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ABSTRACT a major source of energy loss for some heating and cooling

The purpose of this project was to evaluate duct sealing
as a means of reducing the energy consumption of hot air dis-
tribution systems in central Pennsylvania houses. Five houses
were studied, all of which were heated with forced-air electric
heat pump systems. During the winter of 1995, the heat pump
energy consumption, supply air temperature, and the tempera-
ture at the thermostat were monitored continuously for
approximately two months prior to the duct retrofit. A test also
was performed to measure the leakiness of the ductwork. The
ducts were then sealed, concentrating on duct leakage to
unconditioned spaces. After the duct-sealing project was com-
pleted, another test measuring the leakiness of the ductwork
was performed to determine changes in duct leakage charac-
teristics. Finally, the heat pump energy consumption was
monitored for another month. Energy consumption was then
corrected for weather changes, and the results were compared
to the results from the previous two monitoring periods to
determine the impact of the duct-sealing retrofit on energy
consumption. Based on the heating loads during the two mon-
itoring periods, it was found that the retrofit had a significant
impact on energy consumption in only one of the houses stud-
ied.

INTRODUCTION

This study evaluated the effectiveness of sealing leaks in the
ducting of residential heat pump systems to save energy during
the Pennsylvania heating season. Energy loss due to duct leakage
occurs when there are air leaks in ducts located outside the condi-
tioned space in areas such as attics, crawl spaces, and basements.
Studies have shown that this energy loss can be reduced by seal-
ing the leaks in these areas (Jump and Modera 1994; Palmiter et
al. 1994). Although it may reduce thermal comfort, duct leakage
to conditioned spaces is not asource of energy loss because it still
provides heating to the house. Duct leakage has been found to be

systems in some climates. However, many of the studies done in
this area focus on houses with ducting located in attics and venti-
lated crawl spaces. Other studies have indicated that the savings
may not be as significant for houses with ducting located in base-
ments (Blasnik and Ide 1995). This duct-sealing project focused
on central Pennsylvania houses with most ductwork located in
basements (some was in attics) to see if a significant energy
savings could be realized.

GENERAL APPROACH

Houses Studied

Five houses located in Centre County, Pennsylvania, and
between one and nine years of age were selected for this duct-
sealing project. All of these houses were heated using standard
air-source electric heat pump forced-air systems. The heat
pumps were all located in unconditioned basements, along with
some portion of the ductwork. Two of the houses studied had two
heat pumps—one located in the attic and one located in the base-
ment of each home. For this study, only the basement systems
were monitored and had their ductwork sealed. Two of the
houses in this study also had a small portion of their ductwork
located in an unconditioned attic or crawl space. At the start of
the study, airtightness tests were performed on each house.
Results are shown in Table 1 in the form of equivalent leakage
area (ELA) at 0.016 in. w.g. (4 Pa) (ASHRAE 1993).

Monitoring Period

The changes in energy consumption as a result of duct sealing
were evaluated by monitoring the energy consumption of the
entire HVAC system in each home for two months before the
ducts were sealed and for one month after the ducts were sealed.
Monitoring began in December 1994 and continued until May 1,
1995. The ducts were sealed in late February and early March. The
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range of average daily outdoor temperamnes occurring before the
ducts were_sealed was 54°F (12°C) to 6°F (=14°C).-After the
ducts weré sealed. the area exnerienced _average d daily outdank:

temperatures.ranging from 61°F (16°C) to 21°F (—6°C). During.

the test period, residents were permitted to use night setbacks if
desired-but-were asked to operate their: thennosmts i the same -

wayeachday.._ e i - AR

ﬁn'ergy Consumptlon -
0
Once the energy consum)ptlon data were collected, they

were corrected for weather, and the results from before and after
the duct sealing were compated. The five Hotises werd éqiiipped
with-portable data loggers to measure the current drawn by, the

COMPrEssors, and the supplpnentary electric conl{g, as well as.

supply,.and, room air temperatures. Standard l;llowan-hour ,
meters were psed in some of the houses as 3, backup 1p the, Jgata
loggers. s

Diagnosti¢ Testing .- " - ..

7 'As'a pén of thlsstud§', diagrnoéfie téists weré‘béffo?r’héd’fo
measure the leakage of the ductwork before and after it was
sealed. Two of the houses studied had ductwork in unheated
attics and all five had ductwork in unheated basements. To deter-
mine the amount of leakage to the outside, the unconditioned
spaces were opened to the outside and closed off from the rest of
the house.-This was done by opening doors and windows to the
outside and closing doors to the rest of the house. Using a blower

SooBrenth oT

door, the house was pressurized. A pressurization fan placed at **

the supply grille closest to the heat pump was then used to pres-
surize the ductwork to the same pressure as the house. Duct pres-
sure was measured in the return duct at a location close to the heat
pump. This gst" was performed at Various pressures between
0.05: aﬂd OQ «ift. w.g. (12.4 to 50 Pa). The results were fit to:a
power Jaw’ re"lanonshlp, and the flow rate at 0.1 in. w.g.' (25 Pa)
was used.in calculating Jeakage areas.

Theoretically, with the-house:and- ductwork at the same
pressure, the flow provided by the pressurization fan is entirely
due to leakage to the outdddrs. However, it Was found dur}ngmls

. Sa2l -

testing thata sigmﬁcant pressure drop emstsaloﬂg the'lengthof
thé'diset. Fof example; in the smallést of'the houses, preSsdiesJes }

hn‘rh ac N 14 in w al 25 Do\ and ac laur as O NE fm s .g.' (lspa)

were measured in the duct when the reference point was pres-
surized to 0.1 in. w.g. (25 Pa). Therefore, leakage to the outdoors
was overestimated for ductwork in the house located between;:
the pressurization fan and the referenge point and underesti-
mated for ductwork in the house located on the opposite side of
the reference point. These imbalances in in-house leakage on
either side of the reference pressure point may lidve Significantly
impacted the tesults of this test. Although: this method of estis!
mating duct leakage works well in many geographical areas
(Jump and Modera 1994; Palmiter etal. 1994), a test method that
pressurizes the ductwork using the air handler fan may be abetter
choice for Pennsylvania houses. Construction practices in Penst-
sylvania result in a large amount of in-house duct leakage, and;
this leakage caused the significant pressure drop.along the duct.,
Also, as a part of the diagnostic testing, combustion safety ,
tests were performed in hoyses that had gas appliances. Since
most of the Houses in the §tudy were all electric, only two gas*
appliances were engduntered: Changing the-ductJeakageishar-'
acteristics of a house may change the depressurization that cap‘
occur in rooms that have gas appliances. The worst depressur-
ization that could occur was measuredbefors and after the doct?
retrgfit to ensure that no housgs woulQpe left with a pptcotlal
combustion;safety problem. . - . -3
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Duct«-sea"ngR?tT?ﬁt i el v el Ve g i s,
. riThe-duct retrofit:concentrated din three:mainiareas: the-heat
pump; duct cormeéctions, and the ductwark:itsclf. Lieaks around .
the remoyable panels on thethsat pump were sealed by applying:
weatherstripping aréuad the inside edges.afsthe-panel:: Shees
metal seamsin the heat: pump wene sealed:with caullcand-metats
tape. Duct connections were found to beramajor soutce.of ducti|
leakage.In-house 1y-a-supply duct had:become.disconngcted:;
where it passed through dpartition.inithe basemeéntani had to-be*
reattached: Gonneetionsin alllofthe othet houses appearedito be
ingood:$hape but weresstilk-foiind tobesources.of leakage: Gaps.
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were sealed with caulk and taped over until no leakage was
present. The ductwork itself was found to be in good condition.

Only a few small holes, were found on the surface of the duct

work. Ducts that had ceiling joists or wall studsias apart of their

construction were.a major-source of leakage, .In.many cases,...

there was not a tight'fit between the duct board and the wall or

ceiling. Gaps were filléd in using caulk, and tape was applred B

until the leakage was ellmmated

RESULTS : i ase w

Determination of Leakage Areas
Leakage areas were deterntiried based on the results of the

diagnostic test that was beﬁomed before and after the retrofit.

Flow rates at various duct pressures were plotted and these data
were fit to the power law relationship Q = CAP”, where C dnd n
are empirically détermined ¢onstants. Front this power law rela-
tionship, the: flow, rate at 0.1 in. w.g, (25 Pa) was calculated.

Leakage.area 1sd§ﬁned as tl;re,ﬂow rate divided by the velqpitzy
of the ﬂow

i

g A=Q/V g

Jusd SiboR L s
where i« 2 s S5l
Aites = equlvalent leakage area, * ity
Q v’.f"i 4 ﬂow rate, and 1 4= 4:’ ;:"”
V. flow VQ]OClty ir z:r;; S -t - S 28]

=

The: Veloert'y ‘ofthe flow was calculated usmg the relatlon i

2S5 BT g [ o ¥ e ) Ly

oy AP = p¥P/2g0 bt ot

ROBT 7s T TR b T b 3yl
where VO8T R % (R T &
AR o ichange.i mpressure CETIE TV R | e
pz)uh . densrfy of air,”™ ™ A nl DS i,
voite flow velocity gl H e B 2 '
5. = gravnattongl constant (,Si 17 Tbm- ﬁ/lbf 52)

All »lea!aage areas @btdmed were ealculated:-ata pressnre of Qs :
Pa: (0 bin. wjg) 8 e SN S e &
<IHE SR G e T AT S P L 2 s
Reductlons in Leakage Area T i

"' REllctions in Reakige 4réh in the five housed ‘ranged frdm- -

4.57% in house 4 to 93.45% in house 1, where a supply duct fad
become disconnected (Table 2). Neglectrpg hogse 1 ! the average
reduction was only about 16%, although all Visible ‘Téaks were

sealed. While.information aboutileakage areas is informative

because it gives.a general idea of kow-effectivelyithe ducts were
sealed;one needs:to be careful about making direct comparisons '«

between honsesy The diagnostictest used inidetermining leakage

areas assumes that duct;pressure is constant along the duct (i.e:, .-

that'there-areno:frictional:losses along the.ductwork). This test
is stundard-practiceyhowever; frictional losses do exist along the
dudtwork! Therefore; duct leakage inside the house will:impact

the' results of this:test.: Foriexamplé, large-leaks:located in:the. .

house between the-pressurization fan:and the:pressurereference
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.'poit will cause overestimation of leakage to the outside. The
calculsted leakage area will also depend on the location of the
leaks inrélation to where the duCt pressure is measured. A leak
loc;x.ted between the preg;unzatrqn fan and-the reference point

-—will-tend to be overgstimated,-for-example, while a leak located

far downistream of the reference point will be, underestimated.

Therefore; energy consumptxon is likely to be a better indicator

of duct-sealing effectiveness than leakage area. House 4, with

only a 4.57% improvement, did have a srgmﬁcant portion of its

Jeakage occurrmg far from thepressurization fan; which may be

why the measured reduction in area was so. low..

o T YABLE 2
Reduction ifi Leakage Aray

" fome R“';cr‘::'f't'; (1;2)"".3‘ % Reduction
House 1 0.157 (0.014) 93.45%
House2 .,  |00379(0.0034), . . |966%
Housg 3, 5. 2v7] 0034 (0.0032) 5/ 5, 5:4848%. 0
House 4 "%10.022 (0.0021) A5 1917
Hbists = 10.126 0.012) 4118%
Average Reduction | 0.095 (0.0088) $1.47%
Corrected Average? 0.055 (0.0051) 15.97%

Wil s e TR b
a Corrected average does not include house 1.
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Analysls;if Energy Cnnsumppon Data

ik !

Frguriés I through $ show plots for housés 1 throughi's 6fthe
total energy consmnptlon of the heat pumps for ﬁ*}é-day‘ periods’
plot’téd'zfs'a fuhiction of the heating deégree-days in'eachi period.
Sittiflar plots fiot showi here were constructed and evaldatéd ftr"
the other three houses. s 1%

Traditionally, a heating degree-day is defined as ghe differ-
ence betwqen 65°F (18 3°C) and the average dally temperature
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Figure 5 House 5 energy consumption.

However, this definition is not valid for modern houses. Newer
homes have more appliances, which increases internal heat
generation, and more insulation, which cuts down on heat lost to

the outdoors. As aresult, their balance temperatures (the ambient .

temperatures above which they do not require heating) will be
lower than in older houses. Therefore, for this analysis the frue
balance temperature of each house was used instead of 65°F : -
(18.3°C). The balance point for each house was calculated using
all available energy consumption data for these houses, includ-

ing some data collected during unrelated tests. This balance
temperature was used to compute heating degree-days for each

" house. The plot of energy consumption versus heating degree-

days is a straight line that passes through the origin.
Linear regression was used to calculate the slope of the best
fit line for before and after the duct retrofit. These best fit lines

.are plotted in Figures 1 through 5 along with the data points used

to calculate them. Statistical analysis was used to predict whether
any changes in energy consumption were truly significant, or if
they could havg oCcurred by coincidence if no retrofit had been
performed. -« .

Energy Consumptlon ithpact

aple3 shows the percent reduction in energy consumption

A

§ for each of the five retrofitted hquses Note that a negative reduc-
“tion represénts an increase in energy consumption. Significant
results were realized in four of the five houses. House 1 used

considerably more energy after the duct-sealing project.
However, a graph of the room temperature at the thermostat indi-
cates that the thermostat was turned up after the duct retrofit was

. installed. For this reason, the results from house 1 were left out
» of the calculated average savings. .

Annual Savings

Based on the energy savings predicted by this study, an esti-
mated yearly savings was calculated. Since the degree-day base

Heating Degree-Days for Pittsburgh, Pa.

10000
9000 -
> U \
© 8000 1 N ry,3.0644
?’ .l y-g.o172x3 L
% 6000 R"=0.9982 « Degree-Days
& 5000 | — Trendline
Q 4000 | ’
S 3000 |
£ 2000 |
< 1000 |
0 : : i
0 20 40 60 80
Degree-Day Base
Slopes Annual Consumption |Annual cost Annual cost
(kWh=slope*DD) .. . |(kWh) ($.06/kWh ($.08/kWh)
Homeowner|Before  |After DD Base |degree days|Before After Before  |After Savings |Before After Savings
Belden 1.8395 1.6557 55 .3704| 6813.899| 6133.0643| $408.83 | $367.98 $40.85 |\ $545.11 | $490.65 $54.47
Bittner 1.2753 1.265 60 4836 6167.476| 6117.6646| $370.05 | $367.06.|° $2.99 $493.40 | $489.41 $3.98
Clark 2.9485 2.1424 61 5087| 15000.11| 10899.178| $900.01 | $653.95 | $246.06 | $1,200.01 | $871.93 | $328.07
Gant 3.5196 3.4846 54| 3502 12324.5| 12201.938| $739.47 | $732.12 $7.35| $985.96 | $976.16 $9.80
McLaughlin 2.1706 2.6864 53] 3307| 7177.599| 8883.2135| $430.66 | $532.99 |iHHHHHEE $574.21 | $710.66 |#HEHEHEH!
Corr. Average §74.31 $608.08

Figure 6 Expected energy consumption and degree-days. - v

* Corrected Average Savings does not include House 1
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TABLE 3

Savings Associated with the Duct Retrofit

i

a Due to a change in the thermostat setting in:this

house, these data are not included as a part of the cor- -

rected average.

b These changes were found to be statistically insignificant

TABLE 4

Expected Annual Savings
Associated with Duct Sealing

ras

ol 4

a Corrected average does not include house 1

TABLE 5

Confidence Levels Associated
with Significance of Results

104

a This decrease is known to be due to a cha}nge in the
thermostat setting for this heat pump.
b These changes were found to be statistically m51gr11ﬁcant.

Rl

S W

varies from house to house, the number of degree—days ina

of annual degree-days for any degree-day base could be
obtained. The total number of annual degree-days for each house
was calculated and used to predict energy consumption before

Home % Savings and after the ducts were sealed. The-total cost of energy used for

House 12 —23.74% N heating and the expected annual savings associated with sealing

House 2 9.99% * the ductwork was calculated for electric utility rates of $0.06/

House 3 081% KWh. and $0.08/kWh. Figure 6 shows the expected energy

. consumptlon and degree-days for each house. Table 4 shows the

House 4 27.34% B expected annual savings in each house with utility rates of $0.06/

House 5 0.99% ] kWh and $0.08/kWh. Again, the corrected average savings does
Corrected Average Savings |9.44% = * """ not include house 1. -

Alternate Analysis Metl;od

2] 2C e

Because electric heat pump systems use both heat pumps
and electric resistance heaters, they do not operate at constant
efficlency. In warmer wéather, theytustially have higher efficien-
cies inan In coider weather. Since the weather was warmer after
the duct sealing than before, an alternate method of analysis was
used to correct for the effects of weather on the efficiency of the

Anbion e b
AIVUCLE, Oy Dtwiall.

Home Savings Savings To account for weather changes, the heating load on the
($0.06/kWh) (30.08/kWh): system was used to compare the energy use before and after the

House 1° $—102.34 $—136.45 > sealing of the ducts. The heating load of the electric resistance
House 2 $40.85 $54.47 heaters is egual to the power consumed. The hefatl.ng load of the
heat pump is equal to the power consumed multiplied by the heat

House 3 $2.99 $3.98 pump, coefficient of performance (COP). Since the current
House 4 $246.06 $328.07 drawn by the resistance heaters and fhe outdoor unit of the heat
House 5 $7.35 $9.80 pump (the compressor and outdoor fan) were logged separately,
— . it was possible to multiply the power consumption of the outdoor
Sl $99'08 u unit by the COP of the heat pump and obtain the heating load for

each of the monitoring intervals. Figures 7 through 11 show plots
of heating load versus degree-days for houses 1 through 5 for the

. same five-day intervals that were plotted using the original

analytical method. Again, similar plots were made and evaluated
for the remaining three houses. Linear regression was again used
to calculdte’the best fit' lines, antt‘the anticipated savings are

e Method 1: Method 2: summarized in Table 5. For this analysis, only the data for houses
e Energy C ti Heating Load
DeTey onsumptien cafing ~oa 1 and 4 were found to be statistically significant.

House 1* 98% 98% ‘ ‘
House 2 95% not significant e N

R e P
House 3° 80% not significant 1000 >

7.2262x -

House 4 98% 98% Recme 27
House 5 not significant not significant $oo g )

R y = 5.369x
R?=0.673

Heating Effect (kWh)
3
8

400

|« Healing Effect (before) ||
« Heating Effect (after) |,

|
| ~ — -Best fit ine (after) ‘\
— Besl fit line (before) |

200

typical year was different for each house even thoug ah they are
located in the same city. ASHRAE degree-day data calcu]ated L “0 © o

for Pittsburgh, Pennsylvania (chosen as the closest location S ESNnhe
with tabulated values available), at several different degree-
day bases were fit to a power law relationship so that the number

120 140 160

Figuye 7, ..Housel heatingiogd, |
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Statistical Significance of Results

A statistical analysis was performed to determine if the
Saviiigs picuivied Ly ilus >iudy weie ituly signilicant or if ey
could have occurred purely by chance even if no retrofit had
been done. To determine if the predicted best fit lines were
significantly different from one another, a two-sampie i-test
was used. The slope of each point was calculated, and the
points from data collected before and after the duct sealing
were compared. With a confidence level of 80% or better,
significant decreases in energy consumption were found in
three of the houses and a significant increase was found in
house 1 due to a change in its thermostat setting. However,
when heating load was considered, significant changes were
found only in houses 1 and 4. Table 6 shows which houses
experienced statistically significant changes for each of the
two analytical methods used. Where significant changes
occurred, the confidence level of the difference between the
two sets of data is shown as a percentage.

CONCLUSIONS AND RECOMMENDATIONS

The ductwork in the houses studied was found to be leaky,
and sealing the ducts significantly reduced leakage to uncon-
ditioned spaces. However, the duct retrofit did not result in a
significant energy savings in most of these houses. This may
be partly because their basements are semiconditioned spaces
used for some activities such as doing laundry. Under these
circumstances, some heating of the basement due to duct leak-
age is desirable. Also, stack effect causes air to move from the
basement to the upper areas of the house, so most of the heat
lost to the basement is eventually recovered. For this reason,
ahouse with most of its ductwork located in the basement may
see little energy savings even when extremely leaky ductwork
is sealed. The results ot other projects have also indicated that
this is true (Blasnik and Ide 1995).

One house in this study did benefit greatly from the duct
retrofit. This house had a significant portion of its sealed leak-
age in the attic, indicating that, in this climate, leakage in attics

may cause a greater energy loss than leakage in basements.
However, another house in this study also had ductwork
located in the attic, and it did not realize a significant savings
after the duct retrofit. These results indicate that duct sealing
is not likely to result in worthwhile savings in many central
Pennsylvania houses, especially if most of the ductwork is
located in heated spaces or in basements.

This study did not consider the energy impact of duct seal-
ing during the summer air-conditioning season. Basements in
Pennsyivania often remain cooi during the summer. Sealing ot
duct leakage that allows exchange of air between the basement
and the rest of the house will cause an increase in the sensible
cooling load. This could increase the peak cooling load in the
summer months.

The results of this study do not indicate that duct sealing
will result in cnergy savings in Pennsylvania, as significant
savings were only realized in one of the honcas when heating
loads were considered. However, due to the small number of
houses tested, this study should not rule out the possibility of
energy savings as a resuli of duct sealing. More study may be
needed to identify the types of houses that would benefit from
duct sealing in this climate.
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