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ABSTRACT

Residential energy consumption can be decreased if air infiltration
is reduced by constructing houses more tightly. In some cases, however,

. reduced air infiltration can lead to problems with indoor air quality

(e.g., excess humidity and high levels of indoor-generated air contam-
inants). One solution to this problem is to install a residential air-
to-air heat exchanger. The heat exchanger provides a controlled supply
of ventilation which counteracts the adverse effects of reduced infil-
tration. In addition, the heat exchanger recovers much of the energy
that would normally be lost when ventilation occurs by air infiltration.
Thus, by employing heat exchangers in low-infiltration houses, it is
possible to save energy without sacrificing indoor air quality.

This paper discusses the performance of residential heat exchangers
and summarizes results from tests of several models. It also compares
the energy consumed, during the heating season, in low-infiltration

" houses with heat exchangers to the energy consumed in typical houses in

four cities throughout the United States. For each city, a cost-benefit
analysis 1is performed from the point of view of a home-owner. Houses

-~ with natural gas, oil, and electrical heating systems are considered.

Our analysis indicates that the energy required to heat ventilation air
in homes employing heat exchangers is 5.3 to 18.0 GJ less than the
energy required to heat ventilation air in typical homes. In homes with
heat exchangers, the heat exchanger’s fan system required 2.2 to 3.6 GJ
of electrical energy during the heating season. The net present benefit
for homes employing heat exchangers, when compared to typical homes,
ranged from - $1350 to +$2400 and discounted payback periods ranged from
five to over 30 years. The cost-effectiveness of employing heat
exchangers was found to be highly affected by climate, type of heating
fuel, heat exchanger performance, and ventilation rate.






INTRODUCTION

A significant amount pf energy is required to heat ventilation aif*

4in residential buildings. Estimates range from 20-407 [1l, 2] of the

total residential heating load or, on a national scale, 2 to 4 quads of
energy yearly. Reducing infiltration rates by constructing houses more
"tightiy" would éave a lafge fraction of this energy. ‘However, some
"tightly" constructed houses are subject to inéoor air quality problems;
e.g. excess humidify, high levels of nitrogen dioxide, formaldehyde and
radon [3, 4, 5]. This problem is being addressed in Europe and Japan by
the installation of mechénical ventilation systems with heat exchangers.
Such systems provide.a controlled supply of ventilation air to prevent
iﬁcreﬁses.in indoor contaminant levels and recover much of the energy

that would be lost when ventilation occurs without heat recovery.

-

While only a small number of heat exchangers have been installed in
the United States.’and Canada,.thousands of heat exchangers are now'being
used in Europe and Japan. Atvpresent, little information 1s available
on the performance of heat exchanger systems under actual operating con-
ditions. Beforé such systems are employed bn as large a‘ scale in the
U.S., more research is needed to investigate their perfqrmance and cost
effectiveness. In addition, the relationship between indoor.air quality
and ventilation rate must be studied furﬁher [6] and other techniques

for solving indoor air quality problems should be examined.

*In this paper, ventilation airvfefers,to all air entering the residence
due to infiltration, natural and mechanical ventilation.
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In this paper we estimate the energy savings resultinglfrom the .use
of heat exchangers in new tightly constructed reqidentiél buildings, and
détermine their cost effectiveness in different regions of the Upited
States. Only the winter heating season is considered. fhe results are
very sensitive to th; many assumptions that must be made to perfofm the
analysis, thus we have presentedlﬁur résults in the form of two. cases

which span a range of likely outcomes.

DESCRIPTION OF RESIDENTIAL HEAT EXCHANGERS

The device used to provide residential mechanical ventilation with
heat recovery 1is called a residential air-to-air heat exchanger. . A

residential heat exchanger generally consists of a core, two fans, and

two ﬁilters all mounted in an insulated case (Figure 1). One fan brings

outdoor air (supply air) through the core and into the house while the

second fan causes an equal amount of house air (exhaust air) to pass

through thg core and out of thé house. As the air passes through the
core, heat 1is transferred »from the warmer tp the cooler airstream
(without mixing), thus in the winter the supply air 1is warmed before
entering the house and the exhaust air is cooled before leaving the
house. Pre;warming of the supply air is the feature that renders the
device energy efficient. Various core designs are available and are
described in a Lawrence Berkeley Laboratory report [7]. Filters are
often placed upstream of the core in each airstream. The filters remove
much of the coarse dust and pafticulates from the airstreams, preventing

deposition of these matgrials within the core.

ad
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Most residential hegt exchangersvarevuééd with a duct sttem for air
distribuﬁibn (Figﬁre 2). Supplyv ductwork carries-outdoor air to the
exchanger and then distributes it to varibusx locations thrpughoutl the
residence. (In many houses, theAfurnaée duct system can be useq for a
portion of the sﬁpply ductwotk;) Exhaust &uét&ork carries hoﬁse air to

the heat exchanger and then out of the house.

As shown in Figure 3, some units can be mounted in the wall or win-

-dow (much like a window air conditioner), avoiding the need for a system

of ductwork. These.units are less expensive to install but they may not
equally ventilate all spaces within a residence unless the indoor air is
well mixed. One alternative is to install two or more small wall-

mounted units at different locations within the house.

PERFORMANCE OF RESIDENTIAL HEAT EXCHANGERS

Thermal Performance

The thermal performance of a heat exchanger is usually characteriéed
by a parameter\calléd "effect iveness.' Effectiveness is definéd as the
ratio of heat transfer in an actual heét exchanger to the‘maxiﬁum possi-
ble heat transfer oﬁe would theoretically obtain in an infinifely large
counterflow exchanger oéerating under the same conditions. Under con-
trolled operating conditions, a heat exchanger with an effectiveness of
70 percent will pre-heat of pre=cool. the incoﬁing air by 70 percent‘ of
the diffefence :between indoor and outdoof temperatures. Under éctual

operating conditions, however, a number of factors ~imprové or ‘degfade

heat exchanger performance and cause it to differ from fhat indicated by
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effectiveness [7]. Nevertheless, effectiveness is useful for comparing
heat exchangers and as an approximate indicator for the thermal perfor-

mance of heat exchangers installed in the field.

In tests perfprmed at Lawrence Berkeley Laboratory (LBL) on ten
models of résidential heat exchangérs the effectiveness was found to
range from 45 to 84 percent [7, 8]. For our subsequent aﬁalysis, we
assume that the Iaverage thermal performance of, é residential heat
exchanger installed in a house can be characterized by an "apparent

effectiveness value" which represents the seasonal efficiency of the

heat exchanger under actual operating conditions. The word '"apparent"

is wused to distinguish this parameter from effectiveness as measured in

the labor§tory.

Fan Performance

The amount of ventilation prpvided by a residential heat é*éhanger
‘and the fan power requirements‘are determined by the performance of fhe
fan syétem and by the resistance to air flow in the heat exchanger and
attacﬁed duct system.: Our measureﬁents of the fan performance of
several residential heat éxchanger models has shown fan power to range
from 24 wétté for a small window unit providing 0.018 m3/s (38 ft3/min)
of ventilation to 185 watts for a large ducted unit providing 0.047 m3/s
(100 ft3/min) of venFilation [8]. (Several available models of heat
exchangers Eonéume more than 200 watts of fan power, howgVer.) qu
measurements indicaﬁe that variations in fan power requirémengs between
heat exchanger models are ﬁsually greater than the variation 1in fan
power with air flow rate for a givén model. The maximum ventilation

provided by the models tested in our laboratory, ranged “from 0.040 to
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0.083 m3/s (0.42 to 0.88 air changes per hour in a 340 m> (12000 £t>)

house).

Contaminant Control

The effectivgnesé of ventilation through heat exchangers in'redﬁcing
contaminant levels has also been inVestighted‘by LBL in field_stqdies
[9, 10). It appears that heat exéhangefs are generally effegtiveu in
reducing indoor contaminant leﬁéls; howéver, the degree of reduction
depends on the contaminant, the type‘ofbhéat exchangef, and the metﬁod

of heat exchanger installation.

Perférmance Problemé

The performﬁnce of fesidentiél‘heat exchaﬁgers can be _degraded in
various ways. In cold climates, ice or frost can form inside the core
and. reduce both the rate of heat transfer and the flow rate of the
exhaust airsgream. Various freeze protection strategies arevpossible

and some units are provided with freeze protection systems.

A second performance problem occurs when dust and particulates clog
a heat exchanger’s filter system and/or are deposited in the heat
exchénger core. If the filters become clogged, the air flow-rates will

be reduced and will become imbalanced. Imbalanced air flow causes air

leakage through the building envelope, thus increasing the heat load on

the . furnace. Periodic cléaning or replacement of the filters is
required and in some cases cleaning of the core may be required. Little

data is available on the extent of this problem.
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Another potential pfoblem demanding-invéstigation is that contam-
inants may be transferred from the exhaust to thé'supply airstream.
Contaminants will be transferred if éir leakage occurs from the exhaust
to supply airstream. Eveh if there is no air leakage, some contaminants
may be transferred in heat exchangers that are designed to transfer both

'moisture and heat between airstreams.

ENERGY SAVINGS AND FAN ENERGY CONSUMPTION

Botb natural infiltration and meéhaﬁical ventilation with heat
recovery impose a heat load on thé home’s heating system and the sum of
these heat loads is called the "ventilation heat load." Ventilation with
he#t recovery 1imposes a smaller heat 1load than ventilation due to
"naturai infiltration because the',heat recovery system preheats the
iﬁcoming'air; .To determine the énergy savings resulting from the use of
mechanical ventilation with heaﬁ recovery, we compare the energy con-
sumption of two houses with different methods of ventilation.v In the
typicél house, all ventilgtion i1s uncontrolled and occurs without heat

recovery. In the "tight" house, a small amount of uncontrolled ventila-

tion occurs; however, most of the ventilation is provided mechanically

and passes through an air-to;air heat exchanger. Because both houses
ha;e the same total amount of ventilation during the heating season and
because they are assuﬁed identical except for the amethod of ventilation
théy should have similar levels of indoor-generated air contaﬁinants. By
subtracting the ventilation heat load in fhe tight house from that'in
the typical house, a "ventilation heat-load reduction" is determined. In

addition to having different ventilation heat loads, the two houses will

s’
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have different electrical demands. Operation of the fans, used in the
mechanical ventilation system, causes an increase in electrical emnergy
consumption in the tight.house and the amount of increase is also deter-

B

mined in our calculations.

~ Calculation of Ventilation Heat Load in the Typical House

To calculate the ventilation heat load in the typical house, we
utilized weather .data from the Engineering Weather Data Manual of fhe
U.S. Air For¢e [11]. This manﬁal‘cpntains a list, b& month, of 'ﬁhe
average number of hours the outdoor temperaﬁure falls within consecutive
2.8 °%C (5 6F) temperature bins fdr cities throughout the United States.

Equatibn'l'ié ﬁtilized'to calculate the ventilation heat load, "Q"

Q = pC V(ACR) 3 (T, - T,)8,

(S5

where: p and‘C§ are the density and specific heat at constant pressure,
réspectivély, of 1indoor 'air, V 1is the house volumé, ACH is the air
exchange rate for the house expressed in dir changes per hour, and Ti‘is
the indoor temperature. In the equation, the variaﬁle Tj is the outdoor
temperatufe at the midpoint of a bin and Oj, is the number of hou;s that
the outside temperature falls within the c;rresponding témpeféture bin.

The degree hour summation, in Equation 1, is coﬁﬂuted oﬁly for hours

when the outside témperature is less than the balance point of the

house.* (When Equétidn 1. is utilized, we.deéignate this method of cal-

culating ventilation heat load as the bin method;)

*The balance pbint is the minimum outdoor témperature for which no ‘heat
is required from the home heating system and is assumed to equal 12.8 ©

C (55 ° F).



Using this bin method, ven;ilation heating loads were calculatéd for
typical homes in four U.S. cities; Minneapolis, Chicégo, Washington,
D.C., and Atlanta. The house volume was assumed to-équal 340 m3 (12000
ft3) which 1is the averag; size for a new home assﬁming a floor-to-
ceiling height of 2.5 m (8 ft.) according to the Natioﬁai Associatioﬁ.of

Home Builders [12]. An indoor temperature of 20 °¢c (68 °p) was assumed.

We considered only the winter months--October through April in Minneapo-

118 and Chicago and November throﬁgh April in Washington, D.C. and

Atlanta.

-

Calculation of Ventilation Heat Load and Fan Energy Consumption for the

Tight House with Heat Exchanger

In a tight house employing mechanical ventilation with  heat
reco#ery, four factors must Be accounted for vhen calculating the venti-
' lation heat load: (1) unqont;olled ventilation (e.g. infiltration) in

the tight house imposes a heat load, (2) operation of the heat exéhanger
qontributes to the ventilation heat load because the heat exchanger 1s
not 100 percent effective, (3) some fraction of the heat released by ;he
_heat eichénger's féﬁ systemAis delivered to the house thus reducing the
ventilation heat; léa&, and (4) characteristics of the heat exchanger’s

freeze protection system affect the ventilation heat 1load.

. For the tight house, where most of the ventilation 1s provided by
the heat exchanger, we assume 0.2 air changes per hour (ach) due to
infiltration and occupant’s activities (e.g. door openings) and equation

1 1is used to determine the corresponding ventilation heat load.
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We assume that the heét excﬁanger'operates continuously during the
'specified ﬁeating season and that it isvturned off duridg.other times of
the year. The ventilatioh heat load due to ventilation through théiheat
‘exchanger dependsv on the apparent effectiveness of the heat exéhangér.A
This portion of the ventilation heat_;oad is calculated using_equatidn 1
with an air exchangg rate corresponding to the rate of fléw tﬁroﬁgh the
heat exchanger. To account for preheating of the éirr_by the heat
Aexchanggr, ‘the result from Equation 1 is then multiplied by the factor

(1-3) where 3 is the apparent effectiveness of the heat exchanger.

The third factor that affects the ventilation héat load in tﬁe tight
house 1is the -géneration of heat by the heat exchanger’s fans and fan
motors. If both'motors are located.in the airstreams énd downstream of
the heat exchanger core, approximately 50 percent of the electrical
energy consumed by the fans wiii be delivered to the résidence in the
form of heat. If the supply fan isAdownst;eam of the core and the
exhaust fanfis upstream; however, a la;ger percentage of the fan’s
energy consumption'ﬁill be saved. Our assumption is that 75 percent of
the total.fan—energy consumptioﬁ is saved in this case; 'however, the
actual percentage depends on the efficiency of the fans and motors, and

on the effectiveness of the heat exchanger.

As mentioned.earlier,vduring cold weather a freeze protection system
is required and its performance will affect the ventilation heat load in
the tight house. We assuﬁe that . the heat exchanger in the tight house
employs a common freeze protection’strategy,?which is to periodically
defrost the.exchanger by shutting.off the supbly fan '(ghis is usually

done automatically using a thermostat and a timer). During the defrost
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cycle, indoor air passes through the heat exchanger, melts any frost or
ice, and 1is exhausted from the house. Because air 1is beihg exhausted
from the residence during the défrost cycle, an equivalent amount of
cold outdoor air will leak inﬁo the house and contribute to the Qeﬁtila-
tion heating load. Some of this air will enter through the building
envelope and some through the heat exchanger’s supply ductwork if this
ductwork is not blocked during defrost cycles. 1f air enfers through
the suppiy ductwork during defrost cycles, it will be preheated in the
exchanger; however, as.an approximation, we assume no preheatiﬁg of
incoming air dufing def;ost cycles. To account fqr the gor:e#ponding
pqrtion of the ventiiation heat load, we simply assume that the heat
exchanger effectiveness 1s zero during the defrost cycles. We assume
that the heat exchanger in our tight hbuge goes into a defrost mode of
qperation 20 percent of the ﬁime when the outdoor temperature is below
-6.7 ° C (20 ® F) [13]. Presently, little information is available on
freeze protection requirements and the performance of freeze protection
systéms; however, é sensitivity -analysis indicates that reasonable
changes in odr assumptions regarding freeze protection have a small

effect on our results.

The total ventilation heat load for the tight house is caiculated by
summing the loads due to infiltration and mechanical ventilation (with
heat exchanger inefficiency and defrost éycles accounted for) and sub-
tracting' .the amount of fan energy delivered to the house. The electri-
cal energy consumed by the fan syétem is determined using the time of

operation for each fan and the fan power.
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Sensitivity Analysis for Energy Savings

A sensitivity'analysis was performed to determine how variations in

our aSsuﬁptions affect the projected energy savings. - Because many fac-

tors have a significant effect, results for two cases will be presented.

For- case A, we assumed a medium to low ventilation rate‘(0.6 ach), ;
medium to low heat exchanger effectiveneés, and a fairly high fan power.
For case B, the ventilation rate was increased to 0.75 ach and a supe-
rior heat exchanger performance (1.e.-higher'effectiveness and lower\fan
power) .was assumed.‘ Major assumptions for each case are summérized in

Table 1.

" Results of. Energy Analysis

Results from the energy énalysis are presented in Table 2 for the
four cities. considered.v Ventilation heat loads are tabulated‘for both
the typical and tight homes. These loads equal the amount of energy
that must be suﬁplied by the home heating system to heat Qentilation air
during the specified season. Also tabulated is the "ventilation heat
load reduction" which equals ﬁhe ventilation heat load in the typical
housé minus that in the. tight house. This reduction in heat -load
represents the savings éttribu£able to the construction of a tight house

and use of a residential heat exchanger.

The reduction in ventilation'ﬁeating-load ranged from 5.3 to 18.0 GJ
(50 to 171 therms) with the larger reductions occurring iﬁ cities with
cold climaﬁes. Percentage reduction in ventilation heat load (i.e. heat
load reduction divided by heat load in fhe typical house) ranged from 45

to 63 percent. While absolute energy savings are much greater in cold
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climates, our results indicate that percentage savings are greater in
cities with warm climates where less time is required to defrost the
heat exchanger. However, our analysis did not consider the possibility
that, in cold climates; the rate of condensation of water vapor from the
warm' airstream ﬁayAincrease; thus causing an'increase in heat exchanger'

performance sufficient to counteract this effect.

Tabulated in the last colﬁﬁns bf Table 2 1s the total electrical
energy consumed by the heat exchanger’s fan system. The amount of
energy consumed by the fans is less for case B bécause we assumed a
lower fan powér (1.e. more efficient fans and fan motors). Fan energy
consumption was greater in Minneapolis and Chicago than in Washington
D.C. or Atlanta because a longer season of opéfation was assumed. for

these cities.

The reduction in ventilation heat load can be compared to the. fan
energy consumptiohf The ratio of these two quantities (i.e. heat load
reduction divided'by fan energy consumption) ranges froml 1;68 to 3.34
_for case A{ with the larger ratios oécurring for the colder climates.
For Case B, this ratio is much larger--fanging from 3.64 to -7.24. As
shown in the subsequent economic analysis, this ratio of energy savings
to energy consumption has a iarge impact on the cost-effgctiveness of

investments in residential heat exchanger systems.

To produce the electrical energy required to run the fans, approxi-
mately 3.4 times as much resource energy* is utilized at the power plant

that generates the electricity [14]. Thus, for homes with natural gas

% .
The term "resource energy" refers to primary energy sources such as
oil, natural gas, and coal.
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or oil heating systems,.national savings of resource energy occur only
whenv the reduction in ventilatién heatingrload is at least 3.4 times
greater than thé fan energy consumptioh; For case A, in manf situations
the -amount of resource energy consumed by the tight house will be
greater than that consumed by the- typical house. For eléctrically
heated hqmes, and for all case B homes, however, the tight house with a

heat exchanger consumes less resource energy.

COMPARISON OF BIN METHOD AND DOE~2 COMPUTER PROGRAM

FOR CALCULATING VENTILATION HEATING LOAD

Several approximations are made when using the Bin"method to calcu-
late venpilggion heat loads. Fof example, a constant alr change rate is
assumed when using the bin method (i.e. equation 1). In reality, alir
change rates (infiltratién rates)‘increasevwith an increase in windspeed
or a decrease in outdoor temperature. Because a larger fraétion of the
total seasonal infiltration occurs when the outdoor temperature is low,
equation 1 ﬁay underﬁredict ventilation heating loads. To assess the
accuracy of the bin method; we compared results obtained by this method
to.those obtained from using thevDOE-Z computer program [15] described

below.

DOE-2 is a publié domain computer program for energy analysis of
buildings. Assumptions used when DOE-2 is the computational tool are
discussed by Levine and Goldstein [16]. To calculate 'aif change rate
(ACH) the DOE=2 program uses hourly weather data for a test reference
year (TRY) ‘and an equétion of the form

ACH‘=a+bV+c|AT|‘,‘ ) (2)

where V is the wind speed and AT is the difference between 1indoor and
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outdoor temperatures. In order to match typical field data on air
exchange rates, values for constants a, b, and ¢ are adjusted by the
program on a monthly basis so that the average air changé rate for the
five-month winter. heating season (November--March) equals 0.7 air
changes per hour. . The DOE-2 §rogram calculates infiltration rates each
hour and uses the results to calculate aﬁ hourly vgntilatiqn heating
load. The seasonal .ventilation heating load is then determihéd by sum-

ming the hourly loads.

To compare results obtained by the bin method with those derived
from the DOE-2 pfogfam, we calculated a special.set éf ventilation heat
loadé using the bin method with assumptions maéching those in DOE-2
(i.e. an indoor temperature of 21.1°% (70°F) and an air excﬁénge rate of
0.7 ach were assumed, and heat loads wére calcﬁlated only for the months

of November through March).

Results of Comparison

Ventilatioﬁ heat loads cglcuiate& by the, bin method and by the DOE-2
program are ﬁresented in Tabie 3. As indicated, the DOE-2 heat loads
are higher than predictions by the bin mefhod for the cities of Minneap-
olis and Atlanta, 7 and 11%, reséectively. For Chicago and Washington
D.C., the ventilation heating loads predicted by the DOE-2 program are
lower than those predicted by the bin method--6 and 3%, respectively.
Thus, the agreement Setween the~two methods is reasonable for all citiés
considered. Possible reasons for the discrepancies are: (1) a constant
air change rate is assumed for the bin method and an hourly air change
rate is calculated by the DOE-2 prdgram,-(Z) a balance point temperature

1s assumed for the bin method whereas the DOE-2 program utilizes thermal
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characteristics of thé house (e.g., insulation thickness) and performs
an hourly energy balance on the house to determine when heat is
required, and (3) the bin method is based on long term average weather
data whereas the DOE~2 program utilizes weather data for a test refer-
ence year (IRY) which less accurately represents an average year. Bal-
ance point temperature can havé a significant impact on ventilation heat
load. For our comparison, however, the balance‘ point temperature
assumed for our bin—method calculatiohs cérresponds well to the house
characteristics wutilized by the DOE~2 program. Our calculations.indi-
" cate that the different Qeathér data is probably the largest cause of

the observed discrepanciles.
"ENERGY SAVINGS DURING COOLING SEASON AND PEAK POWER SAVINGS

In the United States residential sector, air conditioning consumes
only about one quad of resource energy whereas space heating cpnsumes
about’ten'quads; For the'four>cities studied, the summer ventilatioﬁ
load is much. less than the winter ventilation load. Thefefore,.in these
cities the magnitude of the potential eﬂergy savings from heat exchanger
use in the summer is much less than during the winter season. We have
not inclqded cboling season eﬁergy savings in the calculations already
described. However, ‘in locations with significant heatiﬁg and cooling‘
loads (e.g;, New York City and Washington, D.C.) aaditional energy sav-
- ings may result if heat exchangers are utilized during the sumqér coél-

ing season.

In many utility districts, air conditioning is the source of the
summer peak in power demand and a driving force in the construction of

expensive new power plants. The air conditioning load in houses with
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heat exchangers will be lower than in houses without heat exchangers
thus reducing the peak power lbad in summer. In cases where investments
in heat exchangers are not cost effective from the home owner’s point of
view, heat exchanger use may still be desirable because of the resulting
reductions 1in peak power demand or because the cost of conserved energy

is less than the long term incremental cost for new energy.

COST/BENEFIT ANALYSIS

Methodology

The economic desirability of employingba heat exchanger and mechani-
cal ventilation system in a residential building can be assessed by com-
paring the savingé in energy costs dérived from the use of éuch é system
to’ the incremental costs incurred from installation, maintenanée, and
operation of the system. There are a number of economic parameters that
may bé used to rank potential capital investments. These 1nc1ﬁde rate
of return, net present benefit or life-cycle cost, discounted payback'
period, and benefit to cost ratio [17). All of these, excepﬁ discounted
payback'period, yield the same rank ordering when potential investments

of equal lifetime are compared.

In our cost—benefitvanalysis,'we used net present benefit (NPB),
benefit to cost'ratio, and discounted payBack period to determine cost
effectiveness. NPB is calculated by subtracting capital, operating and
maintenance costs ffom the energy cost savings. équation (3) is the NPB
equation we have used for this study.

1
N J1+f ]) N
_Jl"'fL (OPCy, 5 € -cc-M'>'—-1-——

i=1 i

2

NPB = (FBS)

where:
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FBS = fuel bill savings in year 1

OPC¢; = operating cost of fans 1n'year 1

cc = incremental capital cost of conservation measure
M = annual maintenance costs

f = real escalation rate for heating fuel price

feo = real escalation rate for electricity price

N = lifetime of heat exchanger

d = real discount rate

The value of future cash flows is discounted by an appropriate discount
- factor d, that corrects ‘for the lost opportunity to otherwise invest

resourcese.

.Table 2, discussed prefiously, summarizes the ventilation heat load
reducfion ;nd the fan energy consumption for the two different cases, A
and B, in the.four cities studied. The fuel bill savings 1in year 1,
FBS, 1s the product of the ventilafion heat load reduction and the fuel
price in yéar 1 divided by the furnace sysfem efficiency (assumed to be
70% for naturalv gas and oil and 100% for electrical heating). The
operating cost of the fané in year 1, OPCf is the product of the fan

energy consumption (Table 2) and the price of electricity in year 1.

In addition to net present-benefit, two othe; economic parameters,
benefit-to-cost ratio and discounted payback period, have been calcu-
latgd. The benefit-to-cost ratio is equal to the sum of the discopnted
energy cost savings (i.e. the first term in equation (1)) divided by the
sum of capital costs and discounted fan operating and maintenance costs

(i.e. the sum of remaining terms in equation (1)).
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The discounted payback period is defined as the length ‘of time
required to recover an initial investment taking into account fuel price
escalation rates and the time value qf money. Thus, it equals the amount

of time required for the NPB to become positive.

Assumptions

To evaluate the various economic parameters which are indicators. of
the cost-effectiveness of using heat exchangers in low infiltration
houses, we estimated the incremental capital cost of the coﬁservation
measure which consists of the costs for the adaed labor and materials
necessary to'construct.a low infiltration house and the purchase price
plus 1installation éost of the heat exchanger, fans and connecting duct-
work. Based upon our communication with .ﬁome builders, we have
estimated the cost of constructing a tighter building enveloée for a 140
m2 (1500 ft2) house to be apﬁroximately $400. This pfocedure involves
caulking around the windbws and door frames, at the base of walls,
around penetrations in the walls (e.g; electrical ouflets, plumbing) and
the 1installation of a polyethylene vapor barrier in the walls and ceil-
ing. The incremental cost for installation of the polyethylene vapor
barrier 1is small becausg the polyethfleﬁe barrier is a substitute for

other less effective types of vapor barriers.

Well constructed heat exchangers-with fans, adequate to ventilate a
340 'ﬁ3 (12000 ft3) housé, can be obtained in large quantities for $450-
~3600. From our field experience we estimate $300 to install the ‘heat
e#changer, fans and duct work in a'new_house. Thus the total marginal
cost of the low infiltration.heat exchanger option has been chosen to be

81150 for the more optimistic case B and $1300 for the more pessimistic
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case A.

In the above cost estimation we have assumed that a heating system
with duct work will be installed in each new house beiﬁg considered and
that the heating system’s ductwork is utilized for portions of the heat

exchanger'é supply ductwork. In the case of homes with baseboard type

"electric resistance heating, there is normally no ductwork installed.

If heat exchangers are installed in tightly built homes with baseboard
heat, it may be possible to provide.additional ventilation fhrough win-
dow or wall mounted heat exchangers. Because_the cost and performance
of window-or-wall mounted heat ekchaﬁgers does not match assumptions
made for this analysis, our analysis 1is hot’appropriate for evaluation

of these units.

There is presently little experience with maintenance costs for heat
exchangers. We have assumed that filters will need periodic cleaning or

replacement and that the core may also need periodic cleaning. Case A &

B include a maintenance cost of $30 and $10 per year respectively. This

cost is assumed to grow at the rate of inflation, thus the escalation

rdte is zero in real terms.

Table 4 shows the initial fuel prices and Table 5 shows the fuel
price escalation rates (in real terms) for the various heating fuels:
considered in our calculations. We have used 1981 fuel prices gathered
from the U.S. Department of Labor, Bureau of Labor Statistics. The
fuel price escalation rages were obtained from the ﬁid range . estimates
used for obtaining energy consumption projectioﬁs displayed in the
National Energy Policy Plan (NEPP). The discpunt rate was chosen to be

572 teal and the lifetime of the heat exchanger system was assumed to be
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20 years.

Results and Discussion

Table 6 summarizes the results of our economic analysis for four

cities and three heating fuels. The net presenﬁ benefit, benefit to

cost ratio, and the discounted payback period are shown.for case A and
case B. For case A ihe net present benefit is pésitive in only two
situations, for electric heating in Minneapolis and Chicago. Thus,
un&er case A conditions, heat exchangers installed in low-infiltration
houses would appear to be cost-effective only 1in electrically heated
~houses 1in Minneapolis and Chicago. For all other combinations of fuel
and location, except oil heating in Miﬁﬁeapolis, the discounted payback

period is greater than 30 years.

Uﬁder case B conditions, the net present behefit is positive fog all
three heating fuels 1in Minneapolis, Chicago and Washington D.C. In
Atlanta the NPB is negative for both heating fuels (i.e. natural gas and
electricity). The payback period for houses with oil of electric heat-
ing is 11 years or less in all cities except Atlanta; For all four
cities, the payback period for natural gas heatiné is always gfeater
than for oil or electricity. If the conditibns‘shoﬁh in Table 1 for
caée 'B are satisfied, then the use of heat exchangeré in low-
infiltration houses should be cost-effective in climates with‘.2200 ldr

more heating degree days (°C) for all heating fuels.

The differences in the assumptions used for cases A and B can be
ranked in order of significance. We assumed a superior heat exchanger

performance for case B as compared to case A (i.e., the heat exchanger

bt

L8]
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has a higher effectiveness and a lower fan power; and a larger percen-
tage of the energy consumed by the fans is delivered to the residence).

This set of assumptions causes the largest difference in economic

- results for the two cases. For case B we also-assumed a higher ventila-

tion rate, and this assumption has a very significant but slightly
smaller impact on the economic results. Finally, we assumed lower ini-

tial ‘and  maintenance costs for case B. These cost related assumptions

"had .a smaller impact than the performance and ventilation assumptions

described above, especially in the cities with cold climates.

Sensitivity Studies

The results of the economic analysis depend on estimatesvfor several
factors. _~These include discount rate, fuel price escalation rate,
appliance 11fet1me, iniﬁial fuel pricé, and initial caéital cost. There
is almbst always some uncertainty in projecting values for these parame-

#

ters. Thus, a sensifivity’ analysis was performed to determine the
i;porténée_ of several key aséﬁmptions.“ Table 5 shows the low, medium,
and high pre&ictions for escalation rates in the price of heating oil,
for which the‘NEPP indicates the greatest future uncertainty. We per-
formed a éoét—benefit analysis using both the high and low price fore-

casts. For case A, a change in NPB from negative to positive occurs in

Minneapolis and Chicago for the high price escalation rate. For case B,

- no change in the sign of the NPB occurs for either the high or low fuel

price escalation rates.

«

The rate at which future benefits and costs are discounted to the
present can have a significént effect on the results of our cost-benefit

analysis. Our original assumption of a 5% real discount rate implies
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.thatv new home buyeré, as an alternative to inVesting in a more enefgy-
efficient house, could choose to invest'differently and earn 57 more
than the inflation rate. Thus, if the inflation rate were 11%, consumers
could obtain 16% interest with their mone&. We assessed the sensitivity
of our results to.both'higher and lower discount rates of 107 and 37 in
two cities, Minneapolis and Washington D.C. For case A, the NPB remains
negative for all fuels in Washington D.C. for discount rates of 3 to
10Z. 1In Minneapolis, the NPB can change sign for qii and electric heat-
ing, producing a positive NPB for oil heating with d = 3% and a hegative
NPB for electric heating with d = 10%. For case B, there 1is énly one
change 1in sign (NPB becomes negative); it occurs in Washington D.C. fér

gas heating at a discount rate of 10%.

The effect of a change in the initial capital cost on NPB is easy to
determine and reasonable changes do not have é large effect on our
results. For example;vif initial capital costs are $200 vhigher than
aésumed for our analysis,‘the NPB is reduced by $200; If initial capi-

tal costs are $200 less than assumed, the NPB is increased by $200.

Assuming a 30 year 1ife for the heat exchanger instead of 20 -years
generally produces a small increase in the NPB but only in one case does

a negative NPB become positive (Case A, Minneapolis, o0il heating, where

the NPB changes from--$105 to $428). Decreasing the heat exchange;'

lifetime to 10 years causes the NPB for case B to . become negative in
four situagions where it was previously positive. These are natural gas
heating in Minneapolis, Chicago, and Washington, D.C. and oil heating in
Washington, D.C. For case A, in the the two situations where NPB was

positive, electric heating in Minneapolis and Chicago, the NPB becomes

5
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negative. In summary, the net present benefit is not as sensitive to
the expected range of values for fuel price escalation rate and discount
rate as to the expected range of heat‘eXCHAnger’performancevparameters,

ventilation rate, and ‘appliance lifetime.

Sensitivity to Method of Freeze Protection

Various techniqués can be used to prevent freezing in heat
exchangers and, as mentioned earlier, freeze'progection requirements are
not’well understood. A brief sensitivity analysis was performed to
evaluate the economic impact of variations in our assumptions regarding
freeze protéctidﬁ; For our original analysis, we assumed that freezing
initiated when the outdoor temperature was below -6.7 %c (20 °F). We
also assumed that the heat exchanger had a defrost freeze protection
system 'which - defrosted the heat eXchanger'ZO-percent of the time when
the outdoor temperature was belbw_the‘onset of freezing (20 °F). In. a
sensitivity analysis, the ‘amount' of defrost time was decreésed and
increased by 50 percgﬁt of the original value. In addition, the tem-
perature at which freezing was assumed to init;ate was reduced_tb -12.2
°C (10 °F) and increased to 0 °Cc (32 °F). We also ébmpared the defrost
tgchnique of freeze protection tp% the uée of electrical.resistance
preheat.for the prevention éf freezing. In systems with  e1ectrica1
resistance' preheat, an electric resiétance heater preheaté the incoming
outdoor air (upstream of the heat exchanger core) sufficiently to
prevent freezing within the core. For our analysis, we assumed that the
incoming aitr was preheated to the temperature corresponding to the onset

of freezing.
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The sensitivity study of f;eeze protection techniques was perfofmed
only for Minneapolis-~the city with the coldest winter climate where
changes in'freeze protection techniques should have the greatest impact.
We considered only case B. As shown iﬁ Table 7, a 50% increase in
defrost time causes less than a $300 decrease in net present benefit and
a 50 percent decrease in defrost time has a similarly small effect.on
NPB. Decreasing the temperature corresponding to the onset of freezing
to -12.2 °c (10 °F) cauées only small increases in NPB. Increasing this
temperature to 0 °c (32 °F),lhowever, can cause a $520 decrease in NPB
for a heat exchanger with electric preheat.in a home heated with natural
gas. The NPB for systems with electric preheat- is usually close to that
for systems with defrost freeze protection. When compared to defrost
systems, preheat systems are least attractive in homes with inexpensive
gas heat. Summarizing,-the effect of differept freeze protection tech-
niques on NPB is generéliy less than the effect of heat gxchanger per=-

formance, ventilation rate, or type of heating fuel. -
SUMMARY OF RESULTS AND‘RECOMMENDATIONS
A summary of our results follows:

1. The reduction in ventilation heating load ranged from 5.3 to 18 GJ
(50 to 170 therms) per heating season for tight houses with heat

éxchangers relative to loose houses of equivalent ventilation rate.

t

2. Ventilation heating loads calculated by the bin method and by the
DOE-2 computer program agreed to within $11% for the four cities

studied.

13
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For case A, heat exchangers are cost-effective only in electrically

heated houseé in climates as severe as Chicago.

For case B, heat exchangers are cost-effective for homes heated with
natural gas, oil, or electricity in Minneapolis, Chicago and Wash-
ington D.C. The payback period for houses with o011 or electric

heating is 11 years or less in all three cities.

The results of our economic analysis are not highly sensitive to
reasonable - variations 1in assumptions concerning freeze protection,

fuel price escalation rate and discount rate.

The results of our economic analysis are highly sensitive to assump-

tions made concerning heat exchanger effectiveness and fan power.

The assumptions of ventilation rate strongly affect the results of
>our cost-benefit analysis. If low ventilation rates (<«5 ach) are

.adequate to provide suitable 1indoor air quality, then heat

exchangers in low infiltration houses will not be cost-effective
except in the coldest climates and only when high performance heat

exchangers are used.

A decrease in heat exchanger lifetime (from the assumed 20 yrs to 10

yrs) has a significant adverse effect on the cost effectiveness of

heat exchangers in low infiltration houses.

Based upon the results of our study we make the following recommen-

- dations:

1.

Consumers should consider heat exchanger performance carefully and

»

be willing to pay a significantly higher first cost for a unit with



2.

4.

5.
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a superior performance.

Accurate data on heat exchanger performance should be made available

to consumers.

Further research is nee&ed to investigate factors that degrade heat
exchanger performancevsuch as freezing of moisture within the core;
transfer of contaminants between airstreams, poor distribution of
ventilation air, and fouling of heat transfer surfaces. Further
study-is also needed to evaluate maintenance requirements and costs

for residential heat exchangers.

From the homeowner’s point'of view, investing 1in a tightly con-
structed house and installing a ﬁeét gxéhanger is often not econom-
ical, even though, in a number focaées, considerable enérgy Savings
occur wﬁen suﬁh a stratégy is employed. Because, some bf.the bene-

fits of the energy savingé are not accrued by the homeowner, the

'potential“for using government or utility subsidies, low~interest

loans or tax incentives to stimulate the use of heat exchangers

should Se evaluated.

Mechanical veritilation with heat recovery is only one of many possi-
ble strategies for conserving energy and controlling indoor contam-
inant levels. Further research is needed to evaluate other stra-

tegies that may be superior to the use of heat exchanggrs.
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Table 3. Comparison of Ventilation Heat Loads Calculated by
Bin Method and DOE-2 Computer Program.

Ventilation Heat Load*

GJ (Therms)
Bin Method DOE-2 % _Difference
Minneapolis "27.4  (260)  29.4  (279) 7
Chicago ° | 23.1 (219) 21.7  (206) 6
Washington, D.C. 17.5 (166) 16.9  (160)
Atlanta S 11.8  (112)  13.1 - (124) 11

*For the spécified heating season.
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Table 4. 1981 Fuel Prices*

City _ Natural Gas - o1, Electricity
$/GJ ($10° Btu)

Minnesota 3.78 (4.01) 7.32 (7.76) 14.34 (15.20)

Chicago 3.52 (3.74) 7.64 (8.10) 19.06 (20.20)

Washington D.C. 4.77 (5.06) 7.88 (8.35) 16.04 (17.00)

Atlanta

. 4.95 (5.25) -

13.02 (13.80)

*Source: . ‘U«.S. Department of Labor, Bureau of Labor Statistics. January

1981 prices.

1.4 therms/gallon of oil assumed.'

) 88
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Table 5. Annual Fuel Price Escalation Rates*

NaturalIGas ' o 011 o Electricity
Time Period , Low Mid "~ High
1981-85 13.1. o 2.9 5.7 8.1 _ 0.6
1986~90 2.5 1.6 2.9 5.6 2.2
1991-2010 . 1.8 1.7 2.7 6.3 - 1.4

* .

Real escalation rates obtained from National Energy Policy

Plan, 1981. Mid-range forecasts are given for natural gas -and

electricity an@ mid, low, and high range forecases are given for heating oil.

.
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Table 7. Effect of Freeze Protection System on Net Present Benefit
for Minneapolis, case B.

Onset of . o Net Present Benefit”

Freezing _ Heating Defrost ' Preheat:F
°¢c (°F) Fuel Fl=0.1  “F-0.2 F=0.3 '
| | Gas . 819 760 700 727
~12.2 (10.0) . . 011 2015 1926 1837 1967

: Elec. 2200 2106 2013 2159

Gas 774 670 - 566 499

=6.7 (20.0) . 041 - 1947 1790 ' 1633 1760
Elec. 2128 1963 1798 1955

Gas 690° 501 313 -21

0.0 (32.0) _ 011 1818 1533 1247 1288

- Elec. 1993 1692 1392 1490
*based on a 20 year life for heat exchanger

+hours of defrost divided by total hours ‘when outdoor temperature 1is
below onset of freezing.

¥electric resistance heater preheats outdoor air to temperature at
onset of freezing
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Figure 3.

Window Installation of Heat Exchanger.
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This report was.done with support from the

'Department of Energy. Any conclusions or opinions

expressed in this report represent solely those of the
author(s) and not necessarily those of The Regents of
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy.

Reference to a company or product name does
not imply approval or recommendation of the
product by the University of California or the U.S.
Department of Energy to the exclusion of others that
may be suitable. ’ ‘
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