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ABSTRACT

The Bonneville Power Administration (BPA) has proposed a ten year
program to encourage the weatherization of electrically heated homes in
the Pacific Northwest, The purpose of this program 1is to reduce
residential electrical energy demand for space heating. If air infil-
tration rates are reduced by employing house tightening measures, indoor
air quality mitigation measures may be required in residences with sig-
nificant sources of indoor air contaminants. The use of residential
air-to-air heat exchangers has been proposed as a possible strategy to
assure that indoor air quality'is not substantially degraded by house
tightening. ‘

We examine the energy impact and cost effectiveness of heat
exchanger utilization in tightened homes in the BPA region. Significant
energy savingsvare-predicted if homes are tightened and heat exchangers
are utilized. From the homeowner’s perspective, the results of our
economic analysis indicate that, at the relatively low residential elec-
tric rates in the BPA region, She use of heat exchangers in existing
homes that are tightened is not economically viable. On the other hand,
from the utility perspective, it may be cost effective to use heat
exchangers in the weatherization program if the marginal cost to the
_utility is compared with the cost of conserved energy.

fResearch sponsored by the Bonneville Power Administration U.S. Depart—
ment of Energy and the Assistant Secretary for Conservation and Renew-
able Energy, Office of Building Energy Research and Development, Build-
ing Systems Division of the U.S. Department of Energy under contract no.
DE-AC03-76SF00098.



1. INTRODUCTION

The ﬁonneville Power Administration (BPA) is engaged in a weatheri-
zation program designed to reduce electriéity use in existing homes that
use electricity for space heating. A number of the measures that are
included in the program have the effect of reducing.the ventilation rate
in thevstrgctures in questibn, thereby not only saving energy but also
increasing the concentrations of indoor-generated airborne pollutants.
Tﬁe pollutants of most concern in these electricaily heated residences
are radon, formaldehyde, and cqmbustién 'prodﬁcts from wood—burhiﬁgv

stoves and fireplaces.;

‘The environmental assessment prepared by BPA, in connection with the
weatherization program, provi@ed.that measures that substantially affect
infiltration (and therefore the concentration of pollutants indoors)
would not be offered. to certain classes of homes in order to avoid hav-
ing a significant adverse impact on the healﬁh of occupants.2 These
homés were excluded from infiltration reducing measures on the basis of
house characteristicé that suggest the presence of higher-than-average

sources of indoor pollutants.

One of the procedures by which presently excluded homes may be per-
mitted to be tightened would be to install air-to-air heat exchangers in
such residences. These devices can be utilized to increase the ventila-
tion rate to its original magnitude (before the tightening) while recov-
ering much of the heat energy that would otherwise be lost if this ven-
tilation is provided without heat recovery (e.g. by infiltration or
exhaust fans). We discuss the energy savings and cost-effectiveness of

heat-exchanger use in electrically heated houses in the BPA region. We



consider only the energy savings resulting from heat exchanger use dur-
ing the winter heating season and only a heat exchanger of the type that
is designed for installation through walls or windows. In a previous
report, we discussed the energy savings and cost-effectiveness of heat

exchanger use in newly constructed homes.3

2. BPA WEATHERIZATION PROGRAM

A. Weatherization Measures

It is expected that 312,000 electrically heated residences (790,000
;ccupants) in the states of Washington, Oregon, Idahb,’and western Mon-
tana (the BPA region) will be weatherized. The weatherization measures
. can be divided into two groups. The following will be offered to owners
- of all houses eligisle for weatherization: insulatiqn. of ceiling. and
attic; insulation of floor;: iﬁsulation of aninisﬁéd walls; installation
of a vapor barrier in the floor; insulation and sealing of air ducts;
insulation of water pipes; inétallarion of a,dehuﬁidifier; installation

of clock thermostat;

Only measures (4) and. (5) alter the infiitration rate (i.e., the rate
at which inside air is replaced by outside air due to leakage through
the building envelope) significantly and, thus, directly affect indoor
contaminant levels; Measure (5), sealing of air ducts that are located
in non-space-conditioned areas,'can substantially reduce the amount of
outside air reaching living areas of a residence. Méasure (4), instal-
lation of a vapor barrier in the floor of a residence, may also reduce

infiltration.



In homes where significant sources of indoor air pollutants are not
expected to be present, the follpwing measures will also be offered: (9)
caulking (10) weatherstripping (11) storm windows and doors (12) outlet
and switchbox gaskets. These measures may decrease the amount of air
infiltrating into the residence and thus may increase the indoor concen-
trations of contaminants generated within the residence. The effects of

these four measures on infiltration rate is discussed below.

B. Infiltration Rate Reduction from Weatherization

A key factor in determining the potential impact of the weatheriza-
tion program on indoor air quality is the reduction in infiltration rate
achieved by weatherization of existing homes.. . We use the estimated
reduction in infiltration raﬁe to indicate the amounp_of mechanical ven-
tilation.;hat must be‘sdpplied;by the heat exchanger to assure equal
average ventilation rates in untightened and tightened homes. Actually,
the weatherized hpme»will.have_les& fluctuation in its wventilation rate
during the heating seasbn since the heat exchanger fans provide some
constant amount of ventilation regardless of effects of weather on
infiltration. Therefore, peak concentramions of indoor generated pollu-

tants may be lower in weatherized homes.

Data from weatherization studies in Medford, (Oregon), Midway,
(Washington), and Walnut Creek, (California) have been analyzed. These
are the only weatherization studies for which carefully documented data
are available on 1leakage areas or infiltration rates before and after
weatherization and for which the level of effort expended in the weath-
erization 1is specifically accounted for and within the range of effort

in the BPA weatherization programs. In some cases, infiltration rates:



were measured directly by a tracer gas decay method but, in most cases,

the effective leakage area was determined.

The concept of effective leakage area is central to a predictive
model of infiltration developed at LBL, which assumes that the infiltra-~

4,5 The effec-

tion rate is proportional to the effective leakage area.
tive leakage area is determined by the use of a fan (i.e., blower door)
which pressurizes or depressurizes a house to indicate the relationship
between air leakage-througﬁ the building envelope and the indoor=-outdoor
pressure diffefential.' Given the effective leakage area, local
windspeed and:temperat;re, building height, and various shielding fac-

tors, the infiltration rate can be estimated by use of a model that

relates infiltration rate to all of these factors.

' The results of'thé‘three.weatﬁerization studies . are displayed in
Table i,.whieh’showé the reduction in infiltrafion rate or leakage area
achieved by the specified weatherization measures. The first two houses
in Medford, (Ofegon) showed. average infiltration rate reductions of 20-
and 30%, respectively, for measures A, B, and C. These measures do not
involve caulking or use of a blower door to identify leakage paths.6 The
infiltratién:rate in the first house was reduced from an average (over
two weeks) of 0;62 to 0.49 air changes per hour (ach) with the addition
of storm doors and windows, the replacement of two sliding glass doors
and. the weéthersttipping of doors. For the second house, the infiltra-
- tion rate was reduced from 0.82 to 0.58 ach with the addition of storm
doors and windows and the replacement of one sliding glass door. The

doors were already weatherstripped in this house. The other seven

houses in Medford showed no statistically significant reduction in



leékage area (which is assuméd to be proportional to infiltration rate)
when measures A and C were carried out. The researchers concluded that
the full potential for reducing air leakage was not realized because the
ductwork for the heating sysfem, which was located in unconditioned

spaces, was very leaky.

In Midway, (Washington), twelve relatively tight houses (all having;.
air infiltration rates less than 0.5 ach for the Heating season) were
-weatﬁefized in two phaSes.7 In Phase I, 6 houses had storm doors and
windows added, and caulking was applied-around the foundation sill. The
avéfage reduction in leakage area was 14% with a range 6f'0 to 43%. In
Phase II, a house~tightening technique was used where, in addition to
weatherstripping, a.blqweffdoor, smokesticksv and an infrared scanner
were used to detect air leaks that were then plugged by caulking ahd
‘taping. When the Phase II proce&urevwas carried out in the first six
houses, an additional 20% reduction in leakage area was achieved for a
total of a 31% reduction. In six other unweatherized:houses, a similar
approach wésl used to achieve an average reduction in infiltration_rate
of 27%. In this case, twice as much ﬁime (2 person-days) was spent

weatherizing the houses.

The last weatherization study listed in Table ! took place in Walnut
Creek, (California).8 One day of house-tightening resulted. in a 25%
average reduction in leakage area in 19 houses. The range of reduction
was 8 to 6l1%Z. As might be expected, the 61% reduction took place in a

very leaky house.



Summarizing these results, it appears that tightening measures can
be expected to reduce effective leakage area on average about 20 to 30%,
with a range for individual houses of 0 to 60%Z. Since the leakage area
approach does not include‘natural §entilation from door and window open—.
ings, we should expect a somewhat smaller percentage reduction in total
ventilétion fate than given by the leakage area reduction. We now dis?
cuss residential air-to-air heat‘exchéngerS'and describe the analysis

utilized to predict energy savings and cost-effectiveness.
3. DESCRIPTION OF RESIDENTIAL HEAT EXCHANGERS

The device used to provide residential mechanical ventilaﬁion with-
heat ‘recovery Ais célled a residential air-to-air heat exchanger. A
residential'heat exchanger generally consists of a core, two faﬁs; and
two filters all mounted in an insulated case (Fig. 1). One fan brings
outdoor air (supply air) through the core and into the house while the
second fan. camées~ an. equasl émount’of'houSEAair'(exhau&t air) to pass
throggh the core and out of the house. As. the air passes through the
core, heat is~.ttansferred.'from the: warmer to the cooler.airstream
(without mixing). Thus, in the winter,. the supply air is warmed before
entering the house and the exhaust air is cooled before leaving the
hbuée. Residential heat-exchanger characteristics and performance are
described for several Qodels in two reports.g’10 One of the performanée
parameters described in these reports is the heat exchanger effective-
nesé. - The effectiveness is defined as the ratio of actual heat transfer
to the heat transfer that would occurvin an infinitely large counterflow
heat exchangef. It indicates approximately the amount of preheating of

the supply airstream. Thus, a 70% effective heat exchanger would preheat



the supply airstream by approximately 70% of the difference between

indoor and outdoor temperatures..

Most models of residential heat exchangers are used Wiéh a duct sys-
tem for air distribution. Supply ductwork carries outdoor air to the
exchanger and then distributes it to various locations throughout the
residence. In many houses, the furnace duct system can be used for a
portion of the supply ductwork. Exhaust ductwork carries house air to
the heat exchanger and then oﬁt of the houée. In the BPA area, approxi-
mately 30%Z of electrically heated homes have ductwork to supply hot air

from a central furnace.11

Somg models of reéidential heat exchangers can be mounted in a wall
or window (much like a window air conditioner), avoiding the need for a
system of ductwork. Two-thirds of‘eiedtrically heated residences in the
BPA area have no ductwork. Thus, window units may be more cost-
effectively ehployed'in-the&e'residenees because they are less expensive

to install.

A concern with window= and wall-mounted heat exchangers is that they
may not ventilate all spaces within a residence at an equal rate and
they may provide less ventilation than expected. To address this_ issue,
the ventilation efficiency of two commercially available heat exchangers
designed for installation through walls or windows was determined in a

series of tests.12

A tracer gas (SFg) was introduced into the multi-room
test spaces and the SF¢ concentration was measured vs. time at a number
of indoor locations as the ventilation air provided by the heat

exchanger reduced the SF¢ concentration. The ventilation efficiency is

defined here as the ratio of the average observed rate of change in



-tracer gas concentration (at six indoor locations) to the rate of change
in concentration that would be predicted if the heat exchanger supplied
its rated amount of ventilation air, perfect mixing of indoor air
existed, and no short circuiting or cross-stream leakage occurred
between exhaust and supply air streams. The term short ‘circuiting is
utilized to describe the_entrainmeﬁt of air exiting from the exchanger
at locations interior and exterior to the house into the corresponding
airstreams entering the exchanger, and is a special casé of poor mixing
‘near the heat exchanger. At a medium fan speed (65 cfm), the Mitsubishi
VL-1500 heat exchanger had an average ventilation efficiéncy of approx-
imately 50%, with ézrange from 36 to 65%Z for seven tests. Tests per-
forﬁed with another heat exchanger (Sharp GV-120) at the high fan speed
(56 cfm) also indicated,an-avérage ventilation efficiency of approxi-
mately 50% with a range from 44 to 56% for four tests. Based on these

data, we have assumed a 50% ventilation efficiency for our analysis..

A second concern with the perfbrﬁance of commercially available
models of window— or wall-mounted heat exchangers is the transfer of
contaminants from the exhaust to the supply airstream. The ventilation
efficiency, measured by the tracer gas decay method, accounts for con-
taminant transfer due to air leakage and short circuiting. However, the
cores of some: commercially available window- or wall-mounted heat
exchangers (and some other exchangers) are designed so that both mois-
ture and heat are transferred between airstreams and in these exchangers
some contaminants may be transferred by a mechanism similar to that for
moisture transfer. This type of contaminant transfer, if it occurs,

would decrease the effectiveness of the exchanger in reducing indoor

contaminant concentrations. For our analysis, we have assumed that



contaminant transfer is not a problem. However, some evidence exists
for the transfer of formaldehyde in one model of window-mounted heat

13

exchanger, and further research is required to study this potential

problem.
4, METHODOLOGY FOR CALCULATING ENERGY SAVINGS

A. Introduction

Both natural infiltration and mechanical ventilation with heat
recovery impose a heat load on the home heating system and the sum of
these heat loads isvcalled the ventilation heat ISad. Ventilation with
heat recovery imposes a smaller heat load than ventilation due to
natural infiltration because the heat .reCOVéry systém preheats the
inéoming air. To.détermine the energy savings resulting from the use of
mechanical ventilation with heat recovery, we compare the energy
required to heat ventilation air for the untightened house to that for
the tightened house with additional ventilation provided by a heat
exchanger. In the untightened house, all ventilation is uncontrolled and
occurs without heat recovery. In the tightened house, a smaller amount
of wuncontrolled ventilation occurs and éome of the ventilation is pro—
vided mechanically and passes through an air-to-air heat .exchanger. By
subtracting the Qentilation heat load in the tightened house from that
in the untightened or base case house, a ventilation heat-load reduction
can be determined. The details of the calculation of ventilation heat

load are described in Sec. 4B.

-10-



"B.__Calculation of Ventilation Heat Load in the Untightened House

To calculate the ventilation heat load of an untightened house, we
utilized weather data from the Engineering Weaﬁher Data Manual of the
U.S. Air Forcel4. This manﬁal contains a list by month of the average
number of hours the outdoor temperature falls within consecutive 2.8°C
(5°F) temperature bins for cities throughout the United States. Equa—
tion (1) is Qtilized to'célculate the ventilation heat load, Q:

= S . - T. e. 2
Q = pCpV»(ach) ; (T1 1) (1)

where p ahd‘Cp are the dénsity and specific heat at constant pressure,
" respectively, of indoer air, V is the house volume, ach is the air
exchange-?ate for the~house»expreséedvin air changes per hour, T; is the
indobr' temperature, Tﬁ is the outdoor- temperature at the midpoint of a
bin, andiej is the«numbef’ofvhéurs that the: outside temperature falls:
within the corfesponding temperature bin. The degree hour summation in
. f .
Eq. (1) is computed only for those hours when the outside temperature is
less than the balancevpoinﬁ.temperamute.of the;house;+'We did not take
into accouﬁt night: setback of the thermostat setpoint. If this were

done, there would be a reduction in the predicted ventilation heat load

and energy savings.

*The balance point is the minimum outdoor temperature for which heat is
required from the home heating system. For an average existing house,
this temperature is approximately 60°F. We assumed a balance point tem-
perature of 55°F which may be slightly low; however, the resuling error
in our analysis is not significant.

-11-



C. Calculation of Ventilation Energy Requirements for a Tightened House

with Heat Exchanger

In a tightened house employing mechanical wventilation with " heat
recovery, four factors must be accounted for when calculating the venti-
lation heat load: - (1) uncontrolled ventilation (e.g. infiltration) in
the tightened house imposes a heat load, (2) operation of the heat
\excﬁanger-contributeé to the ventilation heat load because the heat~-
exchanger effectiveness is not iOOZ, (3) some fraction of the heat
released by the heat exchanger fan system is deiive:ed to the house and
thus reduces the ventilation heat load, and (4) characteristics of theA
heat exchanger freeze protectioﬁ system éffect the ventilétion heat
load. We consider the ventilation heaﬁ load to be only the load imposed
on the home furnace systemg the energy requiremenfs for operating thg
heat exchanger fan system'and:freeze protection system (discussed later)

are considered separately.

For the tightened house, most of the ventilation is still provided.
by natural infiltration and occupant’s activities (e.g. door openings).
Equation (1) is used to determine the corresponding portion of the ven-

tilation heat load.

The ventilation heat load due to ventilation through the heat
exchanger depends on the effectiveness of the heat exchanger; the effec=
tiveness is described more fully elsewhere.??10 e assume that the heat
exchanger operates continuously during the specified heating season and
that it is turned off during other times of the year when windows are
likely to be open. This portion of the ventilation heat load is calcu-

lated using Eq. (1) with an air-exchange rate corresponding to the

-12-



increase in air exchange rate provided by the heat exchanger. To account
for preheating of the air by the heat exchanger, the result from Eq. (1)
is then multiplied by the factor (1-€) where € is the effectiveness of

the heat exchanger.

The third factor that affects the ventilation heat 1load in the
tightened house is the generation of heat by the heat exchanger fans and
fan motors. Some fraction of this heat energy is delivereﬂ to the
residence gﬁd thus reduces the ventilation heat load. Commercially
available models of'resideﬁtial heat exchangers that are designed for
installation through walls or windbws use one fan motor to drive both
fans. For this configuration, it is difficult to estimate the fraction
of the generated heat energy that is saved; however, based upon the
-location of the fan motor, we assume that 50% of the fan engfgy‘consumé-

tion is delivered to the residence in the form of heat.

During cold weather, a freeze-protection system is required to
pfe#ent» deterioration. in heat exchanger performance due to freeziné in
the core, and the performance: of the freéze—proﬁeétion system 1is ’a
fourth factor that affects the ventilation heat load. For our analysis,
we assume that heat exchangers installed in Spokane, Lewiston, and
Helena. employ an electric resistance preheater to prevent freezing. In
Portland, the weather is sufficiently warm so that a freeze-protection
system is probably not required. We further assume, based upon the
design of a freeze protection system for the Mitsubishi VL-1500
exchanger, that the electric preheater is thermostatically controlled
such that outdoor air is heated to -9.4°C (15°F) before entering the

corels, Presently, little information is available on freeze protection

-]13~-



systems ; however, a sensitivity analysis by Fisk and Turiel3 indicates
that reasonable changes in the assumed performance of the freeze protec-

tion system will have a small effect on our results.

The total ventilation heat load for the tightened house 1is calcu-
lated by summing the loads due to infiltration and mechanical ventila-
tion (with heat exchanger inefficiency and preheat freeze protection

accounted for) and subtracting the amount of fan energy delivered to the

house.

The two other, energy-related parameters calculated for the 'tight
house are the fan energy consumption and the energy required for the
electric resistance preheater used for freeze protection. The energy
_consumed byv the fan system equals the product of the fan power and the
period of time the heat exchanger is operated. The emergy required for
the electric resistance preheater is calculated using weather data and
the rate of air flow through the heat exchanger. Because the ventilation
efficiency of the exchangers was assumed to equal 50%, the air flow
rates are twice that indicated by the product .of house "volume and

-

increase in air exchange rate.

Using the results for both the tightened and untightened houses, two

additional energy parameters are calculated. The ventilation heat load

reduction is the ventilation heat load in the untightened house minus
that in the tightened house with a heat exchanger. The net energy sav-
ing equals the reduction in ventilation heat 1load minus the energy

required for the heat exchanger fan and freeze protection systems.

-14-



4., METHODOLOGY FOR COST/BENEFIT ANALYSIS

The economic desirability of employing a mechanical ventilation sys-
tem and heat exchanger in a residential building can be assessed by com-
paring the sa?ings in energy costs derived from the use of such a system
to the incremental costs incurred from its purchase, installation,
maintenance, and opefation, There are a number of economic criteria
that may be used to rank potential capital investments. ‘These includé
rate of retﬁrn, net present benefif or reduction in life-cycle cost,
discouhted péyback- period,>andvbenefit to cost ratiol®, a11 of these,
except discounted payback period, yield the same rank ordering wheﬁ

potential investments of equal lifetime and initial cost are compared.

Net present benefit (NPB) is calculated by subtracting capital,
operating and maintenance costs from the energy cost savings. Equation

(2) iStthe:equamion,we'have used. for calculating NPB in this study:

N s N o cas N _
_NPB = (FBS) 3 [11%]1 - (OPC) 3 11-:di]1 < cc -M S 1 (2)
i=1L" 4 i=1LtTey i=1 (1+d)*

where~FBS-=?vfue1 bill savings in year 1, OPC = operating cost of fans
and freeze protection system in year 1, CC = incremental capital cost of
conservatipn.measure3 M = annual maintenance cost, f = real escalation
rate for electricity price, N = lifetime of heat exchanger, and 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 invest resources otherwise.

-15-



The benefit-to-cost rati§ is equal to the. sum of the discounted
energy cost savings [i.e., the first term in Eq. (2)] divided by the sum
of capital costs and discounted maintenance and operating costs [i.e.,
the sum of remaining terms in Eq. (2)]. The discounted payback period is
defined as the length of time required to recover an initial investment
taking into account fuel price eséalation rates and the time value of
money. Thus, it equals the amount of time required for the NPB to
become positive. We also calculated the initial fuel price at which the
investment in house;tightening_and heat exchanger use would just become
cost-effective to a hémeowner. From the homeowner’s. perspective, it can
be thought of as a break even fuel price (BEFP). It is derived by set-
ting the NFB ‘gqhal to " zero and solving for the fuel price, given an

assumed fuel price escalation rate, discount rate, and lifetime.

There are two other economic parameters that we ﬁave calculated that
are not usually used in coét-benefit analyses. The first parameter, the
cost of conserved energy (CCE), is caleculated from the utility company’s
perspective. It is a useful parameter for comparison of energy costs
from utility financed programs. such as new power plant construct?on and
energy conservation measures. We have defined the CCE to equal the cap-
ital cost of the investment in energy conservation (house-tightening
plus heat exchanger purchase and installation) divided by the net energy
saved over the heat exchanger lifetime. In our cal;ulations, we have
assumed that the "utility company borrows the money needed for the
investment in conservation, at a real interest rate i. Therefore, the
CCE is given by Eq. (3) where CC is the capital cost of the conmservation

measure, AE is the net energy saved by the measure, and N is the 1life-

-16~



time of the measure,

ccg =S¢ L+ (3)

QB (1+i)7N

The quantity in brackets (the uniform capital recovery factor), when
multiplied by CC, gives the annualvpayment needed to pay off .a loan of

CC dollars at interest rate i, in N equal installments.

The cost of conserved energy, as we have defined it, is independent
of energy costs. If the CCE is less than the marginal cost of electri-
city, then the investment in conservation by the utility is worthﬁhile.
Even though ,ﬁhé CCE does not change over time, it is important to note
that the marginal cost of electricity does change. Therefore, when com-
paring. conservation measufes to new power plant production, the weighted
average marginal cost of electricity‘over‘ﬁhe lifetime of the measure
should. be usedl’. This requires knowledge of the escalation rate of

marginal electricity prices.

Some homeowners may be considering the following two alternatives:
(1) tighten their house and not utilize a heat exchanger (i.e{, accept
any resulting degradation in indoor air quality) or (2) tighten their
house and utilize a heat exchanger. For these residents, the cost of
heat exchanger utilization (CHEU) has been calculated. This parameter
equals the present value of capital, installétion, mdaintenance, and
operation costs over the 20 year life‘pf the heat exchanger. The cost
of operation consists of the cost to operate the heat exchanger fan and
freeze protection systems and the cost to heat the ventilation air sup-
plied by the heat exchanger. The cost of tightening the house is not

included as a component of the capital cost when calculating the CHEU

-17-



because the calculation 1is based upon a comparison of the tightened
house with and without additional ventilation provided by the heat

exchanger.

5. ASSUMPTIONS FOR ENERGY AND ECONOMIC ANALYSIS

To perform the energy analysis and evaluate the various economic
parameters, that are indicators of the cost-effectiveness of using heat
exchangers in low infiltration houses, a number of assumptions were
required. We estimated the incrementai_capital cost of the conservation
measure which consis;s of the cost for the labor and materials necessarj
to tighten the houée and the purchase price plus the installation cést

of the heat exchanger as discussed below.

The cost of weatherstrippingfdoors‘and windows and applying caulking
to cracks and jéints throughodt the building envelope has been estimated
to be $33Q per house based upon data from previous weatherization stu-
dies.’ This process. (whieh takes one person day) includes the use of a
blower door to pressurize the house and smokesticks and an infrared
scanner to locate infiltr&tion leaks. The estimated heat exchanger
costs are based upon quotes frbm-the distributor of the Mitsubishi VL~
1500 exchanger and are applicable when heat exchangers are purchased in
large-quantities.16 The heat exchanger costs we used are $350 and $250
with and without a freeze protection system, respectivély. The instal-
lation cost is estimated to be $120 based upon installation costs in two
field studies performed by LBL. Thus, the total capital investment, for
the heat exchanger, in 1982 dollars, 1is estimated to equal $700 in
cities which do not need freeze protection such as Portland, (Oregon)

and $800 in cities requiring freeze protection.
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there 1s presently little experience with maintenance costs for:-
residential heat exchangers. We estimated that filters will need
periodic cleaning or replacement and that the core may also need
periodic cleaning. We have assumed a maintenance cost of $10 per year

that grows at the rate of inflation.

All other major assumptions are shown in Table 2. We have assumed
that the average house had an infiltration rate of 0.65 ach before
weatherization. This infiltration rate is approximately equql to the
-average infiltration rate predicted for the heating season, priﬁarily
from leakage area measurements, in 224 U.S. _houses.18 For the four
cities in the BPAlregion chosen for our analysis, the heating seasons
are assumed to extend: from October 1 to April 30 in Spokane, (Washing-
ton) and Lewiston, (Idaho); from Septémber 1 to April 30 in Helena,
(Montan#), andfﬁfom‘November'l_té April 30 in Portland, (6regon). We
assumed an average infiltration rate of 0.50 ach after weatherization
which corresponds. to about a 25%. decrease in infiltration. The average
house floor area (1500 £t2) was: obtained from a survey of residential:

11

buildings in the BPA area’" and a floor to ceiling height of 2.4m (8 ft)

was assumed.

The assumed total fan power (42W) is the fan power measured for the
Mitsubishi VL-1500 heat exchanger when operating at medium fan speed and
is similar to the fan power required for the Sharp GV-120 heat exchanger

)10’12. The increase in ventila-

when operating at high fan speed (41W
tion of 0.15 ach in a 340m> house cortespdnds approximately to the
amount of ventilation provided by the Mitsubishi and Sharp exchangers

(taking ventilation efficiency into account) when operating at medium
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and high fan speeds, respectively.12 A heat-exchanger effectiveness of

60%Z is based upon performance me::tsurements_.10’19

Residential electricity prices utilized are current as of July 1,
1982, for the four <cities studied (see Table 3). We assumed a real
(after inflation) escalation rate of 1% for the price‘ of electricity
consistent with projections by BPA and the Energy Information Adminis-

tration. We assumed a real discount rate of 3%.
6. RESULTS OF ENERGY AND ECONOMIC ANALYSIS

Results of our energy analysis are presented in Table 4. Ventilation
heét loads are tabulated for both the untightened and tightened homes.
These loads: equal the amount of enmergy that must be supplied by the home
heating system to heat ventilation air during the specifiéd season. Also
shown in Table 4vis;thelreduction'in veﬁtilation heat load and the total
electrical energy consumed annually by the heat exchanger fan system and
freeze protect#on'syﬁﬁem;_ The estimated net annual energy savings 1is
equal to the ventilation;heam'load'reduction minus the energy consumed
by the fans and preheat systeﬁ\and is listed in the final column of

Table 4.

The reduction in ventilation heating load ranged from 2.4 to 4.1 GJ
(23 to 39 therms) with the largest reduction in Helena, (Montana). The
percentage reduction in ventilation heat load (i.e., heat load reduction
divided by heat load in the untightened house) is nearly uniform for the
four cities ranging from 14 to 17%. The energy required for preheat
protection was 0.1, 0.2, and 0.5 GJ (0.8, 1.6 and 4.5 therms) in

Spokane, Lewiston, and Helena, respectively. The estimated annual
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energy savings vary from 16.5 therms in Portland to 25.9 therms in

Helena.

Table 5 summarizes tﬁevresults of our economic ahglysis for‘the four
citiéé: for houses using electricity as the heating source. The net
present benefit (NPB), diséounted benefit-to-cost ratio (B/C ratio),
discounted payback period, break.even fuel price (BEFP), cost of cdn-
served energy (CCE) énd net present value of costs (NPVC) are shown.
The analysis assumes a 20 year life for the heat exchanger with a zero
salvage value. None of the cities have a positive NPE or B/C fatio
" greater than.one,‘énd all of_themcities have discounted payback periods
greater than 30 years. While Portland ﬁas the mildest climater of the
four cities considered, it also hﬁsrthe-largest‘NPB at -$534. This
result is not surprising since Portland also. has the largest electric
prices at 4¢/kWh and a lovef' capital cost for the heat ekch&ngér.
Helena. has the coldest climate of any of‘the~fbur‘cities:com&idered but
is: tankedasecondkbyvthe‘NﬂB criteria since there is.an additional capi-
tal cost in Helena (relative CO’PQrtland)-&ue to freeze protection and,
in. Helena, fesidential eiectricity: rates are lower than in Portland.
Since all netkpresent benefits are negative in.thelBPA region, the util-
ization of heat exchangers, from the homeowner’s perspective, is not

cost effective at this time. .

This conclusion is reinforced by the results of the break even fuel
price analysis. The electricity prices in the four cities studied would
have to increase by a factor of 2.5 to 3 before investment in house

tightening and a heat exchanger would be cost-effective for a homeowner.
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To determine whether or not the energy conservation measure 1is
cost-effective to the utility (BPA in this case), we have calculated
the cost of conserved energy. The values of the CCE found in Table 5
are calculated with the assumption that the utility company pays for the
capital investment ($700 in Portland, $800 in the other cities), with
money it could have used to earn a 3% feal return. The CCE varies from
7.1 to 9.7¢/kWh in the four cities which is signifiéantly higher than
present cost of electricity in the BPA region. However, the CCE should
be compared to a weighted average marginal cost of electricity to ﬁhe

utility.

If the CCE is compared to average marginal costs (the cost of pro-
viding electricity from new power-piawts),’then, from the utility per-
spective, the use of heat exchangers in the weatherization program may
be cost-effectiveu That is, it would be beneficial for the utility com—
panies to subsidize heat exchénger‘immtw&lmtiong if:mamginad.eleptnicity
prices: are significantly higher“thantthe~eoyc:of-qonmerved‘energy; This:
may be the case in the BPA area, where several new nuclear power plants

are under construction.

The cost of heat exchanger utilization (CHEU) ranged from $837 in
Portland to v$1035 in Helena. Some homeowners will find this cost too
high to justify the improvement in indoor air quality that results when
a heat exchanger is utilized. Other homeowners may feel that the value
of improved indoor air quality exceeds the CHEU and proceed with heat

exchanger utilization.
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In summary, all‘four‘cities show net energy savings from -house
tightening and heat exchanger installation. However, from the
homeowner’s perspective, the economic benefits derived from ‘the energy
savings for the four cities are ﬁot greater than the ecqnomic costs at

'

present energy prices.

Sensitivity Studies

The results of the economic analysis depénd on estimates for several
factors. Thesé- includé-discoumt rate, appliance lifétime, electricity
price escalatioﬂ rate, and initial capital cost. There is always some
uncertainty in determining» the values for these parameters. A sensi-
tivity analysis waé performed to-evaiuate’thevrelatiye‘imporfance of the
key assumptions. = The sensitivity studies are centered around our base
case asgumptions which are a 3% real discount rate, 1% electricity pfice~
escalation rate, the given‘eri prices (Table 3), a 20 year lifetime,

amd.the»primdry assumptions in Table 2.

A 3% real discount raté»implies-tham new,home‘buyers, as an alterna—
tive to viﬂve@fing in a more energy efficient house, could choose to
invest differently and earn 3% moré than the inflation rate. If the
inflation rate were l0%, consumers could obtain a 13% nominal return for
a given investment. Adjustments in the discount rate to 1% and 5% did
not change the signs of the NPB in any of the‘four‘cities. In Portland,
‘a 5% discount rate (67% increase) resulted in only a 13% decrease in the
~B/C ratio, while a 1% discount rate (67% decrease) increaéed the B/C

ratio by only 16%Z.



The analysis assumed a ;Z real residential electric fuel price esca-
lation rate over the 20 year lifetime of the heat exchanger. Use of 2
and 37 real escalation rates leaves the NPB for the four cities still
highly negative. The increases in the price escalation rate to 2% and 3%
per year, respectively, resulted in only a 9% and 18% increase in the

B/C ratios in Helena.

A change in the capital cost will change the NPB by the amount of
the change 1in the capital cost.  For instance, if the initial capital
cost ié $200 lower than assumed, the NPB is increased by $200. If ini-
tial costs are $200 more than assﬁﬁed, thé ﬁPB is decreased by $200.
Even with a $200.ch&nge in initial capital'costs,b the B/C ratio wiil

remain less than one for all cities.

An ad:justment in the assumed life of the heaﬁ exghanger to 10 or 30
years does not change the sign of any of‘our NPB results; they all
remain negative: In Spokane;, m‘deezewseAihaheam'exchanggr life to 10
years results. in a 40%-reduccioﬂ in B/C ratio while an increase in heat
exchanger life to 30 years results in,&.26%-incre#se' in B/C ratio to

0.44.

Adjustment of heat-exchanger effectiveness from the assumed rate of
60 to 85% 1increases the ventilation heat 1load reduction for the
tightened houses with heat exchangers by approximately 38% for each of
the four climates considered. Even with this significant heat exchanger
performance improvement, all of the cities studied still have highly
negative NPB,. Given an 85% heat exchanger effectiveness, the NPB cri-
terion would rank Helena first with a NPB of -$443 and Portland second

with a NPB of -$476, the reverse of the order with the assumed 60%
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effectiveness.

7. Summary and Conclusions.

Based oh- the set of assumptioné previousl? stated, from the
homeowner’s perspective, the use of window unit heat exchangers in the
BPA weatherization program is not presently cost effective. The present
situation could change if average electricity prices rise to the level
of the break-even fuel price (~8¢/kWh) in regions with 3000 degree-déys
(°C) or colder climates. . From the viewpoint of BPA, the use of.heat
exchangersquuld be cost-effective when the weighted average marginal
cost of electricity reached the cost of conserved energy. It should be
noted that Ehe-price 6f electricity in the BPA area is lower than most
other parts of the United States. In,cities‘where-electricity'prices
are adteady at the‘8¢/kWh-Leve1y'the usevof‘windOWrQnit‘heai exchangers
in retrofit programs: would presently be cost-effective from both the

homeowner”’s and: utility”s perspectives in regions. with cold climates.
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Table 1.

Summary of infiltration and leakage area reductions

from weatherization

: Infiltration Average
Number of rate leakage-area Weatherization
City Houses reduction, % reduction, % measures
Medford, Oregon 2 20,30 A+B+C
. ) 0 A+ C
Midway, Washington 6 14 A+D
27 F
_ é}_ 20 E
Walnut Creek, California 19 " .25 E

1'Same six houses that already received A + D weatherization measures
A = add storm doors and windows; B = weatherstrip doors; C = replace
D = caulk around foundation sill; E = one day "house doctor" program
of blower door to find and plug leaks in building shell; F = same as

were used.

sliding glass doors;
"which includes use

E but two days taken.
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Table 2. Major assumptions for energy and economic analysis

untightened house

tightened house

1 Infiltration rate (ach) 0.65 0.50
2 Ventilation through HXf (ach) -— 0.15
'3 House Volume (m3 (ft3 x 1073)) 339.6 (12) 339.6 (12)
4 Balance Point (°C (°F)) | 12.8 (55) 12.8 (55)
5 Indoor temperature (°C (°F)) 20 (68) 20 (68)
6 Apparent HX effectivenesss - 0.60
7 Total HX fan power (w) -— 42
8 Percent of total fan power that

is delivered to residence in the

form of heat (%) -— 0.50
9 Outdoor temperature at onset of

freezing in HX (°C (°F)) —— -9.4 (15)
10 Initial capital cost ($) - 800$
11 Yearly maintenance Cost ($) === 10

L

HX = heat exchanger

n Portland, the initial capital cost is $700.
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Table 3. June 1982 electricity prices

TCity §/a (5/10°Btu) ¢/kh
goruan'dJr 11.02 (11.63) 3.968
Lewiston! ' 6.67 (7.04) 2.402
spokane 6.28 (6.62) 2,259
uelena§ 8.07 (8.51)

2.905

* Source: gor;land General Electric; * Source: Washington Water

and Power; 9 Source: Montana Power Company.
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Table 4. Results of energy analysis for houses in four pacific northwest cities.

fVentilation hent load . P ‘ “

tVentilq;ion heat load} in tnghtened housge $Ventilation heat} Fan energy Preheat System Energy| YAnnual energy

in untightened house wlth helt exchanger load reduction consumption consumption savinge

GJ Therms GJ therms GJ therws GJ therms ] GJ}] therms GJ therms
Portland | 15.2 144.3 12.8 121.5 2.4 22.8 .66 6.3 na na 1.7 16.5
lewiston| 21.1 200.5 17.17 168.3 .34 32.2 .17 7.3 .2 1.6 2.5 23.3
Spokane 22.7| 214.9 19.1 181.3 3.6 33.6 .77 7.3 .1 0.8 2.7 25.6
Helena 24.4 231.2 20.3 192.6 4.1 38.6 .86 8.2 .5 4.5 2.7 25.9

t‘l'he heat load imposed on the heating system durnng the specified heating season due to uncontrolled ventilation. fThe ventilation heat
load in the tightened house with heat exchanger is equal to the heat load imposed on heating system due to uncontrolledcventilation, and
heat exchanger 1neff1c13ncy. minus the amount of energy that is released by fan system and delivered to the residence. The ventilation
heat load reduction is equal to the ventllatlon heat load in the tightened house minus that in untightened house. YThe annual energy sav-
ings equals the ventilation heat load reduction minus fan energy and preheat energy.
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Table 5. Results of cost/benefit analysis

Digcounted c ' 1 Cost of Heat
Netiz piscoqn;gd} payback | break-even%® Cost of exchanger
City present | benefit/cost period fuel price, conserved utilization
(Heating ©C Days)f benefit ratio (years) ¢/kWh | energy, ¢/kWh] ($)
Portland -534 .45 >30 10.7 9.7 837
(2644) '
Lewiston -689 .34 >30 8.8 7.9 893
(3018)
Spokane -676 .35 >30 7.9 7.1 884
(3779) '
Helena -621 .45 >30 8.4 7.1 1035

(4532)

1"l‘he yearly total degree-days are computed for an, !8,3°C base temperature.

1:'l‘he benefit to cost

ratio apd the net present benefit are based on a 20-year life for the heat exchanger and zero salvage

value.

The break-even fuel price is the electricity price which sets the NPB = 0 in 20 years.

¥The cost of conserved energy is the amortized capital cost divided by the net energy saved. It The cost

of heat exchanger utilization is the present value of heat

maintenance and operation.

exchanger

purchase

price,

installation,
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Figure 1. Schematic diagram of an air-to-air heat exchanger.
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