead bedroom ad a hallway, or (3) undercti or
louver interior doors (Brook 1996, Jackson 1993, Kesselring 1991).

Figure 1. Central Single-Port Exhaust Ventilation
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System Components: System Operation:

1) quiet, efficient exhaust ventilation fan 1) The exhaust ventilation fan operates continuously.
2) several passive wall or window vents 2) Spot fans exhaust air from kitchen and bathrooms.
3) programmable timer with speed switch 3) Residents can temporarily boost the ventilation rate.

4.1.3. Depressurization

In tight homes, exhaust ventilation systems createesdegres of negatie indoa pressurethe
degree of depressurization depends on how tight the home is and how strong the farhiaus
Tight homes can be significantly depressuriz# by operation of a kitchen range hood clothes
dryer, or forced-ai systen whose ductwdq is outsice conditioned spaxzand has more supply
than retun duct leakage (ASHRE 1989, Bro& 1996, Cumming and Moyer 1995 Stevens
1996). However, if theris also a continuous exhausventilation system depressurizatio will
be more frequent, severe, and prolonged than if tlseme exhaus ventilation fan. The extent
to which any houseis depressurizg by an exhaust ventilatio system forced-ar system,or
large exhaust applianee (individually and in combination can only be determine by
diagnostic (pressuyeestirg of evely ENERGY STAR home which is strongy recommended
(Bower 1995, ESB 1995b, Smith 1994, Stevens 1996).



Figure 2. Multi-port Exhaust Ventilation
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System Components:
1) quiet, efficient multi-port exhaust fan System Operation:

2) several passive wall or window vents 1) The exhaust fan operates continuously on low.

3) 3-4" diameter ventilation ductwork, grilles 2) Bathrooms have exhaust ports instead of spot fans.
4) programmable timer with speed switch 3) Residents can temporarily boost the ventilation rate.

4.1.4. Passive Vents

Passive ventare smallscreened openings in exteriaralls or windows that are designed to

admit ventilation air (not combustion appliance makeup air) to a home in response to negative
indoor pressure created by a continuous exhaust ventilation fan. They are designed for use in
very small,tight homes in which depressurization has bdeterminednot to be a safety and

health risk; see Appendix A for an examination of conditions in which depressurization is safe.

Used properly passive ventsffer some control over the location of air entry into tieme;
usually, one vent is installed in each bedroom and living area. affeaintof airflow through
passive vents can beontrolled (by adjusting the openingjze), but the direction of airflow
through theventsdepends on differences in presswvéhin and outside théuilding8 For
passive vents tdunction as airinlets the exhaust ventilation fan must maintain at least 10
Pascals negativendoor pressure. According to one majoaissive ventmanufacturer,each
passive vent (4-6 tnet freeareay admits10-20 cfm of outdoorair at an indoor pressure of

8 The term "passivanlet " is not used here because it misleadingly suggests that air moves in only one direction.
9 The Home Ventilating Institute (HVI1) certifies vents for net free area, but at present, the HVI teastifiet any
passive vents that are designed for use in habitable areas.



negative 10-20 Pascals. So, rathenttedieving depressurization, passivent actually require
significant depressurization in order to be effective (Dietz 1998, Lubliner et al. 1997).

The rok of passive vergtin exhaus ventilationis understod in Scandina\a where homs are
electrically heated, and depressurization is not considesadeyy and health risk. In the U.S.,
however, passive venare usal in homes that are neithevery tight nor smal and that arenot
strongly depressurizedyban exhaus ventilation fan. For example the Washington State
Ventilation am Indoar Air Quality (VIAQ) Code require mechanich ventilation systens in
new homes and al® requires tha exhaust systeminclude “individual room outdoa air
inlets” (i.e., passive vents), regardless of total leakage artde @egree of depressurizatio by
the exhaust ventilation fan. The code requires that ventilation systems be cdpadoimuous
operation burefers to them as“Intermittently Operatel Whole Houg Ventilation Systems”
(Lubliner 1998, State of Washington 1998).

Passive ventare na effective in larger, leakie homes becausgunles the combined ne free
area of the passive vents is a significant portion of the total leakagefaachouse outdoor air
is more likely to enter the house through random infiltratioutes than throudh passive vents.
Furthermore, if the exhaust ventilatidan does not sustan significart indoa depressurization,
the direction of airflow through ghventswill be determine by the interacting force of wind,
stack effect, large exhaust appliancaad forced-ar systen imbalance (Bower 1995 Brennan
1998, Lubliner et al. 1997, Palmiter 1991, Stevens 1996).

Consider a U.S. production home wilsingle-port exhausventilation systen (e.g, 100 cfm);
distribution of ventilation air deperslon the centraly located exhaus ventilation fan being
able to pull outdoo air into the home through tke passive vents localein each bedroomand
living area. However, if residents close their bedroom doors at night, the fan mag atué bo
pull air into the bedrooms through the vents, in whicledhe exhaus fan pulls air from other
parts & the home, whic may then becone depressurized Meanwhile outdoa air is not
coming in throud the passive vents localein the bedrooms, @ ventilation is not provided to
sleeping occupants. Furthermore, any ee@recooled air delivered through bedroonmsupply
registes will pressurize ath leave the room throudp the passive ventghus wastig the energy
requiral to condition and distribug¢ the air (Cumming and Moye 1995, Gehrig 1994).
Measures that facilitate indoor airflow can minimize but don't eliminate this potential problem.

In two-story homes, this problem is exacerbatednut®d air driven by stak effed entes the
home o the lower levelthrough passive vents oinfiltration, and wam indoor ar leaves
through passive vents on the uppevel, this provides ventilation and ar circulation bu at the
expense b conditionirg excessuncontrolla airflow (Bower 1995 Reardm 1995) In cold
climates, whes winter stak& effed is strongestthe loss ofindoor air throuch passive vents$n
two-story houses may even be sufficient to depressurize the home (Steege 1998).

So, for exhaust ventilation to be effectivee #xhaus ventilation fan mud be powerfu enough
to maintan significart depressurizationwhich shoutl be avoided in ENERGY STAR homes
unless tle conditiors listed in Appendix A hawe been evaluated ath determiné not to be a
problem And although passive verstare an important compondnof exhaus ventilation in
tight homes, they do not prevent depressurization, ereftective circulation of ventilation air,
or necessarily protect the space-conditioning energy savings gained by tightening the envelope.

4.2. Supply Ventilation

Supply ventilatio uses a fa to continuously suppl outdoa air; spd fans intermittently
exhaust indoor air ahare manualyy controlled by occuparng or automaticaly controlled by a
dehumidistat Fars used for exhaus can also be useal for supply ventilation the difference
between "exhaust" @n"supply' fans is orientation or direction of airflow with respect tothe
house For supply ventilation to beeffective, ar mud be deliveral (by a fan via ducts)to
several rooms, including each bedroomq #éme resistane of the ducts mug be accountd for.
A basic supply ventilation system consisf a fan, ductwok connecting tk fan to the outside
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and to several rooms, and controls; outdoor air may or may not be mixed with and tebpere
indoor air before being delivered (Bower 1995, EDU 1998, Steege 1998).

4.2.1. Air Filtration

Supply fans make it possible to filter ventilation air, whichnisraportant consideratia for the
growing numbe of peopk with asthma allergies,and environmentakensitivities (American
Lung Association et al. 1994, Gehring 1996, Ulness 1997). Supply sygteninclude an air
filter must k& designé to accoun for the addd resistane of the filter and to allow easy
replacement of the filter; occupants shouldibformed abou the neal to replae the air filter
(Bower 1995).

4.2.2. Pressurization

A significant advantage of supply ventilation in homes is that it creates positiuar pressure.
Whena supply fan delivers air to a tight house the home become pressurizedwhich helps

prevent outdoo pollutans (e.g., radoh from enterirg and buffers again$ depressurization,
which, while still possible, will be less frequent, severe, or prolonged than withesupply fan

(Bower 1995, Finley 1997, Gehring 1996, Lstiburek 1995) .

4.2.3. Forced-Air Supply

As the deman for centrd air conditionirg in U.S. homse has grownforced-ai systems have
become standdrin new homes in most climates Therefore when ventilation is called for,
many residential contrac®adap the familiar forced-ar conditionirg systems fo ventilation.
To do sq contractors introdue outdoa air by installing an outside-ai dud (6-8" diameter)
that connects outdoors to the forced-aturn A motorized dampe in the outside-ai dud is
adjusted once, at installation, to adriie desigh volume of ventilation air and is electronically
controlled (by tle forced-air fan control) b open whenewethe forced-ar fan runs negative
pressure in th dud pulls outdoa air into the forced-ar retum where t mixes with indoor air
before being delivered Forced-ar supplyis the cheapédsventilation systm to instal because
the forced-air fan and ducts are already there. Figure 3 illustoated-air supplyventilation.

Forced-air suppy provides ventilatia only when the forced-ar fan operatesand a forced-air
fan usually runs only if the thermostat calls for heating or cooling, sorumamd conditions,
a houg with forced-air suppy ventilation migh not receive outdoa air for days weeks,or
months at a time. Fdorced-air supplyto provide ventilatin on a regula basis the forced-air
fan needs to operate on a regular basis, and, as noted above, this mga@ith be automatic.
Fortunately, sevetananufacturers (includip DuroDyne Honeywell, ad Tjernlund) anml the
Florida Solar Energy Cemeffer forced-ar fan controk tha automaticaly operae forced-air
fans continually, at regular intervals, for ventilatiQlacksem 1993 Rudd 1998a Stevers 1996).
Forced-air suppy systems shodl include a contrd tha automaticaj operats the fan at
regular intervals and opens the outside-air damper when the fan is running.

Another disadvantage dbrced-air supplysystems is that standard (PSGrced-ai fans are so

noisy (as typically installed) and expensive to operate that residemt be reluctart to use the
forced-air systm for ventilation however, unlestight home receive ventilation indoor air
quality and health may be affected (ESB 1995b, Jackson 1993, Lubliner et al. 1997).

Yet another disadvantage fafrced-air supplyis that leaky return ducts iunconditione spaces
(e.g., an attic or crawlspace) can introduce moi@robes radon ard particulats to the home
(Jackson 1993) . Contamination of indoor air by return duct leakage is minirhifedéd-air
ducts are sealed, and it is eliminated if ducts are installed in conditioned'%pace.

10 To avoid potential backdrafting, return ducts located in conditioned space must also be sealed (White 1998) .

11



Figure 3. Forced-Air Supply Ventilation
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Ventilation System Components:

1) outside-air duct with motorized damper
2) programmable forced-air fan control

3) forced-air fan and ductwork

Ventilation System Operation:
1) Forced-air ducts are airtight and/or within conditioned space.

2) A motorized damper in the outside-air duct opens when the forced-air fan runs.
3) Controls automatically operate the forced-air fan at regular intervals for ventilation.

An alternative to operating a PSC forced4ain continually for forced-air supp} ventilationis
to instal anothe (quiet, efficieny supply fan to pul outdoa air into the outsice air dud¢ and
distribute itthrough the forced-ar ductwork However this addition& fan increase system
installation costthus offsetting the only red advantag of forced-ar supply Also, unles this
fan uses much less energy than a forced-air fan, it may not reduce operating costs significantly.

4.2.4. ICM Forced-Air Supply

Another way to reducéorced-air supplyoperating costs is to evariable-spee forced-ar fans
with integrated-control moter (ICM),11  which currenty cog ~ $1,0@ more than standard
builder-model fas but operae more efficiently over a wide range & speeds PSCforced-air
fans consum almost the samwattsat high sped (e.g, 1,20 cfm for cooling) asthey do at
their lowest speed (e.g., 900 cfm for heating), but an ICM fan that uses 300 W at in2@€esf

11 variable-speg electronically-commutatemotors (ECM3 are now manufacturd with controk in the motor, so
they are called integrated-control motors (ICMs) (Mills 1996).
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only ~ 80 W at 600 cfm (EDU 19953. ICM forced-ar fans are sometimes ubeo
continuously recirculate indoor air, but they can also be us@aovide continuows ventilation.
Therefore, we evaluatd@€M forced-air supplyventilation.

Whether a fan operating at low speed (say, 600 cfm) can distneuatilation air through ducts
designed for a much largésay, 1,20 cfm) volume of air depends o the quality of the duct
system. Each room should receive half the air at a fardsge®00 cfm asit receives 81,200

cfm (assuming no duct leakage), but the proportion of ain eeam actually receivesdepends

on how well the ducts are designed and installed. In other words, a forcadtan distributes
ventilation air as well (or as poorly) as it distributes conditioned air (Archer 1998)s mEans
that a forced-ar (or any other fan operatig on low spee cannd distribuie ventilation air
evenly throughout the home unless the home also has an exemplary forced-air duct system.

Using ICM fans for ventilation raises the questidrhow ventilation rate varies with fan speed.
Duct pressu# is proportiond to the squag of airflow velocity, so there is one-fourt the duct
pressure availablat a fan speed of 6D cfm asis availabke at a fan sped of 1,200 cfm.
Therefore if the dampe in the outside-aidud is adjustel to admit say, 100 cin of outdoor
air when the ICM fan operates at 1200 cfm, how much air is adiwitten the fan runs at 600
cfm? The answer is probably unique toteatstallation and is definitely beyord the scope of
this report. However, contractors avinterd to use ICM forced-ai fans for ventilation should
be awae tha if the damper i the outside-ai dud is adjustel to admt the ventilation design
volume (in cfm) of outside ai when the forced-ar fan runs at high (cooling) speed, the the
home will be underventilatd when tte fan runs at low speel for ventilation Similarly, if the
damper is adjusted to admit the ventilation cfm when the forced-air fanatlow (ventilation)
speed, the house Wibe over ventilated when the fan runs at high speedwith a corresponding
energy penalty (increased operating cost) for tempering the additional air (Archer 1998).

4.2.5. Multi-Port Supply

Supply ventilation offers the advantage of positive pressureducted delively of outdoa air,
and tle ability to filter and dehumidify incomigy air. It is notewortly that the prevalere of
forced-air supplysystems among horsavith mechanich ventilationis attributabé nat to these
advantages, huto the fact that forced-ar supply ventilation has the lowest installation cost.
However considering tk high operating cost potential noise drafts and occupant
dissatisfaction associatedth operating a forced-misystem fo ventilation, it isimportart to
realize that the beneditof suppy ventilation ca be achieved withot the disadvantage of
forced-air integratio by using a quiet efficient suppy ventilation fan tha continuously
delivers outdoor air through ventilation-only (i.aegt forced-air) ductwork.

A multi-port supplyventilation system consist$ an appropriate) sized suppy fan, ventilation
supply ducts, and controls; outdoor air is delivered directlgedroons and living areas where
residents spend the most time. Because ventilation airflow ig 46w of conditional airflow,
ventilation-only duct are smalle than forced-ar ducts, ad easie to fit in conditioned space.
Unlike exhaust systemsnulti-port suppy delivers outdoa air directly to bedroors and living
areas, so these rooms receive continuous ventilation regardless of Howdweal air circulates.
Figure 4 illustratesnulti-port supplyventilation.

4.2.6. Supply Ventilation Duct Efficiency

Location offorced-ar or multi-port supplyventilation ducts affects ventilation systeperating
costs. Dut systems shodl be (and this repot assume they are properly designé and
installed, airtight and insulated Even so hea will be conducte between dust ard their
surrounding space when the temperature of air in the ducts is diffeoem the temperatue of
the surroundiy space Our operatig cod estimates accowinfor the energy requiredto
condition ventilation air brought directly into the house, but theyhat accoun for tempering
energy needed to offset conductive thgains and losses © ventilation supply ducs located in
unconditioned space. Our analysissume suppl duct are within conditional space, buthe
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cost of tempering ventilation air can change significantly if ducts are in a basemasvispace,
or, especially, an attic. Calculating the impact of conductive heat transfer on supply ventilation
ducts in unconditioned space is beyond the scope of this report, but we offer a brief qualitative
discussion of the relative efficiency ofulti-port supplyandforced-air supplyventilation ducts.

Figure 4. Multi-Port Supply Ventilation
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Ventilation System Components: Ventilation System Operation:

1) quiet, efficient supply fan with air filter 1) The supply fan operates continuously on low.

2) ventilation ductwork and supply grilles 2) Spot fans exhaust air from kitchen and bathrooms.
3) programmable timer with speed switch 3) Residents can boost the ventilation rate as needed.

The impact on ventilation operatingpsts of putting supply ventilation ducts umconditioned

space depends on (1) the difference in temperature of air inside and outside the ducts, (2)
ventilation operating schedulge., continuous vs continual), (3) surface area of doetwork

located in unconditionedspace, and (4) duct R-value. If we assummelti-port supply and
forced-air supplyducts are insulated to the same R-value, three variables remain.

Thermal impact on ducts in unconditionsgace is of most concern in homes in biiates,

where supply ducts are usually locatedattics,which can reach temperatures of over 450
For example, in a production home in Phoemkh supply ventilation, supply air moves
through the attic ventilation ducts continuously. If the hdmsemulti-port supplyventilation,

during the summer, outdoor air in the supply ducts is hot (e.§F)9But the attic is hotter (e.g,

12 F), sothe supply ducts absorb heat from thitic, increasing the home coolingpad.
During thewinter, the attic is not as hot aduring the summer, but is (usually) warntban
outdoors, so the supply ducts still absorb heat from the attic, decreasing the home heating load.
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If the same home hderced-air supplyventilation, air in the supply ducts dugitthe summe is
cooler than outdoor air and much coolerrtfatic air, becaus a smal amount & hot outdoor
air is mixed with alarge amout of coolal indoa air. When tte forced-air fan operats for

ventilation only, air movig through tke duct is nea indoa temperatue (~75° F), but when

the air conditioner is on, air in the ducts is much cooler {+§0in both cases, the suppducts
absorb heat from the attic, increasing the home cooling load. dowiirter, the attc is usually
warmer than outdoor air. When the forced-sjisten operats for ventilation only, air moving
through the supply ducts is near indoor temperature, and whethdudtks gain or lose hed to
the attic depends on the degree of attic solar heat gain, i.e., whether thectiei or warmer

than tle house But when the forced-ar systen is heating, air in the ducts (e.gl00° F) is
much warmer than the attic, so the ducts lose heat to the attic, increasing the home heating load.

To the extent tha temperatue differentials associatewith forced-ar supply ventilation ducts
are greatethan multi-port supplyventilation ducts the impad of conductive hed transfe is
greater on forced-aiducts than ventilation-only ductsthis impa¢ can be mitigated if the
forced-air supplysystem operates at regular intervals (rather than continuously) for ventilation.

Ventilation-only duct are smalle (4-6" diamete) than forced-ai ducts (6-18' diameter) so

their surface area is much lower. On the other hand, smaller ducts have a greater sartace are
volume ratio tharforced-air supplyducs (e.g, a 6" diam ventilation-onlyduct ha& a surface
area to volume ratio of 0.66 and a 12" diam. forceddaot ha a surface ara to volume ratio

of 0.33), and this increasé¢he relative impad of conductive hed transfeé on the smalle ducts

How the interaction of hlthes variables affect the relative impad of conductive hed transfer

on multi-port andforced-air supplyducts in unconditioned space requires further investigation.

4.3. Balanced Ventilation

Balanced ventilatio uses a supply fan and an exhaus fan to regularly exchange indoor air;
both fans move similar volumes of air, so indoor presfluctuates nea neutrd or "balanced."
From a safety and health perspective, baldmressue is bette than negatie indoa pressure,
but not as beneficial as posiiindoa pressurewhich hels keg outdoor pollutarg outdoors
(EDU 1996b). The primary advantag of balance ventilation isthe ability to transfe heat
between the outgoing (exhaust) and incoming (sypaiystreams Whenbalanced ventilation
incorporates heat recovery, comfort is improved because supply air is tenbeéoes delivery,
and costs of conditioning ventilaticair is significantly reduced particularly in sevee climates
(Smith 1994. Balance ventilation also provids the best distributia of ventilation air,
because two fans are used and, when heat rgca/arcorporated both air streans are usually
ducted Another advantag of balanced ventilatio systens is tha they can be deliberately
"unbalanced" to pressurize or depressurize a home, according to the season (White 1998).

4.3.1. Balanced Ventilation with Heat Recovery

A balanced heat-recoveryentilation (HRV) systen includes an exhaus fan, suppy fan, and
heat exchanger; ducts connect the exhaust fan to several exhaust portg,inciuging one in
each bathroomand the supply fan to severa supply grilles, including ore in ead bedroom.
Balancal HRVs are amog the moe expensive ventilatiorsystems tanstall, but they ae the
most affordable to operate. Figure 5 illustratémbanced heat-recovenyentilation system.

Although the initial cost of heat-recovery is offsgt fleduce operatig cost, its relativel high
installation cost currently limits its use by production homebuilders. Anotlteparhag more
significant disadvantage of balanced heat-recovery systems, atmlgasduction homes, ighat
they requie consideral# time and training to instal properly. For this reasonbuilders who
offer HRVs as an upgrade should consult closely with the HRV manufacturing the design
phase and consider hiring an HRV contractor trained and recommended by the manufacturer.
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Figure 5. Balanced Heat-recovery Ventilation
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Ventilation System Operation:

Ventilation System Components:
1) HRV unit containing exhaust and supply

fans, and air-to-air heat exchanger

2) exhaust and supply ducts and grilles
3) programmable timer with speed switch

1) Air is supplied to bedrooms, exhausted from bathrooms.
2) Sensible heat is recovered from exhausted indoor air.
3) Residents can temporarily boost the ventilation rate.

4.3.2. Balanced Ventilation without Heat Recovery

Not all balanced ventilation systems include heat recovery; in sasespeoplewantbalanced
pressure without the additional installation cost or advantages of an air-to-aieXuwetnger.
Therefore, we evaluated two balanced systems without heat recoversnu(ti)port supply +
single-port exhaustand (2)forced-air supply+ single-portexhaust Each is a combination of
forced-air or multi-port supply andsingle-portexhaust.

5. Evaluation of Ventilation Systems

We evaluated ventilation systems in each climate on the basis of three criteriantaialized
cost, distribution of ventilation air within the home, and the system's effeatdwor pressure.
To quantitatively compare systems on the basis of our cost and effectiveness critereatee
a scale and applied relative scores to each ventilation system in each climate.
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5.1. Ventilation Costs
5.1.1. Capital Costs

Installation cost estimates are based information provided by manufacturers, distributors,
consultantsR.S. Means 1997 Mechanicab€l Data(Means 1997) and survey of NY and

CA contractor¥ Estimates represent retail costs to the consumehiding materials,labor,

and 25% overhead and profit; they do not include the cost of local (spot) exhaust fans. We
assume that ventilation system installation costs are the same in all climates, all systems include a
timer with a speed switch, and all exhaust ventilation systems include six passive vents.

Annualized capital cost includes installation cost and periodic equipment replacement costs.
We assumed a 20-year ventilation system lifetime, a 7% real discount rate, and the following:
* Quality PSC ventilation fans (including those in HRVS) that operate continuously
require replacement every 10 years at a cost of $200 per fan for labor & material,
e Standard PSC forced-air fans used continuously for ventilation require motor
replacements every five years at a (motor) cost of $200 for labor & material, and
« Variable-speed ICM forced-air fans used continuously for ventilation require
replacement of controls after 10 years, at a (controls) cost of $200, labor & material.
Ventilation system capital costs are summarized in Table 2 and itemized in Appendix B

Table 2. Summary of Capital Costs
Systems are sorted by Total Annualized Capital Cost

Installed (First) Cogt  Present Value of Present Value|of  Total Annualized
Ventilation System (includes material,| guipment Relaced| All Capital Costs Capital Cost
labor, 25% O&P) over 20 years over 20 yeary over 20 yeprs
Upgraded bath exhaus} $ 4643 $ 187 $ 649 $ 60
Single-port exhaust $ 613 $ 187 $ 799 $ 74
Forced air supply $ 300 $ 525 $ 825 $ 77
Multi-port supply $ 650 $ 147 $ 8B7 $ 78
Multi-port exhaust $ 1,125 $ 1B7 $ 1,312 $ 122
FA swpply, SP exhaus $ 66 $ 100 $ 1,862 $ 127
MP sipply, SP exhaus $ 1,018 $ 474 $ 1,386 $ 129
Balanced heat recower| $ 1,388 $ 37¢ $ 1,741 $ | 64
ICM forced air supply $ 1,550 $ 525 $ 2,07% $ 1Pp3

5.1.2. Operating Costs

Annual operating costs for each system in each climaie estimated bgomputer-modeling

the interaction of infiltration, mechanical ventilation, and space heating and cegjiigment.

The cost of operating a ventilation system includes the energy used by the ventilation fan(s) as
well as the cost of tempering ventilation air and any infiltration attributable to active ventilation;

it does not include the cost of tempering air that would infiltrate in the absence of ventilation.
We estimated operating costs by modeling ventilation sygirormance. _Appendix hows
operating cost estimates, broken down by fan energy, heating, cooling, and total operating cost.

We selected one city to represent each of the four climates: Boston (cold), Washington DC
(mixed), Houston (hot humid), and Phoenix (hot arid). Typical Meteorological Year 2 (TMY2)
weather data were used in albdeling. _Table 3iststhe home thermal characteristics used in

12 Synertech Systems Corp., Immnducted aminpublished survey of residentiantilation costs for NYSERDA
(NY State Energy Research and Development Authority), CIEE (CA Institute for Energy Efficiency), and LBNL.
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RESVENT and DOE-2 modeling; these are consistent witlEENERGY STAR Homes program,

i.e.,a Home Energy Ratig Systen (HERS) scoe of at least & points (Birdsal et al. 1990,

Marion and Urban 1995). We also assumed that:

« homes have 0.20 AC/h average annual infiltration (in the absence of mechanical ventilation)

« homes have 0.35 AC/h mechanical ventilation, and

« homes hag three spa exhaust fas (one ead in the kitchen and two bathrooms) that
operate 30 minutes/day each, and a clothes dryer exhaust fan that operates one hour/week.

We usel RESVENT to estimae infiltration- and ventilation-relatd spa@ conditionirg loads,
including latent cooling.RESVENT is an houyl ventilation simulaticn program develop by
the Energy Performance of Buildings Group of thdoar Environmen Departmeh at LBNL;

it incorporate the Sherman-Grimsm infiltration modd (Matsan and Feustel 1998 Sherman
and Matso 1996) 13, We usedthe ASHRAE 136 method todetermire normalized leakage
values correspondingto 0.20 AC/h infiltration (ASHRAE 1993). Homes were modela with
ead ventilation systen in additicn to 0.20 AC/h infiltration, ard with 0.20 AC/h infiltration
only; loads attributalel to 0.20 AC/h infiltration only are subtracted frm loads attributableto
0.35 AC/h mechanical ventilatigplus 0.20 AC/h infiltration to determire the loads attributable
to mechanical ventilation.

Table 3. Energy Star Home Modeling Assumptions
All homes have 20003t 2x4 frame, 12.5% window/floor area, and R-38 ceiling insulation.
Cooling equipment is rated 12 SEER; heating equipment is rated 80 AFUE (gas), 3.26 COP (electric).
(Actual heating and cooling equipment efficiencies used in operating cost calculations are listed in Table 5.)
Fractional leakage area is the total leakage area of a building expressed as a fraction of conditioned floor area.

Home Characteristic Boston MA |Washington DC|{ Houston TX Phoenix Az

Number of stories 2 2 1 1
Fractional leakage area 0.00015 0.00022 0.00025 0.00030
Foundation type basement basement slab-on-grade slab-on-grade
Exterior wall insulation R-19 R-19 R-13 R-13
Exterior wall finish wood aluminum brick stucco
Window Glazing dbl-pane low-E| dbl-pane low-E | dbl-pane low-E | dbl-pane low-E
argon gas fill argon gas fill solar-control solar-control
Window Frame wood or viny wood or vinyl aluminum no aluminum no
thermal break thermal break
Window U-factor (Btu/h-#) 0.39 0.39 0.67 0.67
Solar heat gain coefficient 0.52 0.52 0.37 0.37
Duct system efficiency 0.88 0.88 0.84 0.80

Each home is assumed to have 0.20 AC/h infiltration (i.e., the amount of air that wiltdate
the home during one year if tleewereno mechanical ventilationand eah ventilation system
continuousy delivers 0.35 AC/h. However,mechanical ventilatio affecs the infiltration rate,
so the combinedrototal air-chang rate (ventilation + infiltration) varies fo ead climate and
type of ventilation system (Feuktet al. 1987, Kesselrig 1991). Table 4 shows tle totd air-

13 To the extert tha the Sherman-Grimsrudnfiltration model consistenyy and significantly
overestimates infiltratio rates comparedto measurd values (Nelson 1998Palmiteg 1991), our operatirg cost
estimates, which are based on this model, should be considered in relative, rather than absolute terms.
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changes for edcventilation systen and climate basel on the Sherman-Wilsa mode| which
estimates the interaction of mechanical ventilation and infiltration (Sherman and Wilson 1986).

Table 4. Total Air-Change Rates
Mechanical Ventilation + Actual Infiltration (in AC/h)

SYSTEM TYPE: EXHAUST SUPPLY BALANCED
(one fan, passie vents) (one fan) (two fans)
Boston 0.47 0.44 0.61
Washington DC 0.48 0.46 0.63
Houston 0.43 0.41 0.55
Phoenix 0.43 0.41 0.56

The cos of conditionirg ventilation air depend on the cod of fuel or electriciy useal to heat
and cool a home as well as the type and efficiency of space heatirapa@ling equipment In

each climate, we calculated opergticoss for homes with two heating and coolig equipment
types: ga furnace/centrdaair conditioning (FAC) and, excepfor Boston electric hea pumps
(EHP). Weused 1998 Energ Information Ageng/ (EIA) utility electric aml gas prices and

assumed that real energy prices are constant throughout the r2@eyéidation systen lifetime.

We used measured gas furaannua fuel utilization efficiency (AFUE) values and measured
air conditioner and heat pynmseasoniacoefficient-of-performane (COPs) valuesrom EPA’s

Space Conditioning Report (L'Ecuyer et al. 1993), all of which are shown in Table 5.

Table 5. Fuel Prices and Space Conditioning Equipment Efficiency
19% EIA Fuel Prices Actual Space Conditioning Equipment Efficiency
gas electric City elec heatirg| elec cooling| gas heating measurd in
$/therm [ $/KkWh CopP COoP AFUE

9.27 0.125 Boston 1.56 2.30 0.66 Burlington V
5.84 0.081 Houston 2.13 2.47 0.66 Atlanta GA
7.56 0.098 Phoenix 1.84 2.37 0.65 Phoenix AZ
6.95 0.083 | Wash DC 1.80 2.56 0.66 New York City

For forced-ai ventilation systemswe neede to know the incrementacod of operatig the
forced-air fan fo ventilation alone We useal the DOE-2 building enery modéd to determine
the hours per year (for daclimate and heating/coolig equipmen type) tha a forced-ar fan
operates for heating and cooling and (by subtracting from 8,760 hrs/yeamrfolationalone.

Thermostat set points used in DOE-2 modeling ar€F7&r cooling and 68F for heating.

To estimate the cost of ventilation fan operation, we assumed a ventdgtten staticpressure
of 0.25 inches water gauge (w.g.) for exhaust and 0.50 inches w.g. foy fdppted systems,
and energ consumptiaa of 1.00 W/cfm for HRVs, 0.60 W/cfm for spd exhaus fans 0.50
W/cfm for PSC forced-ar fans 0.30 W/cfm for PSC ventilation fansamd 0.25 W/cfm for ICM
forced-air fans# We assumed a sensible heecovey efficiency of 70% for balance HRVSs;
we did not model freeze protection in HRVs. Table 6 summarizes annual operating costs.

Figures 6-2 show totd annualizel coss by city and spae conditioning equipmenttype.
Appendix C itemizes dl ventilation system costsinstallation cost annualized capitacost,
operating costs (broken down by fan energy, heating, cooling, and total), and total annual costs.

14 ICM ard PSC forced-ai fan W/cfm ratesare base@n measured datiiom Danny Parker othe Florich Solar
Energy Center; HRV and other ventilation fan W/cfm rates are based on product literature from fan manufacturers.
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Corrected Table 6. Summary of Ventilation Annual Operating Costs
Systems are sorted by Operating Cost in homes with Gas Furnace/AC

Annual Operating Cost in homes with

modeled in: Ventilation System Gas Furnace/AC |Electric Heat Pump
Boston multi-port supply $189 n/a
balanced heat recovery $205 n/a
multi-port exhaust $209 n/a
upgraded bath exhaust $212 n/a
single-port exhaust $215 n/a
ICM forced-air supply $282 n/a
MP supply, SP exhaust $383 n/a
forced-air supply $593 n/a
FA supply, SP exhaust $787 n/a
Washington DC multi-port supply $128 $148
multi-port exhaust $140 $162
balanced heat recovery $141 $155
upgraded bath exhaust $142 $165
single-port exhaust $144 $167
ICM forced-air supply $189 $204
MP supply, SP exhaust $271 $314
forced-air supply $392 $400
FA supply, SP exhaust $534 $567
Houston balanced heat recovery $131 $135
multi-port supply $135 $142
multi-port exhaust $142 $149
upgraded bath exhaust $144 $151
single-port exhaust $146 $153
ICM forced-air supply $211 $219
MP supply, SP exhaust $241 $253
forced-air supply $444 $455
FA supply, SP exhaust $551 $566
Phoenix multi-port supply $145 $155
balanced heat recovery $152 $157
multi-port exhaust $152 $162
upgraded bath exhaust $154 $165
single-port exhaust $156 $167
MP supply, SP exhaust $269 $287
ICM forced-air supply $296 $312
forced-air supply $696 $724
FA supply, SP exhaust $820 $855

Ventilation operating costs in Table 6 include ventilation fan energy, the cost of tempering
ventilation air, and the cost of tempering infiltration attributable to mechanical ventilation.
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Corrected Figure 6. Ventilation Costsin Boston Homes with Gas Furnace/AC
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Abbreviationsused in Figures 6-12

exh exhaust
FA  forced-air
HRV  heat recovery ventilation
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Corrected Figure 7. Ventilation Costsin Washington DC Homes with Gas Furnace/AC
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Corrected Figure 8. Ventilation Costsin Washington DC Homes with Electric Heat Pumps
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Corrected Figure 9. Ventilation Costsin Houston Homes with Gas Furnace/AC
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Corrected Figure 10. Ventilation Costsin Houston Homes with Electric Heat Pump
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Corrected Figure 11. Ventilation costs in Phoenix Homes with Gas Furnace/AC
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Corrected Figure 12. Ventilation Costsin Phoenix Homes with Electric Heat Pump
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5.2. Ranking Ventilation Systems by Cost and Effectiveness

We assigned relative scores to each system in each climate for three criteria: totalcasfjual
effective distribution of ventilatiomair, and predominant indoor pressure (resultifrpm
continuous ventilation). _Table 7 presents our method of assigning scores. amotalized
costsincorporate capital awell asoperatingcosts,annualized over a 20-year system lifetime.
We assign 50% of the total score to total annualieests,25% to indoor pressure, and 25% to
distribution. By giving total annualized costice the weight of the other two criteria, our
analysis, in effect, gives equal weight to costs and effectivengithough this (or any) scale is
necessarily somewhat arbitrary,atows us tocomparesystemsaccording to quantitative and
non-quantitative criteria.Of course,any aher numeric scale could be used, and different or
additional criteria (e.g., the ability to filter air) could be considered and differently weighted.

Table 7. Scoring Method
Each ventilation system in each climate is given a score for three criteria.

Score Total Annual Cost Score _Predominant Indoor Pressure
6 < $250 6 positive (supply systems)
5 $ 251-300
4 $ 301-350
3 $ 351-400 3 near neutral (balanced systems
2 $ 401-450
1 $ 451-500
0 > $500 0 negative (exhaust systems)
Score Distribution of Ventilation Air Within the Home
6 air is supplied (ducted) to and exhausted from several locations
5 air is supplied (ducted) to several rooms and exhausted centrally
4 air is supplied (ducted) to several rooms
3 air is exhausted from several rooms
2 air is exhausted from one central location
1 air is exhausted from one bathroom

Table 8 shows individual and total scores of ventilation systems by climate and equtgpent
Total annualized costs are weighted by a factor of two. Total score is the sum of three scores.
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Corrected Table 8. Ventilation System Scores
Systems are sorted by Total Score in homes with FAC

Total Annualized Cost Total Score
Score Weighted x 2| Effective | Indoor |(sum of 3 scores)
BOSTON FAC | EHP | FAC | EHP |Distribution] Pressure] FAC | EHP
multi-port supply | 5 na | 10 n/‘a 4 6 20 n/a
balanced heat recovery | 3 n/a 6 n/a 6 3 15 n/a
ICM forced air supply | 1 n‘a 2 n/a 4 6 12 n/a
single-port exhaust | 5 na | 10 | n/a 2 0 12 n/a
upgraded bath exhaust | 5 na | 10 n/a 1 0 11 n/a
multi-port exhaust | 4 n/a 8 n/a 3 0 11 n/a
forcedair supply | O n‘a 0 n/a 4 6 10 n/a
MP supply, SPexhaust | O n/a 0 n/‘a 5 3 8 n/a
FA supply, SPexhaust | O n/a 0 n/a 5 3 8 n/a
WASHINGTON DC FAC | EHP
multi-port supply | 6 6 12 12 4 6 22 22
balanced heat recovery | 4 4 8 8 6 3 17 17
ICM forced air supply | 3 3 6 6 4 6 16 16
single-port exhaust | 6 6 12 12 2 0 14 14
MP supply, SPexhaust | 3 2 6 4 5 3 14 12
multi-port exhaust | 5 5 10 10 3 0 13 13
upgraded bath exhaust | 6 6 12 12 1 0 13 13
forced air supply 1 1 2 2 4 6 12 12
FA supply, SPexhaust | O 0 0 0 5 3 8 8
HOUSTON FAC | EHP
multi-port supply | 6 6 12 12 4 6 22 22
balanced heat recovery | 5 5 10 10 6 3 19 19
ICM forced air supply | 2 2 4 4 4 6 14 14
MP supply, SPexhaust | 3 3 6 6 5 3 14 14
single-port exhaust | 6 6 12 12 2 0 14 14
multi-port exhaust | 5 5 10 10 3 0 13 13
upgraded bath exhaust | 6 6 12 12 1 0 13 13
forced air supply | O 0 0 0 4 6 10 10
FA supply, SPexhaust | O 0 0 0 5 3 8 8
PHOENIX FAC | EHP
multi-port supply | 6 6 12 12 4 6 22 22
balanced heat recovery | 4 4 8 8 6 3 17 17
single-port exhaust | 6 6 12 12 2 0 14 14
MP supply, SPexhaust | 3 2 6 4 5 3 14 12
multi-port exhaust | 5 5 10 10 3 0 13 13
upgraded bath exhaust | 6 6 12 12 1 0 13 13
ICM forced air supply | 1 0 2 0 4 6 12 10
forcedair supply | O 0 0 0 4 6 10 10
FA supply, SPexhaust | O 0 0 0 5 3 8 8
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6. Dehumidification

Indoar relative humidity (RH shout be kept betwea 40% and 60%; higher RHcan lead to
condensatio on surface and fava the growth of microorganisms lower RH cause static
electricity am dry nasé passagesthe latte increase susceptibiliy of occupans to infection.
Sources b moistue in homes can be categorizd asinternd (those generatd by the building
and its occupants) and external (outdoor air introduced by infiltrati@ntilation, @ both). In
mechanically ventilag homes in hot humid climates,and n any climae with hot humid

weather (e.g.dew point exceed 60-7(P F for severh months) remova of moistue from
ventilation airis importart for occupan comfort and to contrd growth d mold, mildew, and
dust mites (Barringe1l989 Bower 1995 Gehring 1998 We examined tk optiors available
for controlling ventilation latert loads The® options which ae discussd in detal in
Appendk E, include air-conditioning dehumidifyirg supply ventilation units and balanced
energy-recovery ventilation that transfers latent and sensible heat between air streams.

Most nav U.S. homes hae air-conditioning ad increasig numbershave ventilatio systems.
Home heatirg and cooling equipmemn shoul be sized and selectel to meet the calculated
sensible and latent loads for each housd,iarhomes with mechanical ventilationcalculations
shout include the external load of ventilatioair. In addition to prope sizing and selection,
cooling equipmen mug also ke properly installd in orde to achiexe manufacturer-rated
efficiency and latent capacity. Thereforee first steps that homebuilders shodltake towards
controlling ventilation latert loads is to size cooling equipmenaccordirg to Manud D, select
equipment usig Manud S, and instal equipment according tmanufacture instructiors and
industry performance standards (ACCA 1992, ACCA 1995b, Davis 1998b).

When air-conditioning is absent or inadequatedntrd moistue from mechanich ventilation,
other options ar availabk for removirg moistue from outdoa air befoe it entes the home.
A dehumidifying supply ventilation unit (DSVUs an efficient whole-houg dehumidifig that
filters ard dehumidifies ventilation air before distributing it through suppt ventilation ducts.
DSVUs add to supply ventilation installationdaaperatig costs but contrd indoar RH within

a relativey precie range Balancel energy-recovery ventilatio units (ERVS) with rotary
desiccant cores passively transfer moisture between the more huiressthumid ar streams.
An ERV would be installed instead of supply ventilationd @oes not increag operating costs;
however, neither the direction nor the amount of ERV moisture tranafebe controlled See
Appendix E for a more thorough discussion of these moisture control strategies.

7. Discussion

Our comparative evaluation of residential ventilation systems begins with estimatetl cagita
Appendix B. Itemized Capital Coss provides tle detaik of our installation cog estimats and

sorts system by installation cost According toour estimatesforced-air supp} is the least
expensive ath ICM forced-ar supplyis the most expensive systeto install. In Table 2.
Summary of Capital Costs ventilation sysgeame sorted by totd annualizel capitd cost, which
includes equipment replacement as well as installation ctijigraded bath exhaust the least

and ICM forced-air supplyis the most expensive system with regard to annualized capital costs.

Next we estimate and compare annual operating ,cabish vary by location (i.e., climate and
fuel priceg and tre type of spae heating and coolp equipmen installed in the home.
Operating costs are summarized_in Table 6, which sorts vemilsyistens by annué operating
costs. _Appendix C breaks operating costs into fan energy and teqflegatirg and cooling)
costs. Based on operating costs aJapgraded bath exhausind multi-port supplyare among
the least expensive systems &l climates and both equipment typesbalanced heat-recover
multi-port exhausand single-pot exhaustsystens are also among tle less expensive systems
depending on climate Forced-air supplyand tle two balancé systens without hed recovery
are most expensive to operate in all clisdte both equipmen types, bt the reduced cdsof
operatirg ICM forced-air supply(c.f., forced-air supply make this system more competiiv
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Total annualizedcosts, whichinclude annualized capital cost and annual operatiosf, are
shown in Appendix C and_Figure$-12 Upgraded bath exhaust, multi-port supplgnd
single-portexhaustare consistently the least expensive, wlolkeed-air supplyand forced-air
supply + single-port exhaustre consistently most expensive in terms of total annualized cost.

Finally, we compare ventilation systems on the basis of two effectiveness critevil ascost.

With regard to effective distribution of ventilation air, balanced systems are preferahigpty
systems, which arpreferable to exhaust systems; #aglanation forthis is given in_Table 7.

With regard to predominant indoor pressure resulting from continuaumilation, supply
systems are preferable to balancggtems,and balanced systems are preferableextnaust
systems, whiclttan sustain depressurization. We apply a weighting factor of two to our total
annualized cost scores so that ventilation system cost and effectiveness receive equal weight in
our evaluation. The results of our cost and effectiveness evaluation are shown in Table 8.

Total scores presented in Table 8 compare ventilaigtems on the basis of our quantitative
(costs) and non-quantitative (effectiveness) evaluation criteria. They areonayer, theonly

basis for ourrecommendations. Waso take into account our minimuaoriteria, particularly

the fact that we want to avoid positive indoor pressure (supply ventilation) inclimldtes, and

the fact that, at presemroduction builder decisions are driven more by installatoststhan

by ventilation system lifetime cost or effectiveness. Inpheduction homebuilding industry,
builders decide what (if any) ventilation system will be installed, and a ventilation system has to
be selected and installed before it can improve indoor air quality, comfort, and operating costs.

7.1. Limitations of the Analysis

As with any analysis, assumptions have a significant effect on the results. Actual installation
costs vary by region and may be affected by recent technological developments. Our estimated
operatingcosts are specific to the weather and fuel prices for those cities that we selected to
represent each climate, and to our assumptions about house characteristics (e.careajing
leakage areagquipment efficiency), occupant behavior (e.g., spot fans are used 30 min per
day), and ventilation systems (e.g., fan power consumption, heat rece¥gcyency).
Operating costs for other locations, house characteristics, and ventilation system specifications
will vary. Different weighting factors could be used to score the systems.addition,
continuous 0.35 AC/h mechanical ventilation does not necessarily ensure quality indoor air; the
amount of ventilation a home needs depends on many factors, including occupant perceptions.

8. Recommendations

As the results in Table 8 shomyulti-port supplyventilation has the highest score in all climates
for both types of heating and cooling equipment. We therefore recommahidport supply
ventilation in mixed, hot arid, and hbumid climates,and emphasize that ventilation sensible
and latent loads should be accounted for during the sizing and selection of caglignent.

If the cooling equipment cannot accommodate the latent load of ventiktiowerecommend
that production builders offer dehumidifying supply ventilationts to buyers as an upgrade.

In cold climates, we want to avoid positivedoor pressure (which can cause condensation in
exterior walls) during the heating season; therefore meommendthat multi-port supplybe
balanced bysingle-port exhausventilation. In the heating season, residents shogpldrate
both fans for balanced ventilation, but between heatiegsons, they have theption of
operating balanced ventilation orulti-port supplyventilation. The benefits of using only the
supply fan during warmeweather include positivendoor pressure anbbwer operating costs.
Balanced heat-recovergcores second or third in alflimates, reduces operatingcosts,
distributes air well, and, especially in catimates, improvesomfort by tempering supply air.
The installation cost obalanced heat recoverig relatively high but, asvith other products,
unit price drops as volume increases, gmdduction builders mayealize volumediscounts.
Therefore, we recommend that builders in cold climates offer HRVs to buyers as an upgrade.
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For builders who still instaflorced-air supplyventilation because dfs low installation cost, we
recommend optimizing forced-asystem performance, indoor air quality, ahdmeowner
satisfaction by (1) ensuring ducts are airtight or in conditiosygace, (2) installing &ontrol

that automatically operates the forced-air fan 20 minutes during each hour that the fan does not
operate for heating or coolif§,and (3) offering ICM forced-air fans to buyers as an upgrade.

Regardless of which ventilation system is installed, controls should be clearlyeaménently
labeled with basic operating instructions, e.dThis switch controls the house ventilation
system. It should be ON whenever the home is occupied.” Every ventilation system should be
commissioned at installation to verify that ventilation ducts are airtight and thapraper
(design) airflow is actually delivered to and/or exhausted from each space opdsating
conditions. Operation and maintenance details should be provided in a Homeowner's Manual.

Table 9. Summary of Ventilation Recommendations

Mixed, Hot Arid and
Hot Humid Climates Caveats

Multi-port supply Include ventilation loads in sizing and selection jof
cooling equipment (ACCA Manuals J and §).

Forced-air supply Include ventilation loads in sizing and selection jof
cooling equipment (ACCA Manuals J and §).
Forced-air ducts must be airtight or within
conditioned space.
Automatically control the forced-air fan to
operate at regular intervals for ventilation.
Offer ICM forced-air fans to buyers as an upgrqde.

Cold Climate Caveats

Multi-port supply + Single-port exhaust Include ventilation loads in sizing and selection jof
cooling equipment (ACCA Manuals J and §).

Use balanced ventilation during heating seasorj

and balanced or supply ventilation otherwisg.

Offer balanced HRVs to buyers as an upgrade

Forced-air supply + Single-port exhaust Include ventilation loads in sizing and selection jof

cooling equipment (ACCA Manuals J and §).

Forced-air ducts must be airtight or within
conditioned space.

Install a control that operates the forced-air fan
at regular intervals for ventilation.

Automatically control the forced-air fan to
operate at regular intervals for ventilation.

Use balanced ventilation during heating seasor
and balanced or supply ventilation otherwisg.

Offer ICM forced-air fans to buyers as an upgrqde.

Offer balanced HRVs to buyers as an upgradeIl

15 Theseforced-airfan controls cost $50-100, not including installati@md areavailable from DuroDyneorp.
(800) 899-3876 and Armin Rudd of the Florida Solar Energy Center (407) 638-1402.
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Appendix A. When Is Continuous Depressurization of Homes Safe?

Before installing exhaus ventilation in tigh homes, itis important to verify tha the following

circumstances have been met, i.e., that depressurization is not a safety and health risk to occupants.

EITHER
OR

EITHER
OR

EITHER
OR

EITHER
OR
OR

There are no combustion appliances in these homes,

1) All combustion appliances have separate, sealed supply and exhaust \zerding,

2) All are free of manufacturing defects or damage from transpod,

3) All are properly installed and regularly maintained by qualified persoanéll,

4) Occupants never install any natural-draft gas appliance or other combustion source.

AND,

There are no fireplaces in these homes,

1) Fireplaces have separate and adequate air supply and combustion aenting,
2) Fireplace doors are tested and sufficiently air tight)

3) Fireplace doors are always closed during operation.

AND,

There are no attached garages in these homes,

1) Occupants never operate a car in the garage with the garage door atabed,

2) There is no air leakage (infiltration) in walls between the house and garae

3) The door between the home and garage is never open when an auto is idling.

AND,
The homes are not located in high-radon areas,
A radon-mitigation system is properly installed and continuously working,
1) There are no holes in the foundatiand
2) There never will be any cracks in the foundation.

It may be possibé to satisly all these conditiors for a particular hone for a foreseeal® period

during which its furnishings and occupantsiaheir behavio are known, but it is very difficult to
confidenty assume that these conditfoare mé throughou the life of any particula home and
impossible to assume these conditions for all the homes in a subdivision or a new-home program.
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Appendix B. Itemized Capital Costs
Systems are sorted by Installation Cost

:Forced-Air Upgraded Single-port Multi-Port Forced-Air Multi-Port Multi-Port Balanced — ICM

(FA) ¢ Bath : (SP) : (MP) : Supply with Supply Wizth (MP) Heat Forced-EAir
SYSTEM COMPONENTS _ Supply: Exhaust Exhaust Supply SP Exhaust SP Exhaust Exhaust Recovery :Supply
ventilation fan (or kit), wholesale $120 $120 $150 $120 $270 $400 5700
utside-air duct with motorized damper $120 $120 $120
20' sheet metal duct ($1/ linear ft) $20 $20 $20
passive wall vents (6 x $25 each) $150 $150 $150
4" diam alum flex duct ($1/linear ft) $20 $100 $20 $120 $100 $125
4" diameter ceiling grilles ($5 each) $20 $20 included 535
incremental cost of ICM fan $1,000
programmable control and wiring $50 $50 $50 $50 $50 $50 $50 $50 $50
subtract bath fans replaced ($50 ea) ($50) ($100)  ($100)
MATERIALS $190 $270 $340 $320 $330 $460 $600 $810 $1,190
installation time (hours) 2 4 6 8 8 14 12 12 2
LABOR @ $25/hr $50 $100 $150 $200 $200 $350 $300 $300 $50
materials and labor $240 $370 $490 $520 $530 $810 $900 $1,110 $1,240
25% overhead and prafit $60 $93 $123 $130 $133 $203 $225 $278 $310
INSTALLATION COST $300 $463 $613 $650 $663 $1,043 $1,125 $1,388 $1,550
equipment replacement @ 5 yrs $200 $200
equipment replacement @ 10 yrs $200 $200 $200 $200 $400 $400 $200 $400 $200
equipment replacement @ 15 jyrs $200 $200
present value of replacement costs $525 $187 $187 $187 $700 $374 $187 $374 $525
total present value capital cost $825 $649 $799 $837 $1,362 $1,386 $1,312 $1,761 $2,075
ANNUALIZED CAPITAL COST $77 $60 $74 $78 $127 $129 $122 $164 $193

We assume a 7% discount rate and 20-year ventilation system lifetime for annualization of equipment costs.
Itemized components and costs are provided as examples only and should not be construed as system specifications.
Actual costs will vary depending on locale, specific equipment, order volume, and familiarity of installers with each system.
Annualized capital cost = present value of capital costs x (r x (1+r)*n) + ((1+r)*n-1); where r = discount rate, n = 20 years



Corrected Appendix C. Itemized Capital and Operating Costs
Systems are sorted by Total Annualized Cost

Ventilation operation costs include ventilation fan energy, the cost of tempering ventilation air,
and the cost of tempering infiltration attributable to mechanical ventilation.

Total

Boston homes with Gas Furnace/AC | annualized annual operating cost Annual
Ventilation System| installation cost| capital cost | fan energy | heating | cooling | total | Cost
multi-port supply | $ 650 | $ 78| % 65|$% 109 |$ 15($ 189 $267
upgraded bath exhaust | $ 463 | $ 60 | $ 64|$ 130|$ 17($ 212| $272
single-port exhaust | $ 613 | $ 741 $ 65|$% 132|$ 18($ 215/ $289
multi-port exhaust | $ 1125 | $ 122 | $ 64|$ 128|$ 17($ 209 $331
balanced heat recovery | $ 1,388 | $ 164 | $ 126 |$ 71($ 9% 205| $369
ICM forced-air supply | $ 1,550 | $ 193|$ 158 |$ 109|$ 15|$ 282 $475
MP supply, SP exhaust | $ 1013 | $ 129 | $ 127 |$ 227 |$ 28|$ 383 $512
forced-air supply | $ 300 | $ 771 % 469 |$ 109|$ 15|% 593| $670

FA supply, SP exhaust | $ 663 | $ 127 | $ 532 ($ 227|$ 28|$ 787 $914
Total

Wash DC homes with Gas Furnace/AC | annualized annual operating cost Annual
Ventilation System| installation cost | capital cost | fan energy | heating | cooling | total | Cost
upgraded bath exhaust | $ 463 | $ 60 | $ 431% 79|%$ 20|$ 142| $202
multi-port supply | $ 650 | $ IR 431$ 68|% 18|% 128| $206
single-port exhaust | $ 613 | $ 741 % 43(% 81|$ 20|9% 144| $219
multi-port exhaust | $ 1,125 | $ 122 | $ 2% 78|$% 20|9$ 140 $262
balanced heat recovery | $ 1,388 | $ 164 | $ 84($ 47|3% 11($ 141 $305
ICM forced-air supply | $ 1,550 | $ 193|$ 103|$ 68|$ 18|$ 189 $382
MP supply, SP exhaust | $ 1,013 | $ 129 | $ 85($ 153|$ 34 |$ 271 $400
forced-air supply | $ 300 | $ 77 $ 306 | $ 68($ 18|% 392 $468

FA supply, SP exhaust | $ 663 | $ 127|$  348|$ 153|$ 34 |$ 534| $661
Totd

Houston homes with Gas Furnace/AC | annualized annual operating cost Annual
Ventilation System| installation cost | capital cost | fan energy | heating | cooling | total | Cost
upgraded bath exhaust | $ 463 | $ 60 | $ 21% 28(3$ 74(9$ 144| $204
multi-port supply | $ 650 | $ 78| $ 21%$ 26($ 67(% 135 $213
single-port exhaust | $ 613 | $ 74| % 21%$ 29|3$ 75(9$ 146| $220
multi-port exhaust | $ 1,125 $ 122 [ $ 41($ 27|3% 733 142| $264
balanced heat recovery | $ 1,388 | $ 164 | $ 82|1% 14|$ 36($ 131 $29%
MP supply, SP exhaust | $ 1,013 | $ 129 | $ 83|$ 44|$ 115|$ 241 $370
ICM forced-air supply | $ 1550 | $ 193 $ 118|$ 26|$ 67|$ 211 $404
forced-air supply | $ 300 | $ 77| % BL|$ 26|$ 67|$ 444 $521

FA supply, SP exhaust | $ 663 | $ 127 | $ 32|$ 44|%$ 115|$ 551 $677
Total

Phoenix homes with Gas Furnace/AC | annualized annual operating cost Annual
Ventilation System| installation cost | capital cost | fan energy | heating | cooling | total | Cost
upgraded bath exhaust | $ 463 [ $ 60| $ 50[$ 32|$ 71($ 154 $214
multi-port supply | $ 650 | $ 78| $ 51|$ 30|$ 64($ 145/ $223
single-port exhaust | $ 613 | $ 740 $ 51|$ 33|$ 72($ 156| $230
multi-port exhaust | $ 1125 | $ 122 | $ 50|$ 31|$ 70($ 152| $274
balanced heat recovery | $ 1,388 | $ 164 | $ P|$ 15|$ 37($ 152| $316
MP supply, SP exhaust | $ 1013 | $ 129 | $ 100($ 51|$ 119(|$ 269| $398
ICM forced-air supply | $ 1,550 | $ 193|$ 202|$ 30|$ 64|$ 296 $489
forced-air supply | $ 300 | $ 771 % 602 |$ 30|$ 64($ 696 $773

FA supply, SP exhaust | $ 663 | $ 127 | $ 651 ($ 51|3$ 119 ($ 820| $947




Corrected Appendix C. Itemized Capital and Operating Costs
Systems are sorted by Total Annualized Cost

Ventilation operation costs include ventilation fan energy, the cost of tempering ventilation air,
and the cost of tempering infiltration attributable to mechanical ventilation.

Total

Wash DC homes with Electric Heat Pumy| annualized annual operating cost Annual
Ventilation System| installation cost | capital cost | fan energy | heating | cooling | total | Cost
multi-port supply | $ 650 | $ 78| % 43|1$ 87|$ 18|$ 148| $225
upgraded bath exhaust | $ 463 | $ 60 | $ 431% 102|$ 20|$ 165 $225
single-port exhaust | $ 613 | $ 741 $ 431% 104|$ 20|$ 167| $241
multi-port exhaust | $ 1125 | $ 122 | $ 421% 100|$ 20|%$ 162| $284
balanced heat recovery | $ 1,388 | $ 164 | $ 84|$ 61|$ 11($ 155/ $319
ICM forced-air supply | $ 1,550 | $ 193|$ 100($ 87|$ 18|$ 204/ $397
MP supply, SP exhaust | $ 1013 | $ 129 | $ 85($ 196 |3$ 34 (3% 314| $443
forced-air supply | $ 300 $ 771 % 296 |$ 87|$ 18($ 400| $477

FA supply, SP exhaust | $ 663 | $ 127 | $ 337 (% 196|$ 34($ 567 $693
Totd

Houston homes with Electric Heat Pump| annualized annual operating cost Annual
Ventilation System| installation cost | capital cost | fan energy | heating | cooling | total | Cost
upgraded bath exhaust | $ 463 [ $ 60 | $ 21% 3H|$ 74|% 151 $212
multi-port supply | $ 650 | $ 8% 2% 3R|[$ 67|% 142 $220
single-port exhaust | $ 613 | $ 74| % 21% 36(|3$ 75(% 153| $228
multi-port exhaust | $ 1,125 | $ 122 | $ 411%$ 3B|($ 73|$ 149 $271
balanced heat recovery | $ 1,388 | $ 164 | $ 82|($ 17|3% 36(3$ 135 $299
MP supply, SP exhaust | $ 1,013 | $ 129 | $ 83|$ 56|% 115($ 253| $382
ICM forced-air supply | $ 1550 | $ 193 | $ 120($ 32|$ 67(3$ 219| $412
forced-air supply | $ 300 | $ 77 $ B5|$ 32($ 67| 455 $531

FA supply, SP exhaust | $ 663 | $ 127 | $ 3%6|$ 56|% 115|$ 566| $693
Totd

Phoenix homes with Electric Heat Pump| annualized annual operating cost Annual
Ventilation System| installation cost | capital cost | fan energy | heating | cooling | total | Cost
upgraded bath exhaust | $ 463 | $ 60 | $ 50($ 43|$% 71($ 165 $225
multi-port supply | $ 650 | $ 78| % 51($ 40|$ 64($ 155 $233
single-port exhaust | $ 613 | $ 7413 511$ 44|$ 72($ 167 $241
multi-port exhaust | $ 1125 $ 122 | $ 501$ 42|$ 70($ 162 $284
balanced heat recovery | $ 1,388 | $ 164 | $ 9|%$ 21|$ 37($ 157 $321
MP supply, SP exhaust | $ 1,013 | $ 129 | $ 100($ 68($ 119|$ 287 $416
ICM forced-air supply | $ 1550 | $ 193 | $ 208|$ 40|$ 64($ 312| $505
forced-air supply | $ 300 | $ 771 % 619 |$ 40|$ 64($ 724 $800

FA supply, SP exhaust | $ 663 | $ 127 | $ 668 $ 68|3$ 119 ($ 855 $982




Appendix D. Infiltration as Ventilation

This report is concerned with recommergli@ppropriaé mechanich ventilation systemsbut it
is also important that we address the practice of bgltliomes with 0.35 AC/h infiltration. In
an effot to compl with ASHRAE 62 without having b instal mechanich ventilation some
builders are attempting ¢ build homeswith average annuainfiltration levels of 0.35 AC/h.
Although the standard allows infiltration to be counted towaedaih-exchang rate 0.35 AC/h
infiltration cannad be relied upon to regularly ventilate homse in ary climate becaus actual
infiltration rates vary widely throughout the year so that infiltration, antthis ca® ventilation,
is highes during winter ard summe and lowed during sprig and fall. Furthermore when
infiltration is the only source for air exchange in a home etlieno contrd over where the air
is coming from (i may be from the attic or crawlspacgeor how eveny the air is distributed.
Because infiltratia is uncontrollable ad highly variable, it is nb a substitué for ventilation
(ESB 1995a, Smith 1994, White 1996).

We used RESVENT to estimate the number of days that fiark 0.35 AC/h average annual

infiltration receive les than 0.% AC/h average dailyventilation The resuls in Table D-1

below indicate that honsen hot climates with 0.35 AC/h infiltration would be underventilated
most d the yea (219-23 days); eva in cold climate where infiltration-driving forces are

stronger, homgwould be underventila@ abou one-fourth ofthe year Pu anothe way, in

order fa infiltration to provide 0.35 AC/h on a regular @ daily basis,the averageannual
infiltration rate would need ¢ be considerab} higha than 0.5 AC/h. This finding supports
the argument that 0.35 AC/h infiltratioa not an effective alternative to mechanich ventilation
for maintaining indoor air quality in new homes (Feustel et al. 1987, Lstiburek 1995).

Table D-1. Frequency of Under-Ventilation
in homes with 0.35 AC/h infiltration only (i.e., no mechanical ventilation)

Boston Wash [@ Houston Phoenix

days/year the home receives < 0.35 AC/h88 days 102 days 230 days 219 days

% of days the home is under-ventilated 24% 28% 63% 60%
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Appendix E.

Dehumidification of Ventilation Air

Indoar relative humidity (RH) shout be kept betwea 40% and 60%; higher RHcan lead to
condensation m surfaces and favor the growth of microorganisms lower RH can cau® static
electricity aml dry nasé passagesthe latteé increases occuparsusceptibility to infection An
average family of four contributes at le@sgallors (7.6 kg) of water tohome indoo air each
day, and basemegtand crawlspacecontribute p to 8 gallors (30 kg) d water eabh day
(Barringer 1989 Bower 1995). Spd exhaus fans inthe bathroora and kitchen shoubl be
used b remowe exces moistue from thoe rooms and air conditiones (if present usually
handle the residual internal latent loads. When air conditioning is tabisémadequa (e.g, in
northern home with basements durgn the summer), portalel dehumidifies are often
employed to control humidity in part of a house.

Most nev U.S. homes hawe centra air-conditioning, ad a growirg numbe have mechanical
ventilation systemswhich introduce additionalexterna) sensibé and latert loads to the home
(compared to the same herwithout a ventilation system) In mechanicalf ventilated homes,
it is important that contractors include ventilation loads in Manual J calculatiorsado house,
use Manual S to select right-sized equipmemnt! follow manufacturer installatioinstructions.
Even so, dehumidification is ofteneedd when sensibé cooling is not, i.e., the latert capacity
of air-conditioners is only available when the thermostat indicates a need for sensible cooling.

Because dehumidification of ventilation air is often importantdocupan healh and comfort,
we examinel the options availald for controlling moistureintroduced  ventilation systems.
These strateggeinclude air-conditioning whole-hous dehumidifying suppt ventilation units,
and energy-recovery ventilation units that transfer latent and sensible heat between air streams.

E.1. Ventilation Latent Loads

An article in the Nov 9ASHRAE Journaproposes the use ofventilation load indexVLI) to
help HVAC professionals appreciate and anticipate latent loads attribwbadttive ventilation.
VLI is defined as “the load generated byearubic foot per minute of fresh air brough from

the weatheto space-neuttaconditiors (75°F (24°C) ard 50% RH (65 grains/Ib)) ove the
course of om year? (Of course ventilation latert loads ae concentratd during the cooling
season, noeveny distributed throughou the year) VLI varies by geographic locatio and
consists of two numbers indicagitatert and sensibé loads respectively e.g, a VLI of "4.0 +
1.0" indicates an annual latent load of 4.0 and annual sensible load of 1.0, in temdrocim
of ventilation. _Table E-1 shows ventilation loads in our four gifvee use Baltimores VLI for
Washington). VLI values in Table 10 are based on TMY2 weather data (Harriman et al. 1997).

Table E-1. Latent and Sensible Loads of Ventilation Air
Boston Baltimore Houston Phoenix
Ventilation Load Index (VLI) 20+03| 47+08|133+21| 1.3+5.0
latent load (in ton-hrs per cfm per yegr) 2.0 4.7 13.3 1.3
sensible load (in ton-hrs per cfm per ygar) 0.3 0.8 2.1 5.0
total load (in ton-hours per cfm per year) 2.3 55 15.4 6.3

Sensible Heat Ratio (SHR)

sensible load + total load 0.13 0.14 0.14 0.79
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E.2. Air Conditioning

The latent (moisture removal) capacity of air-conditioners is indicated by their Sensible Heat
Ratio (SHR), which ranges from 61%-78% (Godwin 1998). To compare equipment latent
capacity with the latent load of ventilation air, we converted each city's VLI to an SHR:

Air conditioner SHR = sensible cooling capacity + total cooling capacity

Ventilation air SHR = ventilation air sensible load + ventilation air total load
The last row of Table E-1 shewhe SHR of ventilation air in each & our representatie cities.
Notice that, except for Phoenix, the SHR of the ventilatbaad in the selecté cities is 13-14%.
In other words, 86-87% of the ventilation tb& moisture but only 22-3%6 of air conditioner
capacity is devoted to moisture removal. Of coumsdydmes with mechanical ventilationvhat
the air conditioner encounters is not the latent load of outdoor (ventilation) air, but aenaiktur
outdoor air (e.g., 100 cfm) and indoor air (e.g., 0,8m), and the latert load of this mixture
varies throughout the year (Harriman et al. 1997, Kittler 1996, Shirey 1996).

The ability of cooling equipment to accommasglaentilation latert loads is determiné by the
way the equipmentis manufactured selected, installed, dncontrolled The componen that
makes moisture removal possible is the evaporator coil, and the pre@értie evaporato coil
that affe¢ equipmen latent capacyt are surfae area, cdi temperature and rate of airflow
acros the coil For the most partthee properties are controlld by manufacturerswhose
specifications are desigteto raise seasonla energy-efficiency (SEER) ahn coefficient-of-
performane (COP) ratings However specifications thaimprove equipmen efficiency can
(but do not necessarily) also reduce latent capacity (Godwin 1998, Kittler 1996).

Residential contractors inadvertently but routinely impair manufactured-ratert capaciy by

improper sizing, selection, and installatiof cooling equipment The sensibé and latert load

for each hous shoull be calculatel accordig to Manud J,which accourg for extern loads
of ventilation air. Unfortunately, contractofrequenty determire loads by comparison rules-
of-thumb, @ othe inaccuraé means and then oversiz2 equipment tocompensat for poor
design, installationard efficiency of forced-air distributio systems. However oversized
cooling equipmencannda achiee its manufacturer-rated efficiegcor latent capacit because
it operats more often at part-load (frequen cycling) than steady-sta (optimal) efficiency.

Furthermore, commuo mistakes sut as improper refrigeran charge, mismatclieindoa and

outdoa coils, and imprope airflow acros coils furthe redue efficiency and latert capacity
(Davis 1998b, EDU 1997b, Proctor et al. 1995, Shirey 1996).

To optimize the ability of cooling equipmeto accommodad the latert load of ventilation air
in homes with mechanical ventilation, residential contractors should:

* use Manual J to calculate loads, including ventilation, for each house (ACCA 1995a),
use Manual S to identify and select right-size equipment (ACCA 1992),

follow manufacturer installation instructions, including proper refrigerant charge,
reduce airflow across the evaporator coil, within manufacturer-specified ranges,
design, install, and verify airtight duct systems according to Manual D (ACCA 1995a),
use a variable-speed forced-air fanttban operae at a lower spea (< 400 cfm/tor) when
dehumidification is needed (Gehring 1994, Godwin 1998).

If air-conditionirg is absem or inadequate, or iWentilation latert loads do nat coincide with

sensible coolig loads anothe mears of controlling ventilation latert loads may be needed.
Air conditiones remowe moistue from air after ventilation air mixes with recirculate indoor
air; other options for dehumidifygnventilation air remowe moistue from incoming air before
it mixes with indoor air Becaus the volume of ventilation air is abou 10% of the volume of

recirculated indoor air, dehumidification of ventilation air as it enters the=l{before it mixes
with indoor air) requires smaller equipment, and can thereferadre efficient It alsoallows
dehumidification of ventilation air when cooling is not otherwise needed (Kittler 1996).
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E.3. Dehumidifying Supply Ventilation

Because supply fancan push air through tle condensingcoil of a dehumidifier a ventilation
air dehumidifier ca be integratel with any multi-port or forced-ar supply ventilation system.
Dehumidifiels are simila to air conditiones excep they are design& to redue latent, not

sensible heat. Theyeacontrolled by dehumidistatsnot thermostatsand typically provide no

net cooling in fact, hed generated Y the compressor ah latert hed remova process
(condensation) increas¢he sensible indooload Portabé or ‘room’ dehumidifiers (which
cod $200-300 eachcontrd moistue in one area (e.g, a basement) but d not hae the

capacity to control the humidityf an entire house In this report whole-hougs dehumidifiers
are called dehumidifyim supgy ventilation units DSVUs they include a supply fan air filter,

evaporator cojlcondense coil, ard dehumidistat Ventilation air is continuousy filtered,
mixed with recirculated indoo air, and distributed throuyg ventilation-ony or forced-air
ductwork; incoming air is dehumidifiedsanecessaryaccording ¢ the adjustabé dehumidistat.
The DSW suppl fan becoms the ventilation fan; with multi-port supply the DSVU fan

replaces the suppl ventilation fan and with forced-air supply the DSVU fan operates
continuously, independently of the forced-air fan (EDU 19964, Kittler 1996).

A DSVU increases supply ventilation installation cost by about $10@Drexjuires extra space;
however, DSVUs do not need be installed during construction they can be addel any time.

DSVUs with a moisture removal capacitly abou 5 Ibs/hr at 609F ard 80% outdoad RH (to a
maximum 100 pints/day or 8.3 Ibs/hr) are curnentle mog efficient residentia dehumidifiers
on the market DSVUs increag ventilation operatiig costs byapproximately $@ eah month
that dehumidification is used (EDU 1995c¢, EDU 1996b, Gehring 1996).

The advantage of incorporating a DSVU into supply ventilation systemstiththdehumidistat
can be seto operae the dehumidifie when indoar relative humidity exceed a certan point,
e.g. 506 RH; in othe words,a DSVU can contrd humidity within a relatively precie range.
The disadvantage of a DSVU is that ventilation system installation and operating costs increase.

E.4. Energy-Recovery Ventilation

Energy-recover ventilators (ERVsS) & balanceé ventilation systens tha transfe latert heat
(moisture) a well as sensible hdabetweenincoming am outgoirg air streams ERVs are not
dehumidifiers; they simply transfer moisture from the more humithé lesshumid ar stream
until equilibrium (of moisture in the air streajn@ ERV moistue transfe capaciy is reached.
When outdoor air is more humid than indoor air, ERVs transfeistue from the incoming to
the outgoing air stream, in effect dehumidifying incognair; when indoor ar is more humid,
ERVs transfe moistue from exhaus air stream to suppl air streams, n effed humidifying
incoming air ERVs ca reduce ventilatio latert loads when outdoa air is relatively humid
(e.g., in summer) and retain indoor humidity when outdoor air is relativglyedg, in winter).
However, unlike a dehumidifier, neither the amount the direction of ERV moistue transfer
can be controlled Unlike HRVs, ERVs should no be connectd to bathroon or laundry
exhaust; excess moisture from these rooms should be exhausted from thenbbtrsssferred
to incoming air (Barringer 1989, Davis 1998a, EDU 1995b, Steege 1998).

ERVs that a@ mod efficient at moistue transfe are those with a desiccant-coated rotarcore,
which can transfe up to 8% of the differene in moistue betweea the two air streams For
example, if incoming air contains 120 grains moisture peff lhirband exhaus air contairs 70
grains/lb, the ERV can transfer (0.80 x (120-70) =) 40 grains from the supply to thetexinaus
streamt® The Home Ventilating Institute (HVI) independenyl measures, certifie and
publishes HR anmd ERV performance-relatt parameters, includin sensible recovery
efficiency, latemh recovey (moistue transfer) and totd recovey efficienoy (TRE). ERVs

16 One grain equals 0.0648 grams, or 1/7,000 Ib.

37



should fe selectel accordirg to the HVI values; hip latert recovey values indicae effective
moisture transfer.One advantage of usingnaERV instea of a DSVU is tha ERVs transfer
moistue passively, sothere is no additiond operatilgy cod associaté with ERV moisture
transfer Also, the DSW installation cos (~$1,00Q is in addition to a supply ventilation
system, while ER installaticn cod (~$1,400)is instead & a suppy ventilation systen (EDU
1995b, HVI 1998).

When properly manufacturedselected, installed, dncontrolled ERVs remowe moistue from
ventilation air during the cooling season, retain irdowistue during the heatirg seasonand
moderate changen indoo relative humidity. However, arecent study identifié numerous
problems associadewith ERV manufacture, selectigmnd installation Five ERVsfrom three
manufacturers were field-tested as installed in actual keamBlorth Carolina unde conditions
of relatively high outdoor RH; one model was also tested utadmratoy conditions Of four
homes whose ERVs were functioning, thmeere testel for indoor RH before and during ERV
operation; ERV operation elevaténdoa RH in all three homes during testing One of these
was attributed to poor equipment selection, poor design and wiring of corER\sintegration
with compresso cooling, and exhaustig of air from bathroons and alaundly roont another
was attributed toimbalance airflows (supply ¢t was 42% highe than exhauscfm) and an
interlock betwer the air handle and wet coil. However lack d installation problens in the
third home suggestedand lab testing confirmedthat the ERVS ability to reject outdoor
moistue was compromised becaasactud airflows wee much higher tha specified by the
manufacturer According to the author “Some (balanced ventilatio systen problem3 were
manufacturing problem that causé high airflow that in tun reducel the equipment’s
performance ah increasd indoor latert load.” In each cas cited indoo relative humidity
increased by a few percent during ERV operation, but did not exceed 60% (Davis 1998a).

Although ERVs offer potentlafor reducirg the latert load of ventilation air in sorre climates,
their complexity and the problems described above suggest they may not yet be fuitéte
production hore market As with HRVs, production homebuilderwho offee ERVs asan
option should consult closely with the ERV manufaatudering the home desigq processand
consider hiring an ERV subcontractor who commissions each system as part of the installation.

38



Acknowledgments

We appreciag the funding and suppot of Jeane Briskin, San Rashkin Glem Chinery, and
David Lee of the EPANERGY STAR Homes Program. Special thanks to koomey (LBNL),
without whom this report would not have been possible, and Don Stevens £fevssociates,
Keypott WA) for sharirg his invaluabke experience ah providing a crucid technicé review.
Thanks © Jef Warner (LBNLD for managing tle DOE-2 analysis ad RESVENT quality
control Thanks also b Nan Wishne of LBNL for editorial support, KadrBrown of the
California Institute for Energy Efficiency for technicé critique and acces to ventilation cost
survey dataand Jom Bower d the Healthy House Institute for timely publication of his
excellent bok Understanding Ventilation Thanks ¢ Greg Rosenquist lan Walker, Doug
Sullivan, and Woog Delp of LBNL and Dang Parker & FSEC fo their engineerig input.
Joe Huang (LBNL) provided climate data and Nance Matson (LBNL) did RESVENT modeling.

We thark our reviewes (in alphabetichorder) Stewe Bodzin (Home Energy magazine) Terry
Brennan (Camroden Associates), Bruce B@didvancal Energy) Rick Diamord and Bill Fisk
(LBNL), Doug Garret (City of Austin TX), Rob Hammon (ConSo))Joe Lstiburek (Building
Science Corp), Mike Lubliner (WSU Energy Program), Frank Mayberry (Comfort Hageey
Nelson (Tl Energy Conservatory), Ma Sherma (LBNL), Greg Thoma (Greg Thomas
Associates), Ike Turiel (LBNL), and Jim White (Canada Mortgage and Housing Corporation).

We appreciate the cooperatioh equipmen manufactures and distributos who providel cost
and performane information including Bede Wellfod (Airxchange); Denrs Dietz and
Dwight Shackleford (American Aldes); Geergbne and Dave Wolbrirk (Broan) Gere Mills

and Gay Weave (Carrig Residential); Ka Gehring Bernie Middlestadt, ad Larry Carlson
(DEC-Thermastor); Gary Churchsmith, Bradley Steele, and John O’Connell yERedgration
Inc); Lawrin Ellis (FanTech) Armin Rudd (FSEC)Bill Archer and Lo Sulfsted (General
Electric); Do Steege (MitsubishElectric Air Tech America) Dave MacClella ard Paul
Raymer (Tamarack Technologies); and the folks at E. B. Ward in South San Francisco.

The work described in this paper was suppbiig the U.S. Environmenta Protectimm Agency,
Office of Air and Radiation Atmosphert Pollution Prevention Divisia through tke U.S.
Department of Energy under Contract No. DE-AC03-76SF00098.

39



References

ACCA. 1992.Manual S: Residential Equipment Selectigir Conditioning Contractors of America,
Washington DC.

ACCA. 1995a.Manual D: Residential Duct SystemAir Conditioning Contractors of America,
Washington DC.

ACCA. 1995b.Manual J: Load Calculation for Residential Winter and Summer Air Conditioning.
Air Conditioning Contractors of America, Washington DC.

American Lung Association, U S Environmental Protection Agency, Consumer Product Safety
Commission, and American Medical Association. 19@dloor Air Pollution: An Introduction
for Health Professionals USGPO 1994-523-217/81322.

Archer, Bill, General Electric. 199®ersonal CommunicatiorMarch 13.

ASHRAE. 1989 Ventilation for Acceptable Indoor Air QualitAmerican Society of Heating,
Refrigerating and Air-Conditioning Engineers. ASHRAE 62-1989.

ASHRAE. 1993.A Method of Determining Air Change Rates in Detached DwaslliAgherican
Society of Heating, Refrigerating and Air Conditioning Engineers. ANSI/ASHRAE 136-1993.

ASHRAE. 1997.Fundamentals: Chapter 25 Ventilation and InfiltraticAtlanta GA, American
Society of Heating Refrigerating and Air Conditioning Engineers.

Barringer, C.G. 1989. "Effect of Residential Air-to-Air Heat and Moisture Exchangers on Indoor
Humidity." ASHRAE Transactions95: 2, p 461-474.

Birdsall, B. et al. 19900verview of the DOE-2 Building Energy Analysis Program, Versiob.2.1
Lawrence Berkeley Laboratory. LBL-19735.

Bower, John. 1998Jnderstanding VentilationThe Healthy House Institute, Bloomington IN. 428
pp.

Bower, John. 1996. "Nine Steps to Ventilation System DéSitpurnal of Light Construction 14: 2,
p 60-63.

Brennan, Terry, Camroden Associates. 19®&.sonal CommunicatiorAug 7.
Brook, David. 1996. "Putting Pressure on Building Codesime Energy Sep/Oct, p 39-43.

Cameron, Laurie. 1997. "More on Control Strategies for Exhaust-Only Ventilatmergy Design
Update Cutter Information Corp. Nov, p 6.

Chen, Paulina, EPA Indoor Environment Program. 1##sonal Communicationlune 27.

Cummings, James B., and Neil Moyer. 19B®assessment of Airtightness Practices in the Florida
Energy CodeFlorida Solar Energy Center. FSEC-CR-793-95.

Davis, Bruce E. 1998a. "Mechanical Ventilation in Houses in the Southeast, Doing the Right Thing
Not-Quite-Right". Proceedings of American Council for an Energy-Efficient Economy. Vol. 1,
p 53-66.

Davis, Bruce E., Advanced Energy. 1998rsonal Communicatiorlune 23.

40



Dietz, Dennis, American Aldes. 1998ersonal Communicatiorlune 18.

Dumont, R.S., and J.T. Makohon. 1997. "Characterization of Volatile Organic Emissions from
Building Materials for Indoor Environment Assessmeiiiriergy Efficient Building Association
News Winter/Spring, p 12-17.

EDU. 1993a. "Fans for Central Exhaust Ventilation SystefBaergy Design UpdateCutter
Information Corp. April, p 7-12.

EDU. 1993b. "The Ventilation Rate MythEnergy Design UpdateCutter Information Corp. Sept, p
9-10.

EDU. 1995a. "Dual-Stage Gas Furnaces for Enhanced Humidity Control and Efficient Air
Circulation.” Energy Design Updat Cutter Information Corp. August, p 13-15.

EDU. 1995b. "Heat and Humidity Recovery Ventilators for Winter and Sumrgeetgy Design
Update Cutter Information Corp. August, p 9-12.

EDU. 1995c. "Highest-Efficiency Dehumidifier and Best (?) Ventilator for Humid Climfakgsergy
Design Update Cutter Information Corp. Jan, p 8-9.

EDU. 1996a. "The Most Sensible (and Latent) Cooling Systé&mérgy Design UpdateCutter
Information Corp. Nov, p 13-15.

EDU. 1996b. "The Ultimate Central Air Purifier/DehumidifieEnergy Design UpdateCutter
Information Corp. July, p 12-13.

EDU. 1996¢c. "Ventilation Equipment Manufacturers Look to Southern MatkEtergy Design
Update Cutter Information Corp. Feb, p 1-2.

EDU. 1997a. "The Effectiveness of Simple VentilatioBriergy Design UpdateCutter Information
Corp. Feb, p 12-13.

EDU. 1997b. "New AC Design Keeps Its Efficiency at High Temperatukasergy Design Update
Cutter Information Corp. Oct, p 9-11.

EDU. 1997c. "Study Links Low-Level CO Exposure to Brain Damage&rgy Design Update
Cutter Information Corp. Nov, p 3.

EDU. 1998. "New Aldes Fan Has Power and Versatilignergy Design UpdateCutter Information
Corp. March, p 16.

ESB. 1995a. "Build Tight, Ventilate Right." Originally publishedEnergy Source Buildetris
Communications, Inc. http://solstice.crest.org/efficiency.

ESB. 1995b. "Home Ventilation Options for Home Builders." Originally publishdghiergy Source
Builder. Iris Communications, Inc. http://solstice.crest.org/efficiencyl/iris.

Feustel, Helmut E., Mark P. Modera, and Arthur H. Rosenfeld. 1@&ftilation Strategies for
Different ClimatesLawrence Berkeley Laboratory. LBL-20364.

Finley, Scott. 1997. "Using Diagnostic Tools to Improve Indoor Air Qualiidme Energy
Nov/Dec, p 15-19.

Fisk, William J., and Isaac Turiel. 1983. "Residential Air-to-Air Heat Exchangers: Performance,
Energy Savings, and Economic&hergy and Buildings 5: 3, p 197-211.

41



Gehring, Kenneth C. 1994. "Ventilation and Humidity Control Of A Home In A Humid Climate".
Proceedings of Energy Efficient Building Association. Vol. B, p 34-48.

Gehring, Kenneth C. 1996. "Humidity Control - A Critical Component of a Healthy Home".
Proceedings of Energy Efficient Building Association. Vol. 13, p 1-4.

Gehring, Kenneth C., DEC Thermastor. 19P&rsonal CommunicatiorMay.
Godwin, David S. 1998. "Latent Capacity of Unitary EquipmifeABHRAE Transactions104: 2,

Greiner, Thomas H. 1997. "Carbon Monoxide Problems from New Furnadtesie Energy
May/June, p 19-23.

Harriman, Lewis, D. Plager, and D. Kosar. 1997. "Dehumidification and Cooling Loads from
Ventilation Air." ASHRAE Journal 39: 11, p 37-45.

Hekmat, D., H. E. Feustel, and M. P. Modera. 1986. "Impacts of Ventilation Strategies on Energy
Consumption and Indoor Air Quality in Single-family Residenc&nérgy and Buildings 9: p
239-251.

Hodgson, A.T. 1997. "Indoor Air Quality in New Energy-Efficient Hous&%enter for Building
Science NewsSpring 1997, p 6-7.

HVI. 1998. Certified Home Ventilating Products DirectorHome Ventilating Institute. HVI911.

Jackson, Mark A. 1993. "Integrated Heating and Ventilation: Double Duty for Ditbstie Energy
May/June, p 27-33.

Kesselring, John. 1991. "Measuring and Modeling Residential InfiltratE€R1 Journal Jul/Aug, p
41-44,

Kittler, Reinhold. 1996. "Mechanical Dehumidification Control Strategies and Psychrometrics."
ASHRAE Transactions102: 2, p 613-617.

L'Ecuyer, Michael, Cathy Zoi, and John S. Hoffman. 19®3ace Conditioning: The Next Frontier
USEPA Office of Air and Radiation, Washington DC.

Lstiburek, Joseph W. 1993ir Distribution for the Exemplary Homé\lternative Energy
Corporation, Research Triangle Park NC. 72 pp.

Lubliner, Michael, Washington State University Energy Program. 1B88onal Communication.
October.

Lubliner, Michael, Don T. Stevens, and Bob Davis. 1997. "Mechanical Ventilation in HUD-Code
Manufactured Housing in the Pacific NorthwesASHRAE Transactions103: 1, p 693-705.

Marion, W., and K. Urban. 199%Iser's Manual for TMY2d\ational Renewable Energy Laboratory,
Golden CO.

Matson, N.E., and H.E. Feustel. 19%&sidential Ventilation System: Final RepadxtY SERDA.
LBNL-40857.

Means, R.S. 199 Mechanical Cost DataR.S. Means Co., Inc., Kingston MA. 567 pp.

Mills, Gene, Carrier Residential. 1998ersonal CommunicatiorAugust.

42



Nelson, Gary, The Energy Conservatory. 1998csonal CommunicatiorMay 26.

Palmiter, Larry S. 1991. "Measured Infiltration and Ventilation in 472 All-Electric HOnAeSHRAE
Transactions 97: 2, p 979-987.

Palmiter, Larry S., and lan Brown. 198%orthwest Residential Ventilation Survey: Analysis and
Results Washington State Energy Office.

Proctor, John, Zinoviy Katsnelson, and Brad Wilson. 1995. "Bigger is Not Better: Sizing Air
Conditioners Properly"Home Energy May/June, p 19-26.

Rashkin, Sam, and Lisa Bloomfield-Resch. 1997. "EPA's ENERGY STAR Homes Program Breaking
the Myth That Energy Efficient Homes Cost Mor&EBA NewsEnergy Efficient Building
Association. Spring, p 20-22.

Reardon, James T. 1998entilation Systems for New and Existing Houses with Baseboard gleatin
Canadian Electrical Association. CEA 9229 U 967.

Rudd, Armin F. 1998a. "Design/Sizing Methodology and Economic Evaluation of Central-Fan-
Integrated Supply Ventilation Systems". Proceedings of American Council for an Energy-
Efficient Economy. Vol. 1, p 299-313.

Rudd, Armin F., Florida Solar Energy Center. 1998brsonal CommunicatiorAugust 19.

Sherman, M.H., and N. Matson. 19%esidential Ventilation and Energy Characteristitawrence
Berkeley National Laboratory. LBNL-39036.

Sherman, M.H., and D.J. Wilson. 1988elating Actual and Effective Ventilation in Determining
Indoor Air Quality. Lawrence Berkeley Laboratory. LBL-20424.

Shirey, Don B. 1996. "Impacts of ASHRAE Standard 62-1989 on Small Florida Offs8$1RAE
Transactions 102: 2,

Smith, Bill Rock. 1994. "Heat Recovery Ventilatdrdournal of Light Constructia 12: 6, p 31-36.
State of Washington. 1998entilation and Indoor Air Quality Cod®lympia WA.

Steege, Doug, Mitsubishi Electric Air Tech America, Inc. 199&sonal CommunicatiorSept 22.
Stevens, Don T. 1996. "Mechanical Ventilation for the Harr®me Energy Mar/Apr, p 13-19.

Tsongas, George. 1993. "Building Tightness Guidelines: When Is a House Too Thtgtré
Energy Mar/Apr, p 18-24.

Ulness, Amy. 1997. "Healthy Choiced®Builder. Jan, p 338-342.
White, Jim H. 1996. "Ventilate Right, Then Build Tightfome Energy Nov/Dec, p 4.
White, Jim H., Canada Mortgage and Housing Corporation..1@28&&onal Communicatiorlune 8.

Wilber, Matt, and Marilou Cheple. 1997. "The Carbon Monoxide ConnectlEBA NewsEnergy
Efficient Building Association. Spring, p 18-19.

43





