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ABSTRACT comfort in homes with electric heat pumps without consuming

The purpose af this project was to evaluate the effective-
ness of an add-on control device designed to improve occupant
thermal comfort when installed on standard residential air-
source electric heat pumps. The device was not expected to
incur an energy penalty compared to normal heat pump oper-
ation. This experiment evaluated both occupant comfort and
energy consumption.

An add-on control device designed to proportionally
control supplemental electric heating coils was installed on
seven heat pumps in central Pennsylvania. During a five-
month period between October 1994 and March 1995, the
device was switched on and off for alternating week-long inter-
vals. Energy consumption was measured coniinuously using
portable data loggers, and occupant comfort was assessed
with a questionnaire filled out by the eccupanis at the end of
each monitoring period.

Results of the study indicate that the device may save
energy. For the houses tested, an average savings of 10% was
recorded. The device also improved the homeowner’s percep-
tion of comfort in some of the test houses.

INTRODUCTION

This study was undertaken to determine whether the use
of an add-on control device for standard residential air-source
heat pumps could improve occupant thermal comfort without
an energy penalty during the heating season. This device was
developed in response to customer dissatisfaction with resi-
dential heat pumps during cold weather. Dissatisfaction can
occur when the supply air temperature drops below skin
temperature during normal operation of a heat pump, which
has been observed when the supply air falls below 90°F (Yuill
and Werling 1994). This pilot study was initiated by an electric
utility to investigate whether use of the device could improve

additional energy.

Residential heat pumps are normally controlled by a two-
stage thermostat. The first stage of the thermostat is engaged
when the house temperature drops below the setpoint, and the
thermostat then activates the heat pump. If the heat pump is not
able to meet the load while working continuously on its own,
the temperature of the house drops to some set amount, usually
about 2°F, below the setpoint and the second stage of the ther-
mostat is engaged. When this occurs, the compressor contin-
ues to run, and the thermostat also activates the supplemental
heating coils. This method of operation can cause discomfort
for some occupants. In most cases, this occurs because as the
outdoor air temperature drops, the temperature of air delivered
by the heat pump drops. A heat pump that cycles between the
first and second stages will, therefore, alternately supply
cooler air (from the heat pump) and hotter air (from the resis-
tance heat).

DESCRIPTION OF THE ADD-ON DEVICE

Although the add-on device control strategy is different
from the strategy normally used to operate heat pumps, it is
important to understand that the thermostat sends the same
signals to the heat pump in both cases. When the house
temperature is above the thermostat setpoint, the heat pump
does not operate and the thermostat is said to be satisfied.
When the house temperature is below the setpoint, but within
a set temperature difference, usually 2°F, the thermostat sends
what is called a first-stage signal. If the house temperature falls
below the setpoint temperature minus two degrees, the ther-
mostat sends a second-stage signal. The response of the heat
pump to first- and second-stage signals is determined by the
control strategy used.

As shown in Figures 1 and 2, the two control strategies
initially respond to the signals from the thermostat in the same
way. On the left side of the diagram, the house temperature
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Figure 1 Thermosmt temperature and heat pump power consumpnon for normal operanan ¢

drops below thc thermostat setpomt resulting in a'fi rst-stage

‘ . to raise the house temperature above the'thermostat sétpoint
and the heat pump-is shut off. Later, the house temperature

again falls below. its setpaint temperature and again both strat-~
. egies call, for the compressor.to operate. This time, However,

;he compressor is not able to raise the house- ‘temperature
above the setpoint on its own and the house temperitiire falls
two degrees below the thermostat setpoint, caising a second-
stage signal.. Both. control strategies respond to'this initial
; second-stage slgngl by ajlowing the compressor to'cofitinue to
' run apd actiyatingthe resistance heating at'its ‘full capacny
il “This. additional heating causes the house temperature to'rise to
) .wzthu;,two, ldegre:ep ofithe thermostat’ setpdint; ‘so that’ the
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ﬁgll_resnstance heating will once again be‘activated. In some
. cases, we have observed that the combination-of compressor
and resistance heating under this control stratégy is enough to
; cause the house temperature to -overshoot the .thermostat
sctpoxm Th; result, as shown on the far right of Figure 1, is
fhat the system_ shuts off entirely for a brief period. The house
ternperature then falls .below its setpoint; :and,-since the
4 Eémpresso: itself cannot meet the load, the-housé température
ev?ntually {?lls two degrges below thecsetpoin resulting in
another sqt;pn:}-stagc signalyand resistance heating mustagain

1 r Thc add-on deviéé control strhtegy handles the tmnsmon

.. from:second to-first stage differently. When the combmauon
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Figure 2 Thermostat temperature and heat pump power consumption for the add-on device control strategy.
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. thermagstat is-satisfied, the:supply airtemperature 1s“décreased"
..by, three dggrees, so:that evemuall'y ’ﬂié combre§sor 1§ aoam :—-,,,

setpoint, and the system remains in the first stage. As shown
on theright side of the diagram, the resistance heating does not
need to be activated at full power again, and the compressor
runs continuously with smaller fluctuations in supply air and
house temperature. If the heating load had been higher than the
situation shown in the diagram, the additional resistance heat-
ing added to raise the supply air temperature one degree might
not be enough to meet the heating load, and the thermostat
would again drop to its second stage. Ifthis were to happen, the
control strategy would again activate the resistance heating at
full power until the thermostat returned to its first stage. The
strategy would then operate additional resistance heating to
raise the supply air temperature two degrees and would
continue in this manner to add one degree for each second
stage call until the compressor and fractional amount of resis-
tance heating could meet’ the‘load When the heatlno load'for
the house decreases at some later time, the combination of
compressor power.and the additionalfraction of fult resistance
power will provide more heating than isneeded. In sucha¢case,
the house temperature will rise above its setpoint and the heat
pump will shut off. When the house temperature again falls

below its setpoint, the supply air temperature is decreased by

three degrees, and the compréssor and & fraction of the avail-
able resistance heating (if still needed to achieve the lower

supply air-temperature) activate:’ Each"subseﬁuent time the :

able to.operate alone.

shewn in Figure 2 was used in all of the houses momtored for

thisstudy. When the weathét'is mild and vé‘ry lmle heatmg is ..
. needed; this comtrol strategy déés allow the su ply airtemper-
. u:atre to drop:below-90°F: Soime pedple may ind this supply

airitemperature to:be objectiéhiable, even in ‘THild’ weather. To
- address this;problem, the éonwéldevice doeshave an opnonal
setting that establishes a minimum supply air temperature.

This mmununl temperature can be set by the-occupant, and the

heat t pump w wil

s sary to provxde yus mmxmumsypnlx&empemmwat all times.

i

Thrs muhOQQf gperation ot standard and was #iot used in

) any ‘of the hoqses in, this. study; Itis:expectedthat:thistype of

operanon would gonsume moxe energy.ghandbothmornial heat

o ‘pThump opex:at;on and typical, operation. of the: add-om @evice.

¢ addmoqgl gxpensg might be worthwhile, howevér; for

occupams who conginue to.experignee discomfort:eveit With

“{ise of the add-on device.

ADVANTAGES OF THE ADD—ON CONTROL. DEVICE

e car AR

The add-on coﬂﬁ?d’éwé@usedmthls study w: asmt'hsxgﬂed
to reduce wide variations in supply air temperature by elimi-
nating cycling between the first and second stages of the ther-
mostat. On cold days, the temperature of the air delivered by
the compressor acting alone drops, resulting in a low supply

air temperature delivered by. normal heat pump operation; -

alternated with a very high supply air temperature dellvered
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activate additional resistafice heating'as neces- |

. original intention of the device was notid reritedy this’

when the full amount of resistance heating is activated. With
the add-on device, warmer supply air is supplied more contin-
uously, and this should improve thermal comfort for some
occupants.

It has been hypothesized that since the add-on control
device uses just enough resistance heating to keep the thermo-
stat from entering its second stage, this control strategy should
not consume more energy than an operating strategy that

" ‘allows the thermostht to cycle between the first and second

stages. This makes sense, since both strategies should allow
the compressor to run continuously and use roughly the same
total amount of resistance heating. The difference occurs
when the resistance heating is activated: the add-on device
would use a small arrmqpt of resistgnce heating continuously,
while normal operatlon would consumeg the maximum amount
for short periods.

An opportunity to savé eneruy wn.h the add-on device
does exist in holises where the full amount of resistance heat-
ing supplied in the second stage is enough to cause the house
temperature to overshoot the thermostat setpoint. In this case,
under normal operation the heat pump would actually shut off

_completely for a: short time. ‘Soon,’ the house temperature

would fall and the compressor would again be activated, and
eventually resistance heating ‘migtit alsé’' be needed Yagain.
. Thus, the compressor would riot be funning continuously, and
more resistance heating: than: figcessary’ would actually be

: . used. On the gither hand; durifig périods when some résxstance
., heating is needed, the:add-on devite wbild tend to ‘use the
The add-on device cotitrol sﬁateoy described a’bove and ,

minimum amount : of resistance heating, alld»ﬂﬁg the

. §ompresser.to run continuously:to' meét'the [dad’ Of course,
. when the demand for heating in the'house drops and resistance

.heatmgals no longer required, the hotise st risé'to’ 'the ther-
. mostat. setpoint before the device sHats off’ the propomonal
resnsxancq heating. Hawever, this typieaﬂy oceurs far less
oﬁen,,thanathe .cyelic problem-described above: Alsd, since
only a fraction of the;total resistance’ ﬁeatmg‘ls'aétwéted little
excess-heating- -would take place arid'the thermostat’ would
‘mgve back; to.first-stage opération much'fiore qdnck«]é;he
of
the problem; however, it is anticipated that this wouldbe an
addmonal beneﬂt assocnated with.use ofithe device,
Thls smdy equuqtes the twe variables of energy use'and
occupanf thermal comfon,under actual operating conditions to

”detemwe whether - any actual energy savings can be achieved.

T |

EXPERIMENTAL METHOD

= The study was s degigned to ié¥aluate both the subjective

factor ‘of Seepant comfort and the.objective factor of energy
“consumption associated® with the use of the add-on control
device. This was accomglished by installing the control device
on seven residential heat pumps in central Pennsylvania, each
with a switch for enabling and disabling the device. For each
evaluation period, roughly half the:heat pumps were operated
~with the ¢ontrol device enabled and theother half were oper-
ated with the control deVlce q:sgl;led.‘ﬁt the end of each eval-
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This questionnaire is designed to help us evaluate the effectiveness-of an add on control
device that we_ have installed on your heat pump. - Each week we will adjust the contrdl
device so that you will not know whether it is affecting your heat pump. This way,
your answers to the questions should-not be biased by your knowledge of the purpose

of the contrpl device.

If you don't know_the answer to a question, make your best

guess. Please remember to operate your heating system just as you would without the

add on control dcvxce

cool please do so.
0

S_ince my last visit, ...

1. about how many times did you adjuist your thermostat?

-

" lf yés. how often"

o if yes, how pften"

ine , |

o a

If you would normally raise your thermostat when you feel

2. " did ydu notice any, uncomfortably cool air blowing from yout héating system? )

-did you noticé any unoomfonably hot air blowmg from your heaxmg sxstem" el e

e . 0|
5y ?

) 5 o
v g ¢ 2

did you notice any difference in indoor comfort compared with last week? :’ %0

2T e bR ST e Bl

P did you notme -any other differences in-the operanon of your heating system. /* r. :

compared thh Jlast week"

gred o EEET 5,

S & (o <9 so o FS o T - 8

L, - TR

X did you‘have any" other observanons about your heating system? +

b un vrr | g

78

g AURs sy v o 2akas

thure 3 - We,e/dy qyesnonnmre T Sdissny Em
5 uatlon pendd some of 1 the swnches werg reversed so that the

contrdl devicein each house was enabled and dlsabled ona
' randomn basts “The $Witches weré unfarkéd and located inside -

the heatpump acéess déor so that occlipants were notaware of
the setting for each period.

Because of the small number of houses mvesugated and

the preliminary nature of this- study, a simple questionnaire
was used to assess occupant thermal comfort. Questionnaires
were filled out by the occupants and collected at the end of
each week-long monitoring period (se¢ Figure 3). Occupants
were not told whether ihe control device was enabled or
disabled during each penod They-were told to operate their
heat pumps as they would normally (i.e., change thermostat
as usual.) At the end of the study, all the questionnaires for -

each house were compdred to see if occupants noticed a :

difference in thermal comfort_associated wnth use of the

XL X
control device.

i LLTE
The effects of the add-on. nnntml deume on energy
consumption were evaluated -by ‘monitoring the energy

consumption of the entire HVAC system (outdoor unit and

indoor unit separately) for each penod and correcting for 2.

Ve e

iy

R

2 equlpped wnth portable gaga loggers to measure current

drawn by the compressors and by the supplementary electric
coils separately, as. wqu as,supply air temperature and room
air temperature. Voltage was measured in a one-time test at
each house. Standard kilowatt-hour meters were used in five
of the houses as a backup to the data loggers.

- THERMAL COMFORT.EVALUATION

At the conclusion of the study, the questionnaires filled
out by the homeowners were compiled for each house and
compared. The most common type of dissatisfaction with
thermal comfort reported 'was uncomfortably cool air being
. supplied by the heatmg system. Table 1 records the number
* of “yes” and “no” responses to this question for each house.
The following observations were made from the subjective
quesuonnalres. 53

1. Three of the seven respondents consistently reported an
improvement in thermal comfort during colder weather
when the comrol dev:ce was enabled.

‘One of these three (shown in Table 1 as House 6)

weather. The results with the control device etrabled: wet¢** ™** noticed an improvement in thermal comfort when the

then compared with the results obtained when the device was
disabled for each of the houses. The seven houses were

device was enabled in both cold and mild weather, ; This
was the only homeowner in the study who was dlssans-
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TABLE 1 TN
Responses to Thermal Comfort Questionnaire
Did You Notlce Uncomfortably Cool Air Blowmg
From Your Heating System?:
Device Enabled Deyice,Disgbled
House Number * . e :
Yes . {»* No Yes ' No
1% "0 6 0 9
2% 0 7 0 13
3* 0 5 3 10
4 0 7 0 16
57 0 10 7 11
6™ kI 2 R 1
7% 0 8 0 12
Total Votes 1 51 - 17 T4
% Yes 1.9% 18.7%

*No effect determined, house always comfortable.
*Improved thermal comfort:during colder weatlter. ™ 1
“Improved thermal comfort under all weather conditions.

e}

fied with the therral eomfort performance of his heat
pump when the study began. The HVAC supply vents in
this house are located such that air blows dlrectly on the
occupants. s

s i i

3. Four of the seven respondents noticed no change in
indoor comfort throughout the study as a result of oper-
ating the control device. One of these four ran the heat
pumip -with'the*fan opérating continuously for health
reagons. This would: result“in’ Sﬁpfply dir témperature
3wmgs everi*When thie c'ontrot devnce ls ieﬁab‘lcd Also,

HOHRY

« -ENERGY CONSUMPTION EVALUATION

the occupants of this house frequently used a wood
stove (although they had previously agreed not to do so

> during the study), making it impossible to obtain a
correlation between outdoor temperature and energy
consumption.

Responsés"Were obtained from questionnaires gathered
between 'October 1994 and March 1995. These results are in
agreement with those obtained in a preliminary study of the
same houses conducted between February and April of 1994
(Yuill and Werling 1994).

Figures 4 through 9 show plots of the total energy
consumptioh of the heat pump for five-day periods plotted as
a function of the heating degree-days in each period. Energy
consumption data are reported for six houses. Data are omlt-
ted for the- house where the wood stove was used.

Traditionally, a heating degree-day is defined as the
difference between 65°F and the average daily temperature.
However,, this definition is not valid for modern houses.
Because they have more appliances (and thus higher internal
heat generation) and more insulation, the balance tempera-

! tures ‘(thé ambient temperatures above which they do not
requir"é“"“"heatiiig)“fi’)r newer houses are lower than for older
houses. Therefore, in this analysis, the true balance temper-

.. ;ature. of each house was used instead of 65°F. The balance
temperature does not change when the device is enabled. The
balance temperature was estimated for each house using all
of the energy consumption informatioh collected” For each
house, the plot of energy consumption vs. h;atmg degree-
days is, thérefore a ime that passes through the origin.

i Lméar regresslon, was used 10 calculate the slope of the

) “best f’t lee or, quz two cases when the control device is
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enabled and disabled. Thcse “best fit” lines are ploged on

Figures 4 through 9 along with the data points used to calcu- -

-~ late them:. It should be noted that the energy consamption of -
a heat pumpiis notailinear function of ambient tempetature,

since the@OP:of the compressor varies with ambient temper- -

ature. The actual energy consuription of a heéat pump is the
¥ s = . s = S A drygr 3
“’sum ‘of compressor energy and resistancé heaung- energy

consumed.”Other relatioriships, such as higher order ctrve ;..

" “fits, 'weré investigated but were not fb’nﬁd tof pruwde a sigmf-

e xcantlymorgaCcuﬁxecorrclstion ‘Therefore lmcarcurve fits |

.

weﬁ: useda fo comi’late z’pe datg

% L5 208 D20
19 .Stamncal tanalysis was :used to: pred:ct whether the
<l 'dlfferenecs dn energy: consumpuon Wereamuallymgmﬁcant

¢ ifHomed g Mol i e il 17;06%'111:‘- . IR
s Neme gty £ il 20 ibc Preove | oy kT,
Home3Pa® MV =00 € Fh.dl'ﬁf)l st s
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|HomeST ol oo 1821%
nfHome 65 i e e orricd60% onvon -
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> These houses arc'}teated using two heat pumps. only one of which
714 was thonitored: These housesare riot conﬁxdere& ifl thé'€ompu-
Sv 7 taNidd of the Corretted aveiag@ safingsit RILAAR O

“*This $aving§iwas folindto bé& sﬂﬁmcaﬂy%xgmﬁé'aht. -

Sh
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.11 or whether;they could:have -occurredsbyiedindidence if no
changes had been: made using the add-on cantrol device. To

.11 determine.whether the predicted “best fit” lines were signif-

- icantly differemt from one another, a two-sample t=test. was
used, The slope of each point was calqulated,.and. the ‘data
.. With the device enabled and disabled were compared for.each
‘Mh,qyse ,Changes in energy consumption.were.considered to
slatlsucally sugmﬁqgm if }ho,; test fger;q the two data
'r,' to be dlffe;ent wnth a conf depce leng of & 80% 0 Jughr.r

setg
~

(=18

a1

wAmalysis of theienergy consumption! of stite:.houses
;- shawed an.energy savings:associated-with use‘of the-device
s in five.of .the;six. homes.. Table 2- shows. the ‘percentage
savings associated with operating the control device,
compared to the energy conéumed when the device was not
used."In thiree of fHe six homes the’ Saﬁ‘nﬂ? H&otiated with
use of the cdhirol GeVice Were fount tobe statistically signif-

" icant, These homes are, marked on Table 2 usmg a¥.

Cag i
.. 'Note'that in Table 2.'hegative savings indicate.a loss.
The ox)e»home in which.more energy was consumed; House
© 2,'uses two independent heat pumps for heating g&ffercm
- -parts ofihe house:-This- wouid notaffect thtrcsultsvbtmned
. if e swo_near_pumps ‘kept the. two_parts of the “hotse at
exactlv ithe same tempyratire. However, if the homegwner

adlugwd the two thermdst\ais dlffercntly dunng chfferem
_served 6y -one. heatkpuni'p“ic»that served-by-- the Sther- heat
pun)p "This introduces’ an-uncertainty infg the ‘final s fesults.
-:cHousei] also:had two heat pumps,.only .one.of which was
wwipeniitoreds if-these twd houises-fre eXcluded from: ‘the anal-

ysis, the average percentagé $avillgs catised'by erabling the
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House & 325 1.2075 60  4838] 35038 $14.65 | S4B6.70| 3467.17] 31954
House #4 —-n——— 576152 | 313549 | $1200.01 | $101536] 818465 |
Hous o #5 3 m-ﬂ—m_m‘ B04.82 | 313465 | 985.65 42 | 317954
[Housé #6 1807 s2] 311 | 5536470565 5489.88621] $338.16 | $329.39 18.80 | $450,92 18] $11.73
Ave $40.77 66,37

Figure 10 I:fipected annualfénergy coqsqrgw@on and figgﬁég-gays for each house.

device jumps from 6.72% to over 10%. This result is indi-
cated in Table 2 as the corrected average savings.

k0. further validate the ensrgy:savings'observed in the

houses, graphsrof compressor andresistance:heating.power '
similar terthose shown in Figure:2 were :generated using :~

~ actual senergy consumption data ‘from ‘thié houses! In the = ¢
: +:-day, base.varies from:housetohouse; the numberof degree-

<

- housés:where savings were recorded, energy consumption

. sidath for the periods when the device was disabléd ‘showed -~

* “thatin coldef weather there was a'tendency for house temper-

U atare 10 risé’ above its Setpdmt and the heat pump 't0'shut off it

'com;iietely for'a few minutés followmg an activation of the
. 2¢- resistance: : heati;dnspectiopy iof - the energy - consumption
v ptofiles for:the: monitoringtperiods: when'the device was

ienabled showed fiiore continuous: Operdtlolf of the éompres- 3
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.,,.ATABLE:S
Expeqtnd Annual Sayings Aasociated vmh
e i E€ " Uik ﬁe BftbeA(id-OnﬂWin
Pl e '.‘:':.' Ao g
House Savihgs * Bavings
efb i ";"J"ﬁ;' Ph ez v‘y‘l_l-{.%“/k‘wh)u i ."(So_‘wkwh)
= (Houseilmsenc. 2ow v 430.4¢ i 1 L 0uie40.53 L
g “Hs\&sei‘ﬁ 533 dl’Jv i 5-28”345’ oF S'-3'?78
D HET e Telatc el Tite sruldr FiT s O e T e
o ];IQHSCJ“ o LEn (S3) a 51465 e Vel RV 5:19‘;4? i
smyHoused <ri: ¢ aovspobi (813849 fvic s §184165+
reTdbRes rh sl 'cg;l,gg'»gg:-v < O 5”934
" lhouses ' T '_;sfi!’fSQ'ff.," 1 '_ SIS
e Cprrmed Avcms £ - 87404 ot | o S98ET -

5w *These Housesarefhemed asing two heat'pumps, only orte of which
et 5 _Ewasmqngyared ‘These bauses.are noticonsiderdd in nompu(anon
i fthe competed average SaVInES. . vy e g sk o
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sor. This behavior conﬁrq\s the theoretical explagatxon for
possible energy savings with the add-on device.
ENERGY cOST EVALUATION faE e BT

S
az Based on the energy:savings’ prechcted by this‘study, an
estimated yeatly:savings: was calculated: -Since ‘the degree-

days-in.a typigal year will be different for each house even
though they are located in the same city. ASHRAE degree-
day data calcnlatedfo; Pittsburgh, Pa (chosen asthe closest
 gity w)llth labulated. data available), at.several different
degrec—day bases was. fit go a3 pgwer-law relauonshnp so that
the number of annual degreq-da s for any degree-day base
could be obtained (ASHRAE 1986). The annual degree-days
for‘each house were valculated and used to-predict energy
+y:conspmption:with the device.enabled and disabled: The total
cost of energy used for heatmg and the expected annual
savings associated with usé’of the devnce were calculated for
gledtrié utility rites ‘61 5:06/kWh' ind's.08/KWH. Figlire 10
‘shows thie expected enérgy consurnption and dégree-days. for
—each-house. Table -3-shows:the expected-annual-savings in
__each house ‘with_utility rates of $.06kWh and $:08/kWh.
Again, thc corrected average savings is the average savmgs
3 ‘eXpenenced m the hoiises with onry one heat pump

CONCLUSIONS

. .The results 'of this study-indicate-that themniré’l'dé’whce
__improves the-homeowner’s perception of comfort-ir: some
“houses. Qne homeowner participating - in., this study ‘was

dlssatisﬁed with the thermial comfort provudeﬁ by his heat
,pump Bgfore tha swdy. pegan. and, ‘he noticed a distinct
improvement when the-.control, devxce -was; enabled. Two
other hameowners,. .noticed : improvements:: in ;tirermal

AT



comfort, although they had not originally been dissatisfied
with the thermal comfort provided by their heat pumps. The
study also suggests that the add-on control device may save
energy. For the houses tested in Pennsylvania with one heat
pump, the energy savings averaged 10%. This indicates that
the control device offers a possible remedy for discomfort
experienced by occupants of residences heated using electric
heat pumps without imposing an energy penalty.
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