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Edward Vine 

Lawrence Berkeley Laboratory 
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Abstract 

Air-to-air heat exchangers were installed in 366 energy-efficient homes as part 

of a demonstration program in the United States. The median incremental 
<) 

cost of AAHX was $1268 ($7.42/m W

), and it was less expensive (per square 

meter) to install this equipment in larger houses than in smaller houses. 

vVhile most occupants did not notice problems with their AAHX, some house

holds did experience problems related to noise, unpleasant drafts, condensa

tion around the AAHX, and core freezing. Occupants of energy-efficient 

homes were found to have less problems with their indoor environment (espe

cially mildew/mold and condensation) than a group of control homes. 

Introduction 

In the Pacific Northwest in the United States, the Northwest Power Planning 

Council (the Council) has proposed energy efficiency standards for new electrically 

heated houses in the region, and the Council and the Bonneville Power Adminis

tration (BPA) have been conducting a demonstration program (the Residential 

Standards Demonstration Program (RSDP)) to examine the costs and energy sav

ings associated, with building. hO,uses. to levels- of' higher energy efIiciency (1,2). 

Be.cause these_ new hous.es: are· expected to significantly reduce. air leakage (pri

marily through the use of tight-fitting windows and doors and the installation of 

continuous polyethylene air/vapor barriers in the ceilings, walls, and noors of the 

struct ures), there is concern about the impact of these measures on indoor air 

quality. In expectation of potential indoor air problems, all houses built to these 

new standards in the RSDP were equipped with air-to-air heat exchangers 

(AAIL'<) so that an overall infiltration rate (natural plus forced) of 0.6 air changes 

per hOllr (ach) could be maintained without sacrifidng all of the energy savings of 
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the energy-conserving measures. In this paper, we present our findings on the cost 

of AAHX, occupants' use of and satisfaction with AAHX, and occupants' experi

ence with the indoor environment in their homes. 

The Cost of Air-to-Air Heat Exchangers 

Air-to-air heat exchangers can save a substantial amount of end-use energy 

by preheating or precooling incoming outdoor air to a temperature closer to 

indoor temperatures and, at the same time, AAHX can improve indoor air quality 

by flushing out airborne pollutants (3). In the RSDP, all the AAHX installed 

were central ventilation systems (rather than window units) that often required 

extensive supply and exhaust ductwork. Builders had to meet certain design 

specifications, although some flexibility was permitted. For example, a specified 

ventilation rate could be achieved with an appropriately sized unit running con

tinuously, or by an oversized unit cycled or varied with fan operation as required. 

On the other hand, a humidistat was required which forced high speed operation 

of the AAHX when conditions of greater than 60% relative humidity occurred 

within the home. 

Most units were installed by a general contractor with some assistance from 

manufacturers, heating contractors, and engineers. Because the builders in the 

RSDP and" their I-N AC contractors were generally unfamiliar with AAHX, the 

contractors attended AAHX training sessions and received considerable AAHX 

information. All builders were paid a fixed incentive for installing the AAHX 

(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-efficient house by determining the costs of air

to-air heat exchangers, insulation, glazing, etc, 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-efficient houses, builders were also asked to estimate 

costs for similar types of houses built to "current practice" (current practice typi

cally refers to existing state or local building standards), so that "incremental 

costs" (the di fference bet wen the cost of the energy-efficient house and the cost of 

a house built to current practice) could be calculated. However, since very few 

current practice homes have AAHX, the incremental cost reported below is 

approximately the AAHX's actual cost. 
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The median incremental cost for installing air-te-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 excluded 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 

$0 (Le., no additional costs were incurred in installing the AAHX because in some 

cases it was already in the builder's current practice) to $4180. 

Because more ductwork and larger capacity AAHX units are expected with 

larger houses, we expected greater AAHX system costs with greater-house size. In 

addition, we expect the relationship between house area and AAHX cost to be 

nonlinear because there·. is a fixed cost associated with the AAHX and increasing 

costs for ducts as the house gets larger. As shown in Fig. 1, the correlation 

between AAHX cost and floor area is statistically significant (at the 0.05 level) 

and positive, but not very strong (pearson correlation (r) = 0.33). 

However, when AAHX costs are divided by floor area, we find that it is 

cheaper to install AAHX in larger houses than it is in smaller houses (Fig. 2). 

The correlation is statistically significant, negative, and stronger (pearson correla

tion (r) =.-0.45). The standardized median cost for the AAHX was $7.42/m2
; the 

standardized mean incremental cost was also $7.42/m2 with a standard deviation 
~ ~ ~ 

of $3.23/m-, and these costs ranged from $O/m- to $22.38/m-. The large range in 

costs indicates that the market for AAl-IX'is not mature and that competition has 

not forced a leveling of prices. 

Occupant Experience with Air-to-Air Heat Exchangers 

BP 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-t<r.air heaL exchangers and. the occurrence of indoor 

environment "problems" (e.g" mold/ mildew, condensation, humidity, and odors) 

(5 ). 

Owning an AAI-L,,{ did not necessarily mean that the equipment was opemt

lllg all the time. In fact, 5% of the AAHX owners who responded to the AAHX 

use question reported that they never used the heat exchanger. In addition, we 

found AAI-IX use to be very bimodal: 42% used it for 1-4 hours per day, and 30% 

used it for more than 18 hours per day. The implications of this result are 

stl'aiglitfol'ward: we would' expect more problems with· the quality of' the indoor 
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air with those households experiencing reduced ventilation (i.e., not using their 

AAHX). 

The operation of an AAHX is highly dependent on proper care and mainte

nance by occupants. For example, if dust and particulates plug filters and sec

tions of the core of the AAHX, airflow rates will be reduced and the effectiveness 

"( . of the AAHX will deteriorate (3). Accordingly, periodic cleaning or replacement of 

filters is required .. In our sample of 294 households, most people had access to the 
IJ. 

-' t 

heat exchanger, and 46% of the respondents felt confident that they understood 

the basic operations of the AAHX 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 households (58.2%) changed the filter, but 

about 40% of the sample reported that they had not yet changed the filter since 

its installation (approximately one year). The most common reasons given for not 

changing the filter were the following: the filter did not need to be changed 

(37.7% of the reasons), they did not know there was a filter (15.6%), they did not 

know how to change the filter (10.4%), they could not reach the filter (9.1 %), and 

they were unable to find the right size filter (7.8%). 

"Vater vapor from the warm outgoing airstream often condenses as the hot ;.. 

air is cooled in the core of the heat exchanger (3). Most AAHX are provided with 

an outlet for drainage of condensate. If the outside air temperature is sufficiently 

below _50 C, condensed water may freeze inside the heat exchanger core and 

obstruct all or some portion of the airflow. Despite the presence of freeze protec

tion systems, about 10% of the RSDP sample reported the freezing of their AAHX 

core, and this problem occurred in the entire region, but especially in the coldest 

areas (greater than 8000 heating degree days, base 180 C). 

The performance of the AAHX is also constrained by discomfort due to noise 

and/or excessive air movement. In a quiet house (typical of highly insulated 

houses), noisy fans sound noisier and, therefore, exhaust fans may be used less 

often to avoid the hum (6). The effective removal of exhaust fans causes imbal

ances in the mass flow rates of the airstreams in the house, and imbalanced air 

flow causes air leakage through the building envelope, thereby increasing the heat 

load of the furnace, so that the energy saved by using the AAHX will not be as 

high (3). In addition, the imbalances may cause other problems: positive pressure 

in the house may push moisture into walls (creating humidity and condensation 

problems), and negative pressure in the house may draw radioactive gases, such as 
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radon, from the soil into the house. Similarly, the improper design of distribution 

systems (e.g., unequal supply and return duct lengths, use of high-resistance duct

ing, poor supply grill locations, and excessive duct bends) may cause airflow prob

lems leading to discomfort to the occupants (4). For instance, supply grills should 

be located in areas where occupants are not directly affected by the flow of the 

supply air. This is particularly important since the initial supply of outdoor air is 

cooler than existing indoor temperatures. If occupants are uncomfortable with the 

flow of supply air, they may be likely to limit their use of the AAHX, or never use 

it. 

In the RSDP sample, approximately 10% of the sample felt that AAHX were 

noisy, 70% slightly noisy, and 20% did not think that they were noisy at all. 

Similarly, about 14% of the sample felt that there were unpleasant drafts created 

by the AAI-IX while another 29% experienced drafts that they claimed were only a 

minor discomfort. A small percentage (6.4%) felt the drafts to be rather pleasant, 

and 51 % experienced no drafts at all. 

Air-to-air heat exchangers are a relatively new technology, and, therefore, 

there is very little information available on the reliability and life expectancy of 

this type of equipment. In our study, we found a small percentage (6%) of the 

AAHX had broken down. Of these households, about 27% were difficult to repair, 

18% had not been repaired at the time of the survey, and 55% were found to be 

easy to repair. 

As a final note, we constructed a variable which measured whether people 

who owned AAHX had problems with unpleasant drafts, repairs, or core freezing, 

and we found that 50% of AAHX owners had experienced at least one of these 

problems. 

The-Indoor Environment 

Most air-quality problems in houses can be traced to high pollutant sources, 

rather than low infiltration rates. However, by constructing well insulated houses 

and reducing the infiltration of outside air, problems with the quality of the 

indoor air may be more severe and more frequent (3,7,8). For instance, humidity 

can rise to uncomfortable levels because of moisture generated indoors from occu

pants, 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 
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(from cooking and cleaning), and chemicals outgassed by building materials and 

furnishings (formaldehyde and vinyl chloride). Finally, radon gas from the soil 

surround building basements and foundations may also reach high levels in 

tightly sealed homes. 

The energy-efficient homes built in this program were designed to meet cer

tain prescriptive standards (following a determined path, or a path with tradeoff's) 

or performance standards (estimating an energy budget, or meeting an overall 

thermal integrity). A number of options were available for meeting the design 

standards: ceiling insula:tion ranging from R-30 to R-38, wall insulation ranging 

from R-19 to R-31, underfioor insulation ranging from R-19 to R-30, perimeter 

insulation for slab-on-grade or basements ranging from R-I0 to R15, double or 

triple-glazed windows with thermal breaks, insulated exterior doors, control of 

air-infiltration through careful caulking, weatherstripping, and installation of 

vapor barriers, and passive solar designs. Five major heating system types were 

represented in our sample: 36% of the homes were heated by electric baseboard 

systems, 28% by central forced air, 22% by wall forced air, 8% by heat pumps, 

and 6% by radiant heat. 

Indoor air quality measurements (e.g., formaldehyde and radon) are being 

measured in separate investigations of the RSDP homes (9,10). As noted above, 

we sent a mail questionnaire to all households participating in the RSDP, and 

received valid responses from 317 households living in energy-efficient houses (the 

MCS group), and 387 housholds living in houses built to current practice (the 

Control group). The Control group was composed of houses that were electrically 

heated and were built after 1977 to current, energy codes, or they were built ear

lier than 1978 and weatherized to approximately current construction standards. 

In the survey questionnaire, we asked all occupants about the presence of 

mildew /moIJ, condensation, humidity, and odors in their home, and we compared 

the two groups using statistical tests at a 0.05 significance level. 

We found a statistically significant difference between the two groups in 

reporting the presence of mildew or mold in the home: only 8.3% of the MCS 

group, compared to 16.4% of the Control group, reported mildew problems. This 

finding is not too 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 statistically 

significant differences in some of these areas. For the Control sample, most 
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mildew problems occurred in the bedroom and the kitchen; for the MCS sample, 

most mildew problems occurred in the bedroom. Surprisingly, no one in either 

sample reported mildew 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 above, for those reporting problems, we inquired about the location of the con

densation (bathroom, kitchen, bedroom, dining area, living room, around 

humidifier, around heat exchanger, or other areas). Everyone who listed conden

sation 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 experienced condensation around the air-to-air heat 

exchanger. In connecting condensation to events in the home (e.g., showering, 

cooking, sleeping, and washing clothes), all reported condensation when shower

ing, but no one reported condensation while cooking. Although there was no sta

tistically significant difference in the reporting of bedroom condensation, there was 

a significant difference in those reporting condensation when they were sleeping 

. (Le., at. night) (22% of the MCS group vs 12%· of the, Control group). There were 

no statistically significant differences between the two groups for the other activi

ties. The MCS group did report humidity problems when the air-to-air heat 

exchanger was off. 

Slightly more· MCS, households (26.2%) th'an Control households (20.6%) 

found their home to be stuffy or humid, although the difference was not statisti

cally significant. In connecting stuffiness to events in the home (e.g., cooking, 

sleeping, and washing clothes), no significant differences were evident. One

quarter of those reporting problems cited cooking as the main source of stuffiness 

(particularly the Control group (31.6%)) while 10% of the total sample cited the 

other two activities. Odors were difficult to get rid of for about 16% of each 

group, and. there, were no. statistically significant differences. In sum, the, MCS 

group appeared to be consistently better off in the kitchen than their counter

parts: less mildew, condensation, and stuffiness. 

'We compared high AAHX users (operate their heat exchangers 5 or more 

hoUl's per day) with low AAl-IX users (less than 5 hours per day, or never use their 

heat exchangers) and found no differences in perceived 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-efficient homes. However, many 

important aspects of indoor air quality are not perceptual: for example, radon 

concentrations are not noticeable until they have affected one's physical health. 

Thus, an analysis of indoor air quality measurements by other investigators may 

give us a more definitive answer on the effectiveness of AAHXs in preventing 

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 AAHX was $1268 

($7.42/m2), and it was less expensive (per square meter) to install this equipment 

in larger houses than in smaller houses. AAHX use was very bimodal: 42% used 

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 not notice problems with their 

AAHX, some households did experience problems related to noise, unpleasant 

drafts, condensation around the AAHX, and core freezing. While only a small 

percentage of AAHX had broken down, future AAHX problems may become more 

significant as the program continues and as households choose not to clean filters 

and repair AAHX. 

Occupants of energy-efficient homes were found to have less problems with 

their indoor environment (especially mildew/mold and condensation) than a group 

of control homes. The lack of vapor barriers and AAHX in the control homes 

may account for these differences (or differences in window-type and the amount 

of insulation), and future investigations will help answer this question. 

Based on our survey and other investigations (4,11), information and training 

programs need to be targeted to five groups to improve the effectiveness of AAHX: 

manufacturers, installers/designers, builders, building code officials, and homeown

ers. These programs would ensure that the AAHX were designed and installed 

properly, and that operating and maintaining the AAHX was understandable to 

the user. Due to the large initial cost of AAHX, energy savings become very 

important in making this investment attractive to homeowners and builders, and 

these savings are highly dependent on the quality of system design and installa

tion as well as on the acceptance of these systems by the homeowner. While the 

future of air-to-air heat exchangers in the Pacific Northwest is uncertain (due to 
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its high cost and opposition by the building community), we intend to continue to 

examine the use of AAHX in this area and related problems with the indoor 

environment. 
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