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(approximately $800 (1984 dollars)) as part of a larger incentive calculated to
reimburse the entire cost of the changes required by the proposed standards (4).
As part of their participation in the RSDP, builders agreed to monitor and calcu-
late the cost of building an energy-efMicient house by etermining the costs of air-
to-air heat exchangers, insulation, glazing, ele, as well as provide additional infor-
mation, such as floor area and type of heating system (1). In addition to calculat-
ing the costs of the energy-eflicient houses, builders were also asked to estimate
cosls for similar Lypes of houses built Lo “current practice’ (current practice Lypi-
cally refers Lo existing slale or local building standards), so that "incremental
costs' (the difference betwen the cost of the energy-efficient house and the cost of
a house built Lo current practice) could be calculated. However, since very few
enrrenl praclice homes have AANX, the incremenlal cost reported below is
approximately the AANX's actual cost.

The median incremental cost for installing air-to-air heat exchangers under the
RSDP was $1268. This cost was in 1984 dollars, included labor and materials
(e.g., the AAHX and duct costs), but exclided builder overhead, fees, and profit,
and was based on a sample size of 366 houses. The mean incremental cost was
$1308 with a standard deviation of $557, and the incremental costs ranged from

(i.e., no additional costs were incurred in installing the AAHX because in some
cases it was already in the builder's current practice) to $4180.

Beeause more duetwork and larger eapacity AATIX units are expected with larger
houses, we expected greater AATIX system costs with greater house size. In addi-
tion, we expect the relationship belween house area and AAHX cost to be non-
linear because there is a fixed cost associated with the AATIX and increasing costs
for ducts as the house gets larger.  As shown in Fig. 1, the corrclation belween
AANX cost and loor arca is statistically signilicant (at the 0.05 level) and posi-
tive, but not very strong (pearson correlation (r) = 0.33).

Cost of AAHX (3)

.

House area (m?)

Fig. 1. Cotnparison of cost of AAIIX with house area.
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However, when AAHX costs are divided by floor area, we find thal it is cheaper Lo
install AAHX in larger houses than it is in smaller houses (Fig. 2). The correla-
tion is stalistically significant, negalive, and stronger (pearson relation (r) =
-0.45). The standardized median cost for Lhe IX was $7.42/m"; the standard-
ized megn incremental cost was also $?.424m with a sjandard deviation of
$3.23/m", and these costs ranged from $0/m” to $22.38/m°. The large range in
costs indicates that the market for AAIIX is nol mature and that competition has
not forced a leveling of prices.

Cost of AAHX ($/m?)

House aron (M)

Fig. 2. Comparison of per unit cost of AAHX with house area.

Occupant Experience with Air-to-Air leat Exchangers

BI’A hired us to send a mail questionnaire to all occupants participating in the
RSDP to obtain information on a number of project-related issues, including the
use and operation of air-lo-air heat cxchangers and the occurrence of indoor
Z:nviromnan “problems'" (e.g., mold/ mildew, condcnsation, humidity, and odors}
5).

Owning an AAIIX did nol necessarily mean Lhal the equipment was operating all
the time. In fact, 5% of the AAHX owners who responded Lo the AANX use ques-
tion reported that they never used the heat exchanger. In addition, we found
AAITX use to be very bimodal: 42% used it for 1-4 honrs per day, and 307 used
it for more than 18 hours per day. The implications of Lhis resull are straightfor-
ward: we would expect more problems with Lhe quality of Lhe indoor air with
those households experiencing reduced ventilation (i.c., not using their AAHX).

The operation of an AAIIX is highly dependent on proper care and maintenance
by occupanls. For example, if dust and particulates plug lilters and seclions of
the core of the AAIIX, airflow rates will be reduced and the cffectiveness of the




AAHX will deteriorate (3?. Accordingly, periodic cleaning or replacement of filters
is required. In our sample of 291 households, most people had access to the heat
exchanger, and 46% of the respondents felt confident thal they understood the
basic operations of the AAIX and could use the instruction manual that was left
with them to solve any specific problem. Another 25% knew how to change the
filter but nothing else, and 27% elected to wait until some problem arises before
attending to it. A majority of houscholds (58.2%) changed Lhe filler, but about
40% of the sample reported that they had not yet changed the filler since ils
installation (approximately onc year). The mosl common reasons given for nol
changing the filter were the following: the filter did nol nced to be changed
(37.7% of the reasons), they did not know there was a filler (15.6%), they did not
know how to change the filter (10.4%), they could not reach the filter (9.1%), and
Lhey were unable to find the right size filter (7.8%).

Water vapor from the warm onlgoing airstream often condenses as the hot, air is
cooled in the core of the heat exchanger (3). Most AAIIX are provided with an
oullet for drainage of condensate. I the outside air temperature is sufliciently
below -5°C, condensed water may freeze inside the heat exchanger core and
ohstruet all or some portion of the airflow. Despite the presence of [reeze protee-
tion systems, about 10% of the RSDI” sample reported the freczing of their AATX
core, and this problem occurred in the entire region, bul especially in the coldesl
areas (greater than 8000 heating degree days, base 18 C).

The performance of the AAHX is also constrained by discomfort due to noise
and/or excessive air movement. In a quiel house (Lypical of highly insulated
houses), noisy fans sound noisier and, therefore, exhaust fans may be used less
often to aveid the hum (B). The effective removal of exhaust fans causes imbal-
ances in the mass flow rates of Lhe airstreams in the house, and imbalanced air
flow causes air leakage throngh the building envelope, Lhereby increasing the heat
load of the Mirnace, so that the energy saved by using the AAIX will not be as
high (3). In addition, the imbalances may cause other problems: posilive pressure
in the house may push moisture into walls (creating humidity and condensation
problems), and negative pressure in the house may draw radioaclive gases, §nch_as
radon, from the soil into the house. Similarly, the improper design of distribution
systems (e.g., unequal supply and return duct lengihs, use of high-resistanee duct-
ing. poor supply grill loealions, and excessive ducl bends) may cause airflow prob-
lems leading Lo discomfort to the occupants (4). For instance, supply grills should
be loeated in areas where oceupants are not dircetly affected by the flow of the
supply air. This is partieularly important since the initial supply of outdoor air is
cooler Lhan existing indoor tempreratures. 1T acenpants are nneomfortable with the
flow of supply air, they may be likely Lo limit their use of the AATIX, or never wse
it.

In the RSDP sample, approximately 10% of the sample fell that AATTX were
noisy, T0% slightly noisy, and 20% did not. think Lhat they were noisy al all.
Shmilarly, aboul 1% of the sample felt that there were unpleasant drafts erealed
he the AATIN while another 299 experienced dralts that they claimed were only a
minor discomfort. A small pereentage (6.19) felb the drafls to be rather pleasant,
and 519 experienced no drafts at all.

Air-lo-air heat exchangers are a relatively new technology, and, therefore, there is
very little information available on the reliability and life expectancy of Lhis type
of equipment. In our study, we found a small percentage (6%) of the AAHX had
broken down. Of these households, about 27% were diflicull Lo repair, 18% had
not .been repaired at the Lime of the survey, and 55% were found Lo be easy to
repair.

As a final note, we constructed a variable which measured whether people who
ownecd AAITX had problems with unpleasant drafts, repairs, or core freezing, and
we found that 50% of AAIIX owners had experienced at least one of these prob-
lems.

The Indoor IEnvironment

Most air-quality problems in houses can be traced to high pollutant sources,
rather than low infiltration rates. llowever, by constructing well insulated houses
and reducing the infiltration of outlside air, problems with the quality of the
indoor air may be more severe and more frequent (3,7,8). For instance, humidity
can rise Lo uncomfortable levels because of moisture generated indoors from occu-
panls, cooking, and bathing. Levels of indoor-generated airborne contaminants
may also be high: combustion emissions (nitrogen dioxide, particulates from
cooking, heating, tobacco smoking, woodburning stoves, and fireplaces), odors
%frm‘n cooking and cleaning), and chemicals oulgassed by building materials anrl
urnishings (formaldehyde and vinyl chloride). Finally, radon gas from the soil
surround building basemenls and foundalions may also reach high levels in
tightly sealed homes.

The energy-efficient homes built in this program were designed Lo meel certain
prescriptive standards (following a determined path, or a palh with tradeofls) or
performance standards (eslimaling an energy budget, or meeting an overall ther-
mal integrity). A number of oplions were available for mecting the design stan-
dards: ceiling insulalion ranging from R-30 Lo R-38, wall insulation ranging from
R-19 to R-31, underfloor insulation ranging from R-19 to R-30, perimeter insula-
tion for slab-on-grade or basements rapging from R-10 to R15, double or triple-
glazed windows with Uhermal breaks, insulated exterior doors, conlrol of nir-
infiltration Lthrough careful caulking, weatherstripping, and installation of vapor
barriers, and passive solar designs. Five major healing system Lypes were
represented in our sample: 36% of the homes were healed by eleclric baschoard
systems, 28% by central forced air, 22% by wall forced air, 8% by heal pumps,
and 6% by radiant heal.

Indoor air qualily measurements (e.g., formaldehyde and radon) are being meas-
ured in separale investigalions of the RSDP homes (9,10). As noled above, we
senl a mail questionnaire lo all honscholds participating in the RSDI', and
received valid responses from 317 honseholds living in energy-eflicient. honses (Lhe
MUS group), and 387 housholds living in houses built to current praclice (Lhe
Conlrol group). The Conlrol group was composed of houses thal were cleclrieally
heated and were built after 1977 to current, energy codes, or they were buill ear-
lier than 1978 and weatherized Lo approximalely current construction standards.




18

In the survey questionnaire, we asked all occupants about the presence of
mildew/mold, condensation, humidity, and odors in their home, and we compared
the two groups using statistical tests at a 0.05 significance level.

We lound a statistically significant difference between Lhe Lwo groups in reporting
the presence of mildew or mold in the home: only 8.3% of the MCS group, com-
pared to 16.4% of the Control group, reported mildew problems. This finding is
not loo surprising since the control houses were occupied longer than the MCS
houses, which allows for a longer build-up of molds and mildew. For those
reporting problems, we inquired about the location of the mildew problem (bath-
room, kitchen, «dining area, living room, or other areas) and found stalistically
significant differences in some of these areas. For the Control sample, most mil-
dew problems occurred in the bedroom and the kitchen; for the MCS sample,
most mildew problems ocenrred in the bedroom.  Surprisingly, no one in cither
sample reported mitdew to be a problem in the bathroom, although condensation
(see below) was a major problem in this room.

Approximately 60% of both samples experienced some kind of condensation. As
ahove, for those reporting problems, we inquired about the location of the conden-
sation {bathroom, kitchen, bedroom, dining area, living room, around humidificr,
around heat, exchanger, or other areas). veryone who listed condensalion to be a
problem cited the bathroom as a major source. The Control group experienced
significantly more condensation in the kitchen than the MCS group, while 7% of
the MCS group expericnced condensation around the air-to-air heat cxchanger. In
conneeling condensation Lo events in the home (c.g., showering, cooking, sleeping,
and washing clothes), all reported condensation when showering, but no one
reported condensation while cooking.  Although there was no statistically
significant difference in the reporting of bedroom condensation, there was a
significant dillerence in those reporling condensation when Lhey were sleeping (i.e.,
al night) (22% of the MCS group vs 12% of the Control group). There were no
statistically significant differences hetween the two groups for the other activities.
The N&CS group did reporl humidity problems when the air-to-air heat exchanger
was off.

Slightly more MCS households (26.29%) than Control households (20.6%J found
their home Lo be stnfly or humid, although the dillerence was not stalistically
significanl. In connecting stulfiness Lo events in the home (e.g., cooking, slecping,
and washing clothes), no significant differences were evidenl. One-quarter of those
reporting problems cited cooking as Lthe main sonrce of stulliness (particularly the
Control group (31.6%)) while 10% of the total sample eited Lhe olher Lwo activi-
ties. Odors were difficult to get rid of for abont 167 of each group, and Lhere
were no statistically significant differences. In sum, the MCS group appeared to
be consistently better off in the kitchen than their counterparts: less mildew, con-
densalion, and stulliness.

We compared high AAHX wuscrs (operate their heal exchangers 5 or more hours
per-day) with low AAIX users (less than 5 hours per day, or never use their heat
exchangers) and found no diflerences in percecived. problems with the indoor
environment between the two groups. This finding was surprising because we
expected more indoor environment problems in those households with reduced
ventilation.  Consequently, usage of air-to-air  heat  exchangers may  not
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significantly affect indoor quality in energy-cflicient homes. llowever, many
important aspects of indoor air quality are not perceptual: for example, radon
concentrations are not noticeable unti! they have affecled one's physical health.
Thus, an analysis of indoor air quality measurements by olher investigators may
give us a more definilive answer on the eflectiveness of AAHXs in prevenling
problems in the indoor environment (9,10).

Conclusions

Air-to-air heat exchangers, a major new housing construction technology, were
installed in 366 energy-efficient homes as part of a demonstration program in the
Pacific Northwest. The median incremental cost of AAITX was $1268 ($7.42/m”),
and it was less expensive (per squarc mcter) to install this cquipment in larger
houses than in smaller houses. AAIIX use was very bimodal: 4295 uscd it for 1-4
hours per day and 30% used it for more than 18 hours per day (5% never used
the AAHX). While most occupants did nol notice problems with their AAMX,
some households did experience problems reclated Lo noise, unpleasant draflts, con-
densation around the AAIX, and core freezing. While only a small percentage of
AANX had broken down, future AAIEX problems may become more signilicant as
the program continues and as houscholds choose not to clean filters and repair

Occupants of energy-cflicient homes were found to have less problems with their
indoor environment (cspecially mildew/mold and condensation) than a group of
control homes. The lack of vapor barriers and AAIX in the control homes may
account for these dillerences (or differences in window-type and the amount of
insulalion), and future investigations will help answer this guestion.

Based on our survey and other investigations (4,11), information and Lraining pro-
grams need Lo be Largeled Lo five groups Lo improve the ellecliveness of AATIX:
manulacturers, installers/designers, builders, building code officials, and homeown-
ers. These programs would ensure that the AAIX were designed and installed
properly, and that operating and maintaining the AAIIX was understandable to
the user. Due Lo Lthe large initial cost of AAIIX, energy savings become very
imporlant in making Lhis investmenl atlractive Lo homeowners and builders, and
these savings are highly dependent on the quality of system design and installa-
tion as well as on the acceplance of these systems by the homcowner. While the
Miture of air-to-air heat exchangers in the Pacilic Northwest is uncertain (due to
its high cost and opposition by the building community), we intend Lo continue Lo
examine the use of AAHX in this arca and related problems with the indoor
environment.
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EFFECT OF SOME ARCHITECTURAL AND ENVIRONMENTAL FACTORS
ON ATR FILTRATION OF MULTISTOREY BUILDINGS

Karoly BALAZS
Hungarian Institute lor Building Science /ETLl/
11-1113, Budapest, D4vid Ferenc u.6.

2. Introduction

In Hungary, and 2ll over Europe, most of the residential buildings havt
natural ventilation, that is largely influenced by the air-tightness ot
the building, the weather, architectural features of the building and
aerodynamical character of the environment. Two separate research pro-
jects have been carried out to size up these effects. The primary targe
of the first project was to compile a wind pressure coefficient /CP va-
lues/ data bank especially for filtration and natural ventilation calcu
lations. The wind being one driving force of natural ventilation has an
important role in the ventilation flow rates. Wind forces are usnally
presented in form of pressure cocefficients /CP/ where the mean pressurce
at any external point of the building envelope is normalised by the re-
ference dynamic pressure, in our case that measured at the eave height
the building. Pressure coefficient differences between the windward and
leeward surfaces are characteristic to the acting wind forces. This fir
project gave on opportunity to analyse the eflect of envirommental [lac-
tors on pressure coefficients.

The second project was a case study where the above lactors were analys
by a simple single-cell ventilation and filtration simmlation program.
Here not only the envirommental factors bul archileclural features of n
tual buildings were also considered, and seasonal values of ventilalion
heat demand were calculated.

2. Analysis of wind pressure coclficients for
liltration calculalions

Simulating 3 types of atmospheric boundary layers (Fig.t.) in the wind
tunnel of the ETI, 4 types of block buildings, cach in /4, 6 and 10 stor
versions, were exposed to the wind in 3 exposurc situation (Fipg.».).
Overall analysis of the measured pressure coefficienla Tead lo the re-
sults that are roughly skelched on Fig.3. For all building types, heigh:
upwind terrain types. Regarding the difference between pressure coeffi-
cients on the windward side (CP1) and on the leeward surfaces (CP?) the
environmental and shelter effecls are illustrated in Table 1. wilh mean
values and range limit estimates.

The exposure situations of Fig.2., though arbitrary, still represent
Hungarian traditional and new settlements, and no significant variation
of the above values was found if Lhe tested 2-U spacing between the
sheltering and exposed buildings decreased to H.




