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ACES 1979: CAPABILITIES AND POTENTIAL 

R, E .  Minturn 
L. A. Abbatiello 

E. A. Nephew 
V. D. Baxter 

ABSTRACT 

The s t a t e  o f  technological development o f  the Annual Cycle Energy 
System (ACES) as of  l a t e  1979 i s  reviewed, and the resu l t s  of two 
year ' s  operation o f  the ACES in the Knoxville TECH complex are  pre- 
sented. An assessment of the technical and economic f e a s i b i l i t y  o f  
the ACES concept based b o t h  on f i e l d  resu l t s  and on analytical  cal-  
culations u s i n g  a computer model o f  ACES perforniance and economics 
applied t o  115 U .  S. c i t i e s  i s  made. 
especially w i t h  regard t o  capital  cost reductions, are  described. 

Areas needing fur ther  a t ten t ion ,  

I. SUMMARY 

Since the Oak Ridge National Laboratory (ORNL) becaiiie interested 
in the development of the Annual Cycle Energy System (ACES) concept 
in mid-1974, considerable progress has been made in developing the 
technology, i n  estimating i t s  appl icabi l i ty  t o  diverse geographic 
areas in the United States ,  and i n  estimating i t s  economic competitive- 
ness w i t h  a l te rna t ive  systems for  providing space heating arid cooling 
and water heating t o  buildings. Early conjectures, designs and ex- 
perimental resu l t s  have been documented i n  a se r ies  o f  reports (1-8) 
from the Conservation Technology Group o f  the ORNL Energy Divis ion;  
experience d u r i n g  the two year period September 1977 t o  September 1979 
is  summarized i n  t h i s  report .  

For this two year period, an ACES t e s t  house and a nearly-identi- 
cal control house a t  a Knoxville, TN, s i t e  (3 ,7) ,  have been monitored 
continuously. For the t e s t y e a r  1977-78, in which the control house 
used e l ec t r i ca l  resistance t o  provide space and water heating, the 
ACES used just  44% o f  the e l e c t r i c i t y  consumed a t  the control house. 
In the following year,  1978-79, a conventional heat pump heated and 
cooled the control house, w i t h  water again heated by a conventional 
e l e c t r i c  water heaters and i n  t h i s  year the ACES house used about 51% 

1 
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as  much e l e c t r i c i t y .  
conventiondl systeili p:?t-forrliaricc was devel oped aiid Val idal etl w i t h  data 
from the Knoxvillc complex. Phis progran~ w>s then used t o  estiinate 
annual coeff ic ients  o f  prrfoi-mance f o r  t hese  systems throughout the 
United STatps. Ihp r e s i i l Y s  indicate tha t  ACES enjoys a strong edqc in 
energy conservati on i 11 alnios t z v e r j  arPa o f  t l ip  coun 11 y. 

A compclter proyrm f o r  the sjmulation o f  AGFS arid 

- 

Analyses have shown t h a t  the ACES ran b r  ecorioimical l y  competitive 
i n  thtS residential  maI k c t  a1 p lcc t r i c i ly  prices n x c w d i n g  about 4$/k!dh, 
and t h a t  i t  i s  presently compctiiive iii some types o f  commercial 
buildil7g5 w k r c  bemarid charges arid time-of-day ratrs are  ; n  e f f ec t .  
Jlowever, prcsently high f i r s t  costs make i i c lear  that the implementation 
o f  itie ACES, witti i t s  a t h i d a n t  benefit  t o  national energy CoiIservation, 
will b r  greatly enharict-d by addit-iorial v-e.;parch and development i n  areas 
w i l h  large poterltial for  rapi ' tal  cost  rcduct i o n .  

11. CONCEFT DESCRIPTiON AND DFFINITIONS 

The ACES i s  designcd t o  prcivid~ space heating, a i r  conditioning, 
and  doiritistic water h m t i n g  ior  rcsidenw.; and coniiwrcial buildings. 
lisp energy trans7t.r i s  by an e l e c t r ~ i c a l l y  d r i v e n  unidiwctional heat 
~ I J I I I P  t ha t  obtains i t s  heat f r o m  w a t e r  s t o r d  in an insulated under- 
ground  Lank. As L ~ P  heat i s  extracted during Lhe heating season, most 
of L I E  water i s  f rozen,  and t he  stored ice  p r o v i d e s  a i r  conditioning 
i n  t h e  suiiiiwr. I h u s ,  the water ' s  tireat of  fusion i s  available as a 
heat. 5ource it) winter arid a heat sirnk in summpr. Sititce bath the 
heating and cooling outpdts of  t h e  heat pump are  uTed, the  resul t ing 
annual cooff ic ient  o f  perforiiiance ( C O P )  i s  a s  h i g h  as  3.4 a t  the present 
s t a t e  o f  equipment dev~lapment. 

'I he ACES achieves. maxirilurn energy conservation f n  applications 
wherc the annual heating and cooling demands o f  a b u i l d i n g  r e s u l t  i n  

a balance between heat extractions from the ~ C P  b i n  and heat deposits 
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in i t . 
a1 one i s  u n l  i k e l y  because t h e  1m-i 1 d i n 9  thermal 1 oads vriry wa' t h  the 
weather3 the building usage arid construction, and the 'I i f es ty le  o f  
the occupants. Provisioti  must t hen  be imde i n  the ACES de.;a"r$n t r ~  
campensake f o r  iml-,alancec, i n  t h e  i c e  b i n  heat flows. 
auxi ' i iary s o l a r  panel o r  outdoor a i r  c o i l  can bc used t o  collcct heat  
f o r  r~e l t i ng  excess ice .  I n  the  s ~ m i e r ,  t h e  siinie u n i t s  can tje ?ised tn  
r e j ec t  h e a t  from the i c e  b i n  to .the er;~ii-unmcnt t o  yjrovide d d i t i o n a l  
air conditioning i f  requ-ired a f t e r  stored j c e  has been depleted. 

In  practice,  an exacA i c e - b i n  heat balance f ro in b u i l d i a q  loads 

I n  t h e  wiiriter, an 

Load Management-Capabi 7 i t ig 

In a d d i t i o n  t o  i t s  function i n  em-gy conservation, the A C E 5  has 
a fur ther  advantage i n  t h a t  i t  lerds i t s e l f  readily t u  load iriasrijge- 
mente 

users can t a k e  advantage o f  low off-peak e l e c t r i c  ratcc, i f  they arc? 
available and o f  s u b s t m t i ~ ~ l l y  lower demdncl charges, 
f ract ion a f  t h e  buildings being served by a utility y , t u n i  were to 
u t i 1  i r e  the stordge feature  o f f e r e d  by the A C E S ,  a substantial  w d u c t i o n  
i n  the needed generat 1' ng capac i ty coul d be ef f ec te i l  

Because ice  for  air conditioning can be iiiade and stored a t  n i g h t ,  

i f  an appreciable 

B i n  Size Options 

Heating, vent i la t ing,  atid a i r  cond i t ion ing  (H\IAG) sys tems employing 
the ACES concept can ext.enci from t he  "fful? ACES," c\;hic:h stores either 
a l l  o f  the ice produced d u r i n g  the heatinq season o r  a'l1 o f  the ice 
tha t  can be used d u r i n g  the coo1 ing S F ~ ~ S O ~ I ,  down t o  the "ilniniinum ACES"  
which stores only  enough w a t e r  t o  provide for a short  (<I, 14 day:;) 
opera t iona l  p e r i o d  d u r i n g  peak win-ter derridrnd. 'l'ke ma'nifrir jrrl  ACES i s  a 
cornpromise t o  reduce capi ta l  costs t h a t  penalizes t o  somu e x t e n t  the  
energy conservation potential of  the sys tem,  Systea11s w i t h  smnl lev. 
b i n s  than thclse corresponding t o  the m i n i n i w m  ACES could,  of c;ourse, 
be fabricated,  
management systeii is (provide a1 1 -day cooling by r u n n i n g  the compressor 

cannat properly be called ACES. I f  properly designed, they can savt? 
some energy by providing a h e a t i n g  sys.kem t h a t  has a constant. capac- 

Such systems would func-ta"on pritmrily ils surnmer load  

of f -peak)  b u t  VKIUI~ prov-i'dc 1 i t t l e  i~ t e r seasona l  erierg!p t ransfer  a n d  



4 

i ty  and efficiency regardless of the outdoor  a i r  temperature. 

Mechanical Equipment Options- 

FOP any s ize  ACES, two ice formation methods can be used: 
(1) a brine-chiller ACES which u t i l i ze s  chi l led brine t o  freeze water 
around co i l s  immersed in the storage bin; ( 2 )  a plate-type ice-maker 
heat pump (PTIMHP) ,  where water i s  frozen d i rec t ly  on the evaporator 
plates o f  the heat pump, and the ice formed i s  periodically harvested 
into the b i n .  B o t h  the brine-chiller and t h e  ice-maker concepts 
of fe r  certain advantages. With t he  former, because o-f a higher ice  
packing density in the bin, bins approximately one-half the s ize  
necessary for  the ice-maker- can be used, 
has simpler internal refr igerat ion systel-n c i r cu i t ry ,  and provides a 
non-freezing medium, the brine, f o r  the t ransfer  of energy f r o m  sup- 
plementary sources such as solar  panels. The ice-maker A C E S ,  on the 
other hand, eliminates the ice-bin co i l s  with the i r  attendant costs 
and need fo r  f i e ld  crew ins ta l la t ion ,  and ma.kes rnodulariration o f  the 
system by the  manufacturer easier .  
brine-chiller and the ice-maker systems are  discussed in more detai l  
in Section I V . A . 3 .  

The br ine-chi l ler  ACES also 

The re la t ive  advantages of the 

111. F I E L D  RESULTS 

A. Res i denti a1 : - - - ~  

1 .  Knoxville Demonstration House 

The centerpiece of the residential  ACES demonstration program i s  
a two-building complex on the campus o f  the University of Tennessee, 
j u s t  outside a f  Knoxville. One o f  the buildings i s  an 167-m residence 2 

3 with an insulatcd 71-rn storage bin in the basement, and  a br ine-chi l ler  
ACES f o r  heating, cooling, and domestic h o t  water production. ( 3 )  
second building i s  an identical residence with the same orientat ion,  
di ffering only in t h a t  i t s  heating and cooling are provided by a con- 
ventional y off-the-shelf  a i r - to -a i r  heat pump systeiii, and i t s  hot 
w a t e r  i s  provided by conventional resistance heating. Thc two buildings 
are  well instrumcnted t o  measure heat flow and power usage. 

The 

Operation 
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o f  the two systems began i n  May 1976. 

1, 1377, and continued until  September 18, 1978, a t  which time the 
experiment was concluded t o  a1 low system upgrad ing  and modification 
prior t o  the next heating season. 
cooling loads occur i n  l a t e  September and i n  October, the 10 months 
of  actual operation are  a good approximation t o  a f u l l  year ' s  r u n .  
Re l iab i l i ty  was good d u r i n g  the f i r s t  year; minor control fa i lures  
caused the system to  be inoperative f o r  about two days. 

was added t o  the storage b i n ,  ra is ing the level of insulation t o  R-40, 

and a new, more cost-effective coil  system was added i n  the ice  b i n .  
Operation f o r  the second t e s t  year began on December 1 ,  1978, and was 
completed on September 30, 1979. 

Again ,  the system operated re l iab ly  and met a l l  calculated per- 
formance goals. 

During the f i r s t  annual cycle t e s t ,  the control house, in the 
heating mode, was operated on resistance heat. T h i s  established a 
base f o r  comparison o f  the loads fo r  the two houses, which tracked 
each other w i t h i n  a few percent. 
house was heated and cooled by a conventional a i r - to -a i r  heat pump. 
A summary of the performance o f  the two W A C  systems for the two 
seasons of operation follows. 

Because the ACES frequently provides both 
space and water heating simultaneously and because much of the space 
cooling i s  provided f rom stored ice ,  a by-product of heating, the 
t rue  performance o f  the ACES must be measured i n  terms of  the e l e c t r i -  
cal energy i n p u t  required and the heating and cooling supplied by the 
system f o r  an en t i r e  annual cycle. 
two houses i n  the Knoxville complex f o r  the 1937/78 t e s t  year are 
given i n  Table 1. 
ACES used Just 44% as much e l e c t r i c i t y  a s  the equipment i n  t he  control 
house. 

The f i r s t .  f u l l  annual cycle t e s t  of the systems began on November 

Because only small heating o r  

During l a t e  September and i n  October 1975, additional insulation 

Beginning in Play o f  1978, the control 

1977/1978 Season. 

The resu l t s  o f  operation of the 

I n  providing essent ia l ly  the same services ,  the 
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Table 1. Performance summary fcir t he  Knoxville ACES complex for 
thc period November 1, 1977, t o  September 18, 1978. 

a Control House 

EN E R I i Y  DE. L I V E RED 

Space Heating 
Water I-leating 
Space Cooling 

T o t a l  

POWER PURCHASED 

November 1977 
Decembci- 1977 
January 1978 
February 1978 
March 1978 
April 1978 
May 1978 
June 1978 
July 1978 
August, 1978 
September 1-8, 1078 

T o t a l  

SYSTEM ANNUAL.  COP 

43.6 41.3 
15.6 14.8 

23.2 24 .5  
83.7 79.3 

- .- - _ _ _  

(kWh)  . . . . . . .. - 

1,778 
3 , 183 
4,332 
3,242 
1 , 712 

633 
7 9 2  

1,203 
1,491 
1,427 

750 
20,523 

1.13 

ACES House ____________ 

-- (GJ) -. (10'Btu) ..... ~ 

43.0 40.8 
20.9 19.8 
26.2 24.8 
90.1 85.4 
_-__ ....... __ 

505 
984 

1,707 
1,246 

712 
314 
304 
280 
546 

1 , 546 
867 

9,011 

2.78 

a .  Flpctrical  rcsistance space and water hea t ing ,  

TIIF! ACES operated i n  three principal modes: space heating with 
water heating, water heating only, and space cooling from either 
stored i c e  or by n i g h t  heat rejectpion while a lso sat isfying water 
heating requirements. A detailed analysis o f  ACES performance t h r o u g h  
March 25, 1978, i s  g i v e n  i r !  Refererice 7 .  A summary i s  presented below 

extracting energy from a tank f u l l  o f  water a t  9OC, and i ce  began t o  
f o r m  on the c o i l s  on December 19. By April 1, 1978, the maxirriiirn ice 
inventory o f  51,700 kg had been reached. A l t h o u g h  space heating and 
h o t  water demands continued ti-iroughou t Apri 1 the i ce  inventory con- 

- 
Heating season. i he heating season began w i t h  the h e a t  pump 
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tiriuously declined because the heat leakage into the bin from the sur- 
rounding ear th ,  equivalent t o  about 69 MJ/day (65,500 ~ ~ ~ / d ~ y )  melted 
ice  mare rapidly than i t  was formed. 

season i s  shown in Fig. 1, whl'ch is  a coniparativc p l o t  o f  power consumed 
by the ACES and coritrol houses during the week o f  February 13, 197723. 
The autstanding performance of t h e  ACES as  a constant capacity heat pump 
and i t s  a b i l i t y  t o  minimize peak demand i s  c lear ly  shown -in F ig .  1, as 
well as  F i g .  2 ,  which compares the peak loads for  the year f o r  the two 
houses. 

An example o f  system energy consumption performance i n  tkie heating 

For the tes t  year heating season, the ACES consun:ed 5,500 kWh while 
sat isfying a l l  h o t  water and space heating requirerrients of the house. 
'The control house consumed 14,800 kWh during the same period, while 
delivering nearly ident ical  loads, F i g .  3 i l l u s t r a t e s  this coinparison. 

Measured heat leakage ra tes  into the ice  storage b i n  were fou r  
times greater  than ant ic ipated and ice  retention was much below tha t  
predicted. From the heating season r e su l t s ,  i t  became apparent t h a t  
additional insulation was needed in the b i n  t o  rtldiice heat leakage and 
t h a t  a scheme for l imiting water heating d u r i n g  periods o f  peak space 
heati rig deniand shou? d be adopted 

The i iwaswed COP for water heating arid space heating d u r i n g  the heat- 
ing season was 2 . 7 3 ,  ver.y close t o  the predict.ed seasonal performance. 

lilransition sea so^. During April and May, the t rans i t iona l  months 
between the heating and c o o l i n g  seasons, the only s igni f icant  load 
supplied by the system was fo r  h o t  water; heating arid cooling needs 
were small. The ice  formed as  a by-product o f  hot  water production 
was not  great  eriough t o  compensate f o r  heat leakage in to  the him, 
and as a r e s u l t ,  the ice  inventory declined during the t rans i t ion  
season. The COP fo r  water kaeat-ing d u r i n g  the t rans i t fon  season was 2.4.  

CooIz'n<g uith stnred ?:(:e. E3j mid-Mdy, with about 47,000 kg o f  
i ce  remaining i n  the b i n ,  cooling loads became s igni f icant .  Ttac stored 
i ce  provided a l l  o f  the cooling needs unt i l  July 27, 1978, equ.ivdlerit 
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QRNL- DWG 78-07644 

CONTROL ACES 

F i g .  2. Comparison o f  heat ing  season peak u t i l i t y  
load i n  ACES and control houses. (Elec t r ica l ly  heated 
control house. ) 
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14,880 

5500 

ACES 

F i g .  3. Comparison o f  1977-78 heating season 
energy consumption i n  ACES and control houses. 
(Elec t r ica l ly  heated control house.) 
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6 t o  about 13.3 GJ (12.6 x 10 B t u )  of cooling. 
equal t o  only 68% o f  the design cooling storage capacity of  the b i n ,  
reaffirmed the need f o r  greater  b i n  insulation. 

w i t t i  stored ice ;  the spikes on the A C E S  curve indicate periods o f  com- 
pressor operation t o  produce h o t  water. Some additional cooling capa- 
b i l i t y  i s ,  of course, a by-product of the compressor operation. D u r i n g  
the  par t icu lar  week covered by Fig. 4 ,  the ACES used only 18% as  much 
purchac,ed e l e c t r i c i t y  as the heat pump a i r  conditioner and e l e c t r i c  water 
heater i n  the control house. Peak values fo r  ACES were about 2 . 4  kWh/h;  
those fo r  the control house about 5 .5  kWh/h. 

This r e l a t ive ly  low f igure ,  

Figure 4 i l l u s t r a t e s  the energy consumption pattern d u r i n g  cooling 

cooling bg night h e u ~  re j ec t ion .  Up t o  the point the ice  ran o u t ,  
the  A C E S  COP For heating, cooling, and hot water was 3.17, the highest 
cumulative COP reached d u r i n g  t h i s  annual cycle. To maintain cooling 
capabi l i ty  a f t e r  the ice  was exhausted, the compressor was r u n  a t  n i g h t  
t o  cool the water in the bin, and the waste heat was rejected by the so lar  
panel. Performance i n  t h i s  mode o f  operation was expected t o  be about 
equal i n  eff ic iency t o  an a i r - to -a i r  heat pump, b u t  t o  have the poten- 
t i a l  advantage o f  compressor off-peak operation. 

I n  pract ice ,  i t  soon became apparent t ha t  the ACES i n  t h i s  mode 
of operation, in t h i s  house a t  this time, was l e s s  e f f i c i e n t  than the 
conventional system in the control house. This was caused by heat 
leakage into the bin and the large internal load the mechanical pack- 
age imposed upon the building cool-ing load; not only was the ACES 
being required t o  cool the house, b u t  i t  was a l so  cooling a large 
amount of ear th  surrounding the bin. To minimize heat leakage, the 
set  points o f  the  system were changed so t h a t  the bin temperature was 
controlled a t  about 9*C, very near the apparent ground temperature. 
Also ,  the mechanical room was vented d i r ec t ly  t o  the outside t o  reduce 
internal load. 

Fig. 5 i l l u s t r a t e s  power consumption fo r  the two houses d u r i n g  
a typical week when the ACES was i n  the n i g h t  heat r e j e c t  mode. For 
the e n t i r e  cooling period, from ice  and from r e j e c t  heat mode operation, 
the ACES consumed 3,240 kWh compared t o  4,810 kWh by the control house. 
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ORNL-DWG 78-!9850R 

- 
A CONTROL HOUSE 
0 ACES - 

- POWER CONSUMPTION 
CONTROL 335 kWh 

- ACES 378 kWh 
AVERAGE TEMPERATURE 24.0 "C 

- PEAK TEMPERATURE 32.0 "C 

WED THU FRI SAT SUN MON N 
TIME (days) 

Fig. 5. Comparison o f  ACES and  control houses cooling power 
consumption f o r  week beginning September 1 1 ,  1978. ACES cooling was 
by n i g h t  heat re ject ion.  
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By the end  o f  the annual cycle, the cumulative C O P ,  3.17 a t  i ce  exhaustion, 
had  fa l len t o  2.78. 

- 1978/1979 Season. ~ 
~... The experi enccs o f  ti12 1977/1978 season had 

indicated some areas i n  which system modifications would pay s i y n i f i -  
cant performance d i v i d e n d s .  Most i m p o r t r , r i t  was t o  increase the level 
o f  insulation in the b i n ,  so as t o  both reduce ice  loss and make the 
n i g h t  heat r e j e c t  mode more e f f i c i en t .  A more cost-ef.fective, b u t  
s l i gh t ly  l e s s  e f f i c i e n t ,  i n - b i n  heat exchanger was instdl led,  and the 
compressor was replaced w i t h  a larger  u n i - t .  
was also upgraded t o  increase both capacity and r e l i a b i l i t y .  
control house, provision was made f o r  heating w i t h  a n  a i r - to -a i r  heat 
pump, rather thari  w i t h  t h e  resistance heatjfig used previously. H o t  
water i n  the control house continued t o  be produced by a conventional 
e l e c t r i c  water heater. 

cycle s t a r t ed  an December 1 ,  1978. 
space heating f o r  the ACES was measured 'to be 2-50 vs about 2 , 6 6  f o r  
the previous mechanical package; the degradation w.5 a t t r ibu tab le  mainly 
t o  .the less e f f i c i e n t  compressor and ice-bin heat exchanger combination. 

The data acquisit ion system 
I n  the 

The m o d i f i e d  system was p u t  in to  opera t ion ,  and the second annual 
The stcady-state COP for water  and 

For the period December 1 ,  1978 t o  September 30, 1979, 6,597 kWh 
o f  e l e c t r i c i t y  had been used by the ACES, compared t o  12,861 kWh f o r  
the control house. Ihe respective COPS were 2.81 and 1.41. Performance 
t o  September 3 0 ,  1979, i s  summarized i n  Table 2. 

a General E 7  e c t r i c  "Weathertron ,I' si zed and ins ta l  1 ed according t o  con- 
ventional practices. T h e  A R I  rat ing of the system i s  3 3 . 7  MJ/h (31,000 
Btu /h) ,  2.46-COP a t  8.3'C (417OF) outside a i r  and 2loC (70°F) i n s i d e  a i r .  
In-place t e s t s  of the equipment confirwed this  rating under steady-state 
Conditions. The data acquisition system moni tored the heat pump indoor 
and outdoor u n i t  power and the hot water supplied t o  the control house. 

- 

Heating scmon. The a i r - to -a i r  heat. pirrilp i n  the con-trol house i s  

The operation o f  the a i r - to -a i r  hea-t pump in the control house 

1.  Actual seasonal system performance i s  rriuch below t h e  
under well-instrumented conditions revealed tile following: 

ARI rated performance o r  the projected performance 
based on methods t h a t  do  not account fo r  cycling, 
f rost ing,  and defrosting losses. 



2. Cycling losses a r e  the dominant lossesz and a r e  so 
s ign i f icant  as t o  r e s u l t  i n  actual ly  decreasing 
system performance w i t h  increasing outside a i r  
temperatures above the house balance point, For 
example, the space heating only seasonal perfor- 
mance factor  (SPF)  was 1 .65  i n  January  1979 bu t  
on ly  1.42 the following Apr i l .  

Contrary t o  conmon practice w i t h  a i r - to-a i r  heat putiips, the ACES i n  
the Knoxville demonstration house uses a l iquid line solenoid valve 
which maintains refr igerant  pressure differences across the compressor 

Table 2 .  Performance summary for t h e  Knoxville ACES complex f o r  
the period December 1, '1978 t o  September 1, 1979. 

Control /-lousea ACES House ____ __.I__.-----_I- 

ENERGY DELIVERED ___._ (GJ) (10%tu) (GJ) (10'3tic) 

Space Ckati rig 32.85 31.13 32 * 85 31 .. 1 3  

Water Hea t i  ny  13.75 13.03 15.82 14.99 

Space Cooling 
Total 

POWER PUKCHFSED 

December 1978 
January 1979 
February 197'9 
March 1979 
April 1979 
May 1979 
June 1979 
July 1979 
A u g u s t  1979 
September 1979 

19.17 15,17 99.18 18.18 
65.78 S2.34 67.84 64.29 

-- 

1,670 
2 542 
2,037 
'1,150 

61 1 
47 6 

1 ,023  
1,015 
1,462 

857 

997 
1,538 
1,121 

61 0 
253 
21 5 
2 78 
249 
534 
892 ._ - - .... 

Total 12,853 6,718 

SYSTEM ANNUAL COP 1.41 2.81 

a. Air-to-air heat pump w i t h  e l e c t r i c  resistance water heater. 
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and prevents refr igerant  migration d u r i n g  the off-cycle. Because of 
t h i s ,  the ACES does n o t  suffer  any detectable losses due t o  cycling. 

The modified system i n  the ACES house operated e f f i c i en t ly  and 
re1 iably, a1 though some early problems w i t h  the control system caused 
about two weeks o f  outage i n  December. Heat leakage in to  the 0°C bin 
was reduced t o  about 26.4 MJ/day (25,000 Btu/day), down from the 69 
MJ/day (65,500 Btu/day) formerly. Sensors beneath and around the hin 
indicated higher earth temperatures than formerly, ref lect ing the 
higher level o f  b i n  insulation. A new water heating control logic 
prevented some excessi ve water heati ng t ha t  had occurred d u r i  ng the 
previous winter heating season, Ry the  errd o f  the heating season, the 
ice  inventory reached about 90% of design capacity, and some ice  genera- 
t ion cont i twd as  a byproduct. of h o t  water production. 

heating was demanded, and h o t  water was produced a t  a COP o f  2 . 2 .  I n  
early May, a t e s t  run of heat rejection by means o f  the solar/convector 
panels on the s o u t h  side o f  the ACES house brought the i c e  inventory t o  
105% of design capacity. 

provided a l l  of the cooling needs, aniountiriy t o  14.1 GJ, unt i l  A u g u s t  
24, 1979. T h e  tes t  year COP t o  t h a t  date was 3.0; the ACES COP f o r  
cooling and hot water t o  the end of August  was about 5.2.  
depletion o-f the i ce ,  cooling was done through Septeniber 30, 1979, by 
chi l led water produced by nightime operation o f  the compressor. 
COP fo r  space cool ing and water heating d u r i n g  t h i s  period was 1 .7 .  
For the e n t i r e  cooling season, the ACES house COP was 3.37 while .the 
control house COP was 1.45. 

Ypansi t ion and cooling seasons. During April and May, l i t t l e  space 

By mid-May, cooling l o a d s  became s ignif icant  and s t o r e d  i ce  

Follow,ding 

'The 

T h u s ,  modifications i n  the Knoxville ACES house have worked as  
expected and r e su l t s  from the demons-tration complex have continued t o  
provide confirmation of ,the technical f e a s i b i l i t y  and the striking 
reduction in energy consumption made possible by the concept. Operation 
has 
now 
B. 

des 

been r e l i a b l e ,  and the  e f f e c t  of system des 
adequately understood. 
Commerci a1 : 
To date the DOE ACES Implementation Program 
gn and construction of ACES i n  commercial-s 

__ ......... ______ 

g n  on performance i s  

has not involved t h e  
zed i nstal 1 aticins . To 
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our  knowledge, the only commercial heat-pump-based system with ice 
storage which has a storage b i n  large enough t o  e f f ec t  any in t e r -  
seasonal t ransfer  of energy, is the "Energy Sank" system (9 , lO)  a t  the 
Nursing Home on the campus of the Veterans Administration Hospital 
in Wilmington, Delaware. l r l i t h  t h i s  system, the instal led b i n  i s  some- 
what smaller t h a n  t h a t  needed t o  qualify as a "minimum ACES" under the 
def ini t ion of Section I1 o f  t h i s  report. 

2 2700-m 
3 2 a 566-m ice storage bin and a b o u t  140-m o f  unglazed aluminum solar  

panels . 

the nursing home, a number o f  problems have arisen and much reliance 
has been placed t o  date on the contingency back-up system. 
problem area seems t o  be i n  system control,  and as a resu l t  proper use 
o f  the solar  panels and the outdoor a i r  coil a s  supplementary heat 
sources seeins n o t  t o  have been made. The solar  panel appears, fur ther-  
more, t o  be too  small t o  meet design loads. The VA i s  working w i t h  the 
equipment manufacturer and the controls supplier t o  get the equipment 
working properly so t h a t  a t rue  assessment o f  the concept a s  applied 
t o  larger buildings can be made. From preliminary information, ORNL 
calculates an annual COP o f  about 2.9 fo r  the f a c i l i t y  when a l l  com- 
ponents are  operating properly. 

storage are  under evaluation by several u t i l i t i e s  and other commercial 
firms (11). Although such ins ta l la t ions  do not save much energy, they 
d o  u t i l i z e  equipment slimilar in many respects t o  t h a t  needed for  ACES,  
and may, consequently, expedite the development o f  ACES in commercial 
s izes .  

The ACES i n  t h i s  60-bed, 
f a c i l i t y  was p u t  i n t o  operation in July 1978, and incorporates 

Al though the Energy Bank has supplied both heating and cooling t o  

The major 

A number o f  diurnal cooling load management systems w i t h  ice  

IV. RESIDENTIAL ACES 

From an engineering point o f  view, the ACE5 i s  a technically sound 
system f o r  reducing energy use i n  res ident ia l  buildings without 
requiring any changes i n  the l i f e s t y l e s  of the occupants. 
the resident ia l  ACES appears t o  be potent ia l ly  competitive w i t h  other 

Economically, 
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p lec t r i ca l ly  driven systems ai r l e c t r i c i t y  costs excwding a b o u t  4$/kWh. 
I t i s  not F e n t l ; l y  _I ~ - comnvL?:t-i \re because mass-produced inectianical packages 
a r e  n o t  available.  Iechnical and economic considerations a w  bo th  dis  
ciisscd in more de ta i l  below. 

- 

A. Technical ..... Feasi . b i  1 i t y  ,-- 

1. ..... Fuel and __ energy ........... conservation. .......... - The f i e l d  resa l t s  which wer@ 

presented in Section I11 sho\q t h a t  the resident ia l  ACES can save 
appreciable amoiints o f  e l e c t r i c i t y  over conpet.ing e l e c t r i c a l l y  driven 
systems SlJCih as  resistance heating and a i r - t o . a i r  heat pumps w i t h  
e l e c t r i c  wat-er heaters. 
commissioned by t h e  ACES Program, iridfcates that  t h e  ACES can lower 
primary .fuel usage ovev a nuiriber o f  conventional systems which pr-svide 
“Lie same services.  
different  HVAC systems and two ACES configurations fo r  a 167-m well- 
insula-Led house in three representative c i t i e s .  

Ta.ble 3. Estiinates o f  annual primary fuel usage ( i n  GJ) fo r  d i f f e ren t  
W A C  systems i n  a 167-rn2 well - insulated resideiice. b 

I n  addition, a recent indeppndcnt s tudy (12), 

Table 3 pre5en- t~  sorne eihpt‘gy use estimates f o r  four 
2 

a 

~ 

.. -- Location .~ . 

................. .................. Philadelphia Atlanta Minneapolis HVAC Sys tesu 
. ......... - ................ 

F u i 1  ACES 87 68 127 
Minimum ACES 96 99 130 
Gas heat & hot water, e l e c t r i c  P,C 140 111 133 
Oil heat, e l e c t r i c  AC and h o t  water 174 142 223 
Air/air heat pump, e l e c t r i c  h o t  water 176 140 265 

e l e c t r i c  AC 272 189 384 
Resistance heat rX h o t  wa Ler , 

aAs~umes a 30% efficiency in generating and transmitting e l e c t r i c i t y  

bilerived from Reference 1 2 .  

t o  home. 



A subcontracted study (13) by the Research ~ o ~ ~ ~ d ~ ~ i ~ ~  o f  the N a t i o n a l  
Associatian o f  Womebui lders ( N A H B )  has concluded t h a t  the ACES i s  ecm- 
pa t ib le  w i t h  all popular house types. We have s ~ ~ b s ~ ~ u ~ ~ ~ ~ ~  rssed the 
technical data generated in the Knoxville f a c i l i t i e s  t o  est i i i i a te  the 
appl i i c a b i l  i t y  o f  the ACES as a conservation too7 t o  other regions o f  
the United States.  F ig .  6 s'raows the range of  expected annual COPS f o r  
f u l l  ACES installed i n  well-insulated 167-111 homes for d i f f e r e n t  reg.iuns 
of the country. The annual COP i s ,  o f  course, a di rec t  measure of the 
services delivered with respect t o  ener y purchased, arid as such ref lects  
b o t h  t he  needs o f  the house and the design o f  the system which provides 
the services. 

In the calculations used t o  generate these COPS, a high-perfor- 
mance ACES mechanical package, op t i i na l  l y  installed and operated, wi.'eh 
l i t t l e  cycling losses during the winter3 was assumed, A11 pumps and 
fans are assumed t o  be o f  the h?ghest e f f i c i e n c y  obtainable, and the 
energy losses from the  pumps arid f r om the compressor are assumed t o  be 
vented i n t o  the house during the winter and rejected t o  the outdoors 

2 

ring the su~mner. 
i n s u l a t e d  t o  R-40. 
a s  follows: 

The ice storage b i n  i s  assumed t o  be belaw grade and 
The systerri rnodal COPS used in the calcirlations a re  

Heating season COP = 2.55 
Stared ice cooling COP = 12.7 
Summer water heating COP = 2.65 

B i n  heat rejection COP = %*09 
As Fig. 6 shows, t h e  annual COPS f o r  fu l l  AGES residentid1 ins t a l -  

la t ions range from a ?ow o f  about 2.0 in same southern s ta tes  t o  a high 
o f  a b o u t  3.4 i n  the eask-central pavt  o f  the eoun2;r.y. 
appear inpractical  f o r  ACES appl i cations southern Florida and p a r t  o f  

of appreciable space heating 1 oads b t  they rnight  benef-i t from d i urrral 
summer cool ing load management using ice  storage/heat pimp systems e 
For minimum ACES i n s t a l l a t ions ,  the values o f  Fig. 6 woul 
about 2.0 t o  2.9. 

Only two areas 

u l f  coast. These areas are  unsuitdble because o-f  the lack 
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To p u t  the COP values of F i g .  6 i n t o  perspective w i t h  competitive 
HVAC systems, we have calculated seasonal performance factors  f o r  a 
standard, presently available a i r - to -a i r  heat pump ( A R I  COP = 2.46 a t  
8.3°C, 1.7 a t  -8.3°C). The coinputer model used t o  calculate  the SPFs 
fo r  the a i r - to -a i r  system was validated with data taken a t  the control 
house i n  the Knoxville complex. 
Table 4,  which shows tha t  the computer model represents the heat pump 
system reasonably we1 1 .  

The validation resu l t s  a re  given i n  

Table 4. Comparison o f  calculated and measured SPFs for  an 
a i r - to -a i r  heat pump i n  a 167-m2 control house a t  
Knoxvi 1 le ,  Tennessee. 

lll_--lll_-l_- Quantity Measureda Cal CUI ated 
Heating only SPF 1 .6  1.52 
Cooling only SPF 1.6 1.49 
Annual COP (including 12R water heating) 1.4 1.35 

~- 

'For the period May 1978 t h r o u g h  April 1979. 

Following validation of the model, annual COPs for  the system including 
water heating by I R were calculated f o r  114 U.S. c i t i e s ,  and a summary 
plot o f  the r e su l t s  i s  given in F i g .  7. 

Comparison of F i g s .  6 and 7 reveal tha t  the ACES is potent ia l ly  
superior t o  the standard a i r - to -a i r  heat pump i n  a l l  areas i n  which the 
ACES can be applied. In most areas o f  the country, the ACES' annual 
COP exceeds t ha t  o f  the standard heat pump and resistance water heater 
by a fac tor  o f  two or more. I f  a desuperheater water heater were used 
instead o f  a resistance heater, the annual COPs i n  F i g .  7 would be 
increased by three or four  tenths o f  a point, s t i l l  much below t h a t  for  
the ACES. Because much research i s  currently being conducted on h e a t  
pumps, future  performance will cer ta inly exceed tha t  shown i n  F i g .  7 ,  
but even small improvements in efficiency will be very costly t o  develop. 
M ~ r e o v ~ r ,  most improvements tha t  one can visualize for  the a i r - to -a i r  

2 
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heat pump will also benefit the ACES, which is, o f  course, heat pump 
based" 

2 .  System design and availability. The recent development of 
a residential ACES design handbook (14) has shown that a generalized 
design methodology can be written that is applicable nationwide, and 
that graphs, tables, and approximations can be constructed which pro- 
vide time-saving computational short cuts without a significant sacri- 
fice in accuracy. Reference (14) contains ACES theory as well as other 
information necessary to design and size rapidly a wide variety of 
annual cycle energy systems. 

tion that the necessary mechanical packages (compressor, heat exchangers, 
air coil, etc.) are fabricated and available from manufacturers. 
is not currently true, although a few companies now produce plate type ice 
maker heat pumps in small commercial sizes. All o f  the components 
necessary for the system can be purchased, however, and a dedicated 
individual with knowledge of refrigeration technology could, i n  principle, 
fabricate an ACES. 
must await greater participation by manufacturers and distributors. 

two ice formation systems can be used in the ACES, the brine-chiller and 
the plate type ice-maker. 
maker would enjoy a thermodynamic advantage over the brine-chiller, 
because o f  elimination of the intermediate brine loop and of thinner ice 
at the  heat exchanger, have not been borne o u t  in practice. 
systems operate with nearly equal efficiencies; the evaporation and 
condensation temperatures under operating conditions are very similar 
for the two systems. The degradation o f  performance expected from 
the thicker ice characteristic of the brine-chiller is compensated 
for by the larger ice-water surface area for heat transfer as the ice 
logs grow in diameter and by the lower temperature differential across 
the walls of the heat exchanger. 

also failed to materialize. The ice-maker system requires no ice-bin 

The residential ACES design handbook is predicated on the assump- 

Phis 

However, widespread utilization of the ACES concept 

3. Brine-chiller versus ice-maker. .- As indicated in Section 11, 

Early intuitive expectations that the ice- 

The two 

Another advantage expected of the ice-maker, this one economical, 
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co i l s ,  with t h e i r  attendant material , fabricat ion and in s t a l l a t ion  cas t s ,  
and hence should be cheaper. 
energy the ice-maker requires a bin more than twice the s i ze  of the 
br ine-chi l ler  system because ( 1 )  the ice  packing f rac t ion ,  o r  f rac t ion  
o f  to ta l  bin volume occupied by the ice  when most closely packed, i s  
about one-half t h a t  o f  the sol id  ice  formed on the c o i l s ,  and ( 2 )  the 
heat leakage i n t o  the resul t ing larger  b i n  i s  enhanced because of the 
greater  area exposed t o  the warm g r o u n d  by the walls and f loor  of 'I;k 

tank. 
the cost  o f  co i l s  in the brine c h i l l e r  system as  shown in Fig. 8, 
which i s  a plot  based on climatic data f o r  110 U.S. c i t i e s  of estimated 
ice-maker i n i t i a l  system cos,ts r e l a t ive  t o  the brine c h i l l e r  ( the  hori- 
zontal l i n e )  as  a function o f  bin s ize .  For the smaller bin (5-15 m ) ,  
the ice-maker system costs exceed the brine c h i l l e r  costs by only a f e w  
percent, b u t  f o r  larger  s izes  the dispar i ty  m y  reach 30% or more. 

We have operated a prototype br ine-chi l ler  system fo r  more than 
two years a t  the ACES house in Knoxville. 
and re l iab ly  throughout t h i s  period. 
w i t h  ice-maker systems in the f i e l d ,  although we have pursued their 
development f o r  a number o f  years in the laboratory. 
has led t o  a simplified ice-harvesting system (essent ia l ly  f ree  of 
energy penalty) t h a t  shows promise w i t h  respect t o  r e l i a b i l i t y  and corn- 
pressor longevity, b u t  extensive t r i a l s  in the f i e l d  have n o t  been con- 
ducted. However, s i  tice there  appears t o  be 1 i t t l e  or no engineering o r  
economic advantage t o  the ice-maker system, there i s  l i t t l e  incentive 
a t  t h i s  time t o  pursue i t s  development fur ther .  

progress t o  date,  a number o f  engineering areas s t i l l  need development 
o r  t es t ing .  

I-lowever, t o  store an equivalent amount of 

The added cost  of  the extra storage volume more than balances 

3 

I t  has performed e f f i c i en t ly  
We do n o t  have siiii-ilar experience 

Recent research 

4. Areas fo r  technical improvements. In s p i t e  o f  engineering 

a. While experience has been gained with individual 
components, t o t a l l y  integrated m i n i m i i m  ACES systems 
(mechanical package, so la r  pane? , storage bin, and 
system control ) have n o t  been assembl ed o r  f i e l d  
tes ted.  Minimum systems o f  fer a somewhat greater  
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b .  

C.  

d .  

technical challenge than  f u l l  ACES systems because 
they place a greater reliance on supplement.al 
sources of heat. 
Supplemental heat collecting systems, used f o r  
A C E S  operation i n  northern areas to  n ? P l t  
unneeded i ce ,  a r e  in need o f  -fdr'-her development. 
Solar sources, the iiiost widely used and studied, 
a r e  expensive, prone t o  malfunction, and  weather 
dependent. Optional sources, such as  ground or 
air/water s p l i t  evaporators, need t o  be evaluated 
fo r  possible use in the ACES concept. 
The i ce  storage b i n  i s  an indjspensable component 
of the A C E S ,  and i t  i s  a l s o  a major  source o f  the 
increased capital  costs incurred by t h e  system. 
Construction concepts t o  lower costs and t o  p ro -  
vide more e f f i c i e n t  use of the energy storage 
space available need to  be developed. 
Other schemes fo r  decreasing capital  and operating 
costs w i t h o u t  u n d u e  s a c r i f i c e  i n  energy efficiency 
need t o  be evaluated. 
(1) the configuration o f  the brine-chiller system 

t o  use the heat pump t o  provide energy from 
the outside a i r  t o  heat space a n d / o r  t o  melt 
excess ice  when outside teiiiperatures warrant 
i t ,  and 

Examples of these a re :  

( 2 )  the u t i l i za t ion  of a small storage tank i n  
conditioned space t o  s to re  heat i n  winter 
and cold i n  summer, b o t h  from nighttime, 
possibly off-peak, compressor operation. 

B.  Economic Feasibi l i ty  .." 

A t  the present time, t h e  prototype status of ACES,  combined w i t h  
i t s  need fo r  peripheral components (storage b i n ,  supplemental hea t  
source, e t c . )  not required by conventional systeriis, makes i t  i n i t i a l l y  
more costly t h a n  conventional SySteiTlS. The ACES l i f e  cycle costs ,  how- 
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ever,  a r e  comparable w i t h  those of a l te rna t ive  conventional systems. 
The ACES benefits  make i t  worthwhile t o  invest igate  ways t o  remove i t  
from prototype s t a tus  and t o  lower as f a r  as possible a l l  incre- 
mental costs.  The benefits  foreseen are:  to  the country, a potentially 
s ign i f icant  reduction i n  the use of c r i t i c a l  fo s s i l  fue ls  and a commen- 
surate decrease i n  an  unfavorable balance of t rade;  t o  the u t i l i t y ,  a 
tool f o r  load management, b o t h  seasonal and diurnal ,  and an opportunity 
t o  serve more new customers f o r  a given addition t o  generating capacity; 
and, t o  the homeowner, lower u t i l i t y  b i l l s .  

Table 5 gives some estimated mature system costs and energy savings 
data f o r  New York City, a c i t y  in which weather and fuel cost  conditions 
a re  favorable f o r  ACES. We compare a f u l l  ACES t o  an a i r - to-a i r  heat pump 
because the heat pump is  more e f f i c i e n t  than resistance heating w i t h  
e l e c t r i c  a i r  conditioning. 
u t i l i z i n g  natural gas a t  prices prevailing mid-1979. 

buy and i n s t a l l  than the competing heat pump, b u t  saves $882 per year 
i n  fuel costs a t  present prices.  
year gives a simple payback period o f  9 years.  Table 6 gives similar 
information f o r  the same c i t y  f o r  the minimum ACES. 
mental cost  i s  $7,735, the annual savings $865, and simple payback 
period again about 9 years. For the min imum ACES, the bin costs a r e  
lower, b u t  the so l a r  panel costs  a r e  higher. 
the f u l l  and m i n i m u m  ACES have nearly identical  performnce and economic 
properties. 

f u l l  ACES t o t a l  cost  would have t o  be reduced by about $3,500, assuming 
the same performance and the same fuel prices,  o r ,  a l t e rna t ive ly ,  e l e c t r i -  
c i t y  costs i n  New York would have to  increase to  12$/kWh. 
ACES,  the reductions would have t o  to t a l  about $3,400. 
potent ia l ly  reducible cost  items a re  the storage tank and co i l s  a n d  the 
so l a r  panels, which to t a l  $6,044 f o r  the f u l l  ACES and $5,804 f o r  the 
m i n i m u m .  
items would b r i n g  the to t a l  cost  o f  the system i n t o  a range yielding a 
reasonable simple payback period. 

The ACES would not f a re  as well against  systems 

Table 5 shows tha t  i n  New York the f u l l  ACES costs $7,935 more t o  

D i v i d i n g  the costs by the savings per 

Here the incre- 

For t h i s  geographic a rea ,  

To achieve a payback period o f ,  say, f i v e  years i n  New York, the 

For a m i n i m u m  
The major 

A reduction of about 40% i n  the projected costs  f o r  these 
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Table 5. Cost and energy savings data f o r  New York, New York 
( e l e c t r i c i t y  costs assumed to be 6.65 $/kWh) 

Air-to-air Difference I tern Full ACES 
.......... ........ .- 

System Costs : 

Mechanical package 
Storage tank 
In-bin co i l s  
Solar panels 
Hot water tank 
Control system 
A u x i  1 i a ry  pumps 
D M c tw o r k 
Backup system 
Mi sce l l  aneous 

Total s 

$ 2,616 
2,386 

558 
3,100 

150 
300 
0 

1,000 
90 

1,100 
$11,300 

$2 I65 
0 
0 
0 

150 
50 

0 
a ,000 

0 
0 

$3 365 
____..... 

$ 451 
2,386 

558 
3 , 100 

0 
250 

0 
0 

90 
- 1,100 
$7,935 

........ 

Energy use, I:Wh/yr 9,400 22 ’p 666 13,256 

Energy cos t ,  $/yr 625 1,507 882 

Table 6. Cost and energy savings d a t a  For New York, New York 
( e l e c t r i c i t y  costs assumed t o  be 6.65 $/kWh) 

Mi nimrrin Air-to-air  Difference 
....... ......... ACES .................. heat-!!!P - 

Item _ 
System Costs : 

Mechanical package 
Storage tank 
In-bin c o i l s  
Solar panel s 
Hot water tank 
Control sys tern 
Auxi 1 i a ry  pumps 
D u c two 1” k 
Backup system 
Miscellaneous 

Total s 

$ 2,515 
1,904 

0 
3 , 900 

150 
300 
100 

1,000 
90 

1,040 
$11,100 

$2,165 
0 
0 
0 

150 
50 
0 

1,000 
0 
0 

$3,365 

$ 451 
1,904 

0 
3 , 900 

0 
250 
100 

0 
9c1 

1,040 
$7 , 735 
-. 

Energy use, kWh/yr 9,660 22 666 13,006 

Energy cost ,  $/yr 642 1,507 865 
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The Energy Tax Act o f  7978, as modified by the Crude Oil Windfall 
Prof i t  Tax Act of 1980, provides f o r  a 40% federal income tax c r e d i t  
on the f i r s t  $10,000 of costs f o r  so l a r  systems, f o r  a maximum tax 
c red i t  of $4,000. 
believe to  be equally as  beneficial t o  energy conservation as so l a r ,  
the simple payback period, with respect t o  the a i r - t o - a i r  heat pump, 
could be reduced t o  6.0 years f o r  the f u l l  ACES, even i f  other cost  
reductions were not made, and assuming the same c red i t s  applied t o  
the heat pump. 
the ACES payback period would decrease t o  4.5 years. In addition, 
several s t a t e s  have tax c red i t  programs f o r  conservation measures. 
California law, for example, provides a 55% income tax c red i t  up  t o  
a $3000 maximum f o r  so la r  system cos ts .  
applied t o  ACES costs in the New York area ,  a f t e r  federal c r ed i t s ,  
the payback period would drop t o  3.8 years i f  the c red i t  a l so  applied 
t o  the standard heat pump, and t o  a very a t t r a c t i v e  2.6 years if  i t  
d i d  not. 
m i n i m u m  ACES, i n  the example under consideration, would be almost 
identical  t o  t h a t  f o r  the f u l l  AGES. 

I f  a similar c r ed i t  were applied t o  ACES, which we 

I f  the c r e d i t  d i d  no t  apply t o  the standard heat pump, 

I f  a s imilar  c r e d i t  were 

The e f f e c t  o f  tax c red i t s  on the payback period o f  the 

In addition t o  simple payback calculations,  the economics of any 
two HVAC systems can be compared f o r  any given period. The r e s u l t  
can be expressed by a coeff ic ient  of economics (COE) , which i s  the 
r a t i o  of the present worth of a selected "base" system t o  the present 
worth of the system which i s  t o  be compared, o r  "new1' system. This i s :  

Present Worth, Base System 
= Present Worth, New System 

In t h i s  expression, the "present wor th"  o f  a system i s  defined as the 
t o t a l ,  i n  today's do l l a r s ,  o f  the investment ( c a p i t a l )  cos t ,  plus the 
yearly fuel consumption times the present fuel cost  times a present worth 
factor  plus the present worth o f  a l l  maintenance costs.  
worth f a c t a r ,  given by: 

The present 
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r e l a t e s  the real fuel escalation r a t e  i , the real discount r a t e  d ,  and  the 
presumed system l i fe t ime N .  I n  essence, the presen-t wor th  o f  a system i s  
the number of  today's dol lars  t h a t  would be required t o  prepay a l l  owning 
and operating costs f o r  the l i f e  o f  the system. 
t ions ,  the real cost  escalation r a t e  fo r  e l e c t r i c i t y  was assumed t o  be 
0.02, while the real discount r a t e  ( o r  cos% o f  money) i s  assumed t o  be 
0.04, or 4% above t h e  inf la t ion r a t e .  T h e  presumed l i fe t ime,  N, i s  20 
years. Under these assumptions, the present worth factor  i s  16.41." 

The base system used i n  t h i s  analysis i s  a properly-sized air-source 
heat pump o f  conventional performance ( A R I  r a t i n g  COP = 2.46 a t  8 . 3 " C ) ,  

combined w i t h  an  e l e c t r i c  water heater. This  base system i s  capable of 
providing the  satne heating, cooling and hot water services t h a t  an ACES 
can provide. Other base systems could be used, 

heat pump system for- 15 representative U.S. c i t i e s ,  assuming power. costs 
of 44: and 7t/kWh a n d  20-year l i fe t imes,  The f i r s t  cowfiguration was the  
f u l l  ACES, and the engineering r e su l t s  a r e  given i n  Table 7 ,  the economic 
r e su l t s  i n  Table 8. As expected, the ACES was superior i n  annual 
efficiency (ACOP) t o  the base system i n  a l l  c i t i e s  considered. W i t h  
respect t o  econoinnics, the f u l l  ACES was marginal a t  4$/kWh, b u t  enjoyed 
a d i s t i n c t  competitive edge a t  7$/kWh. 

as t o  be most economically coiiipetitive w i t h  the base system, provided 
tha t  the ACES could n o t  provide less  storage than t h a t  associated w i t h  
a defined l'minimum'l ACES (see Section 11). Because of the paramount 
importance o f  f i r s t  costs,  the "most economical" ACES i s  often a l s o  the 
m i n i m u m  ACES. I n  Table 9, minimum ACES ACOPs a re  somewhat lower ti-an 
those of the f u l l  ACES, b u t  s t i l l  very much be t t e r  than those of the 
base system. 
(Table l o ) ,  b u t  e l e c t r i c i t y  prices of 4$/kWh a r e  s t i l l  too low t o  
encourage consumer acceptance o f  the concept. 

I n  the present calcula- 

Two ACES configurations were evaluated w i t h  respect t o  the base 

The second ACES configuration evaluated was one which was sized so 

The economic s t a tus  o f  the ACES has improved somewhat 

*A more detailed report on the comparative economics of several 
HVAC systeiiis i s  presently under preparation. 
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Table 7. Calculated Engineering Data f o r  a Brine Chiller F u l l  
ACES and an Air/Air Heat Pump System with 
Hot Water Heating, Each in a Well-Insulated 167-m 
House. 

Elec t r i?  

_.._ _____._.._I _- 
Ice Solar ACES 

Ait-/Air ACES Bin Vol Panel Energy Use 
ACOP ACOP ______I. (M3) (M2) ( k\dh ) .._._ City 

Denver, CO 1.32 2.85 38 11 9270 
Atlanta, GA 1.36 3,03 68 0 6733 
Boise, ID 1.39 2.91 19 73 8711 
Indianapolis, IN 1.34 2.96 71 8 8890 
Mi nneapol is, MN 1.23 2.87 40 94 11,660 

Kansas City, KS 1.36 3.42 109 0 74 24 
Syracuse, N Y  1.31 2.86 38 45 9881 
Oklahoma City, OK 1.37 2.99 84 0 7904 
Phi 1 adel phia, PA 1.38 2.99 60 10 7984 
Knoxville, TN 1.37 3.18 70 0 6437 

Nashville, TN 1.35 3.21 81 0 6897 
Houston, TX 1.36 2.0% 19 0 10,679 
R i  chniond, VA 1.37 3.14 75 0 6670 
Seatt 1 e, WA 1.44 2.77 12 1 5 7346 
Madison, W I  1.28 2.88 43 57 10,895 
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Table 8. Calculated Economics F o r  F u l l  ACES. Coefficients o f  
Economics Relative t o  Air/Air Heat Pump Systems w i t h  
E lec t r ic  Hot  Water Heating, 

E s t .  
Sys tern 20-yr Present Worth Full ACES- . . . ..... ̂- 

COE 

4$J kWh 7$/ kWh 

In i t i a l  Power @ Power @ ~ ___._.._. __ ...-.- 
costa 4$J kWh I$/kWh Power @ Power @ 

___ ~ ........_. c GYP-.-- $ .I_____ $ 

Denver, CO 
Atlanta, GA 
Boise,  ID 
Indianapolis, IN 
Mi nneapol i s  , M N  

Kansas City,  KS 
Syracuse , N Y  
Oklahoma City,  OK 
Philadelphia, PA 
Knoxvi 11 e ,  TN 

Nashville, IN 
Houston, TX 
Richmond , V A  
Seat t l  e , WA 
Madison, WI 

10 , 464 
9,539 

10,460 
11,542 
14 , 084 

12,213 
1 1 . 9  354 
10 , 877 
10 , 769 
10 , 013 

10 , 733 
6 , 426 
9 , 925 
7,157 

12 688 

18,511 
15,921 
18 , 141. 
19,340 
23, 701 

19 , 049 
19,813 
18 , 080 
17 , 973 
16,200 

17 ,222  
15,398 
16 266 
13,877 
21,803 

23,076 
19,236 
22 , 430 
23 , 718 
251 , 442 

22 , io4 
24 , 678 
22 , 012 
22 , 054 
19 , 370 

20 , 619 
20 , 656 
19 , 550 
17,446 
27,168 

0.97 
0.90 
0.92 
0.91 
0.96 

0.89 
0.96 
0.90 
0.89 
0.89 

0.90 
1.00 
0.90 
1.00 
0.96 

1.20 
1.13 
1.15 
1.15 
1.23 

1.15 
1.20 
1.13 
1.11 
1.12 

1.14 
1.13 
1.13 
1.17 
1.22 

a .  Total ins ta l led  system costs including ductwork. Cost o f  air /a i t -  
heat pump reference system assumed t o  be $3032.00. 
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Table 9. Calculated Engineering Data fo r  a Brine Chiller 
Minimum ACES and an AirlAir Heat Pump System 
with Electric Hot Mater Heating, Each in a 
We1 1 -Insulated 167-m* House. 

M i  n Ice Solar 
Air/Air ACES Bin Val Pan51 

City ACOP ACOP ( M3) (N ) 

Denver, C0 1.32 2.69 17 16 
Atlanta, GA 1.36 2.33 11 6 
Boise, ID 1.39 2.66 17 25 
Indianapolis, 1N 9.34 2.54 1% 27 
Minneapolis, MN 1.23 2.76 27 148 

Kansas City, KS 1.36 2.43 17 17  
Syracuse, NY 1.31 2.74 21 72 
Oklahoma City, OK 1.37 2.27 14 7 
Phi 1 adel phia , PA 1.38 2.58 17 30 
Knoxvi 11 e, TN 1.37 2.38 14 15 

Nashville, TN 1.35 2.35 13 11 
Houston, TX 1.36 1.97 6 1 
Richmond, VA 1.37 2.33 11 a 
Seattle, WA 1.44 2.73 12 15 
Madison, W I  1.28 2.72 24 93 

ACES 
Energy Use 

(kWh) 

9815 
874% 
9541 

10,377 
12,120 

10,455 
101338 
10,533 

9249 
5597 

9406 
11,247 

8978 
7346 

11,529 
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Table 10. Calculated Economics f o r  Mininiim ACES.  Coefficients 
o f  Economics Relative t o  Air/Air Heat Pump Systcrri 
w i t h  E l  e c t r i  c Hot Water Hcsti ny  . 

Denver, CO 
Atlanta, GA 
Boise, ID 
Indianapolis, IN 
Mi nneapol i s  , M N  

Kansas City, KS 
Syracuse, N Y  
Oklahoma City, OK 
P h i  ladel p h i a ,  PA 
Knoxvi 11 e ,  TN 

Nashville, TN 
Howston, TX 
Richmond, VA 
Seattl  e ,  WA 
Madison, WI 

sys tern 
I n i t i a l  
c o s t a  

_I_. ( $ 1  . __ -. 

9299 
7089 
8991 
9295 

15,310 

8754 
11,319 

7965 
9036 
7 688 

8055' 
6103 
7174 
7426 

12,891 

2 0 - y r P re  s e n t \iJ o r t ia Mi nirnum ACES .......... 
Power 8 Power 3- ______ .. COE ___ 
4$/ kWh 7 t j k W h  Power 0 Power 8 

17,705 22,538 1 - 0 1  1.73 
14 795 19,107 0.133 1.14 
17,217 7 1 , 9 1 5  0.97 1.17 
18,069 23,178 0.98 1.18 
25,223 31,197 0 .91  1.16 

17,579 22,727 0.97 1.15 
20 5 068 25,158 0.95 1.18 
16,842 22,028 0.97 1 .13  
17,070 21,624 0.93 1.13 
15,293 19,527 0.94 1.11 

16,196 20,827 0.95 1.13 
15,449 20,987 0.99 1.11 
15,030 19,451 0.97 1.14 
14,219 17,827 0.96 1 .15  
22,421 28,098 0.94 1.18 

a.  'Total ins ta l led system costs inc l r~ l ing  ductwork. Cost o f  instal led 
a i r / a i r  heat pump reference systein assumed t o  be $3032.09. 
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For comparison purposes, the performance and economics o f  s i x  
di f fe ren t  e l ec t r i ca l ly  based systems were calculated for a single c i t y ,  
Knoxville, Tennessee, aga in  a t  power costs of 44: and 7$/kC\Jh. 
systems compared were (1)  e l e c t ~ i c  furnance, e l e c t r i c  a i r  conditioning 
and e l e c t r i c  resistance ( I  R )  h o t  water; ( 2 )  the base system, which was 
an a i r - la i r  heat purrip with I R h o t  water; (3)  advanced a-irbair heat pump 
with I R hot water;(4) present-day high performance a i r l a i r  heat pump 
w i t h  desuperheater h o t  water; ( 5 )  minimum ACES; and ( 6 )  fu l l  ACES. 
The annual COP and e l ec t r i ca l  energy consumption o f  each o f  these 
systems are  l i s t e d  in Table 11. The two ACES canfiqurations consume 
less  e l e c t r i c i t y ,  on an annual basis, t h a n  any of the other systems, 
while delivering the same house loads. 

A t  ?$/kWlh, the two ACES configurations a re  economically superior,  on a l i f e -  
cycle basis,  t o  a l l  other e l ec t r i cz l ly  driven systeins considered. The 
advanced a i r l a i r  heat pump with a desuperheater will have a COE of about 
1.16,  making i t  an economically a t t r ac t ive  a l te rna t ive .  However, i t  is 
anticipated tha t  the COE o f  the ACES can be improved by reducing f i r s t  
costs. 
advanced system, which will have an estimated annual COP of  about 1.80. 

T h u s ,  w i t h  the ACES,  the i n i t i a l  costs are large and  the payback 
periods a re  re la  Lively 1 ong However, the annual benefits beyond t.he 
payback period will be appreciably greater  than  fo r  the a l te rna t ive  system 
considered, and the cumulative benefit over the l i f e  o f  the system i s  for 
ACES a l s o  much greater .  In addition, even in the l i f e  cycle cost  analyses 
made above, the ACES i s  perhaps bea’ng penalized unjustly. No cred i t  i~ 
given for  “salvage” value, The ice storage b i n  accounts fo r  about 30% 
o f  the increniental costs f o r  the ACES, and was assumed t o  have a l i f e -  
time of 20 years. I n  pract ice ,  however, the b i n  wi l l  l a s t  a s  long  as the 
house - i t  would be made o f  steel-reinforced concrete and insulated w i t h  
h i g h  grade materid1 - and i t  wein5 reasonable t o  assume t h t i t  energy storage 
will be a s  va’luat, e in twenty years as  i t  i s  today. 

The 

2 

2 

2 

The economic evaluata’on o f  the s ix  sys tem i s  given i n  Table 12. 

The ACES will continue t o  save appreciable energy even over t h i s  

V ,  COMMERCIAL ACES 

The appl icabi l i ty  of AGES i n  large co erc ia l  buildings depends ti~ore 
upon t h e  design and use o f  the par t icular  building than i t  does upon i t s  
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Table 11. Estimated energy consumption o f  W A C  systems 
(Knoxville, 

Annual Energy 
ACOP Usage (kWh) __ "iY!,S-K?Y?JXrn-. . ... . . . . . . 

1. El e c t r i  c furnace , 
e e c t r i c  a i r  conditioning, 
I 1 I? h o t  water. 

b 2. A/A heat pump (2 .46 )  , 

3. A/A heat  pump (3.20) , 

4. A/A heat pump (2.75) , 

1% hot water. 

I 2R h o t  water. 
b 

b 
desuperheater h o t  water. 

5. Minimum ACES, 
bri ne chi 11 er type. 

6. Full ACES, 
brine c h i l l e r  type 

1 . l I, 18 , 400 

1.37 14 , 928 

1.54 13 , 273 

1.62 12,669 

2.38 8,557 

3.18 6,437 

...... 
2 a. Well-insulated, 167-m single-family residence with annual loads 

o f  8,942 kWh, 6,835 kWh and 4,710 kWh fo r  space heating, space 
cool i ng and water heating , respectively . 
A R I  rated steady-state COP a t  +8.3OC. h.  
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Table 12. W A C  system r e l a t i v e  20-year economics (Knoxville, Tennessee)a 

20-Year PresentC 
System Worth ( $ )  a t  

Cost Power Costs of 
._l_.l_l_ 'Type of System _l_______-ll_ ( a >  ~ 44/kWh 7$/kWh 

1. Electr ic  furnace, 2933 15818 24878 
e l e c t r i c  a i r  
conditioning, 
12R hot water. 

12R hot water. 

1 2 R  hot water. 

2. A/A heat pump (2.46)b, 3032 14376 21 727 

3 .  A/A heat putrip (3.20)b, 3492 13749 20284 

4. A/A heat pump (2 .75)b ,  3422 13537 19778 
desuperheater hot 
water. 

5. Minimum ACES, 7688 15293 19526 
brine c h i l l e r  type. 

6. F u l l  ACES, 10013 16200 19370 
brine c h i l l e r  type. 

Coefficient of 
Econotiii cs ( C O E )  
at Power Costs o f  
4$/ kWh 7&/kWh 

0.91 0.87 

._.--_-_-__-.__..-----I--- 

1 .oo 1 .oo 

1.05 1.07 

1.06 1 . l o  

0.94 1 . l l  

10.89 1.12 

a .  Well-insulated 167-m2 single-family residence w i t h  annual loads o f  
8,942 kWh, 6,535 kWh and 4,710 kWh fo r  space heating, space cooling 
and water heating, respectively. 

11. A R I  steady s t a t e  COP rating a t  +8 .3 "C ,  

c .  The 20-year present worth values include maintenance costs ,  and 
a present worth factor  o f  16.41 is  assumed. 
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geographical location. Because of h i g h  internal loads, i n  most large o f f i ce  
buildings, the cooling loads a re  higher than the heating loads. This c i r -  
cimstancc, coupled w i t h  the disproportionately low requirement f o r  h o t  
water, as compared t o  residential  i n s t a l l a t ions ,  greatly reduces the pos- 
s i b i l i t y  f o r  interseasonal t r ans fe r  of energy in large amounts. 
applications,  however, such as motels, hotels,  restaurants,  and hospitals,  
the use of ACES may be very a t t r ac t ive .  

pump based H V A C  system w i t h  enough ice  storage t o  be called an ACES i s  the 
VA's Nurs ing  Home in Milmington, Delaware (see Section 111 B ) .  
system, which barely qual i f ies  as a " m i n i m u m "  A C E S ,  has not been in operation 
long enough t o  generate any real data w i t h  respect t o  energy conservation. 
There a re ,  however, reasons t o  conclude t h a t  ACES in coi-nmercial buildings 
will be a viable technology i n  those cases where building usage and c l i -  
matic factors  combine t o  give a favorable balance of heating and cooling 
loads. 

For special 

To o u r  knowledge, the only commercial-sized in s t a l l a t ion  of a heat- 

Even t h i s  

These reasons a re  discussed on the following pages. 

A. Technical .......... Considerations 

The Honeywell economic study ( 1 2 )  indicates t ha t  the ACES can save 
2 primary fuel usage i n  a typical 5574-m o f f i ce ,  as  shown i n  Table 13. 

Certain other types o f  buildings, such as hospital s , hotels , motels and 
restaurants,  should do  even be t te r ,  because they generally have appreciably 
higher hot water loads, and t h u s  bet ter  loads balance. 

Table 13. Annual primary fuel usagea ( i n  G I )  f o r  different  
HVAC systems i n  a typical 5574-mZ o f f i ce  building. 

..-.I HVAC Sys-Lgm .......... Philadelphia Atlanta Mitineapol i s  
Full ACES 2,448 2 , 680 2,026 
Minimum ACES 3,049 2,886 2,553 
Gas heat & hot water, e l e c t r i c  AC 3 , 280 3,320 2 760 

Oil heat, e l e c t r i c  AC R h o t  water 3,102 3,218 2,617 
Resistatice heat & hot water, 

e l e c t r i c  AT, 4 009 4 , 389 4,220 

aAssurnes 30% efficiency i n  generating and delivering e l e c t r i c i t y  t o  building. 

bDeri ved from Reference 1 2  
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HVAC systems for large buildings are  custom designed and assembled 
by contractors accustomed t o  dealing with sophisticated systems, so an 
ACES should present no insurmountable problems t o  them. 
components of the mechanical package, such as  compressors, pumps, 
refr igerant  valves and the l i k e ,  a re  presently available in a number o f  

sizes  from commercial manufacturers, b u t  the outdoor  a i r  co i l s  are not .  
The commercial ACES design handbook, now under development, will lead 
the A / E  t o  the appropriate configuration o f  systems, and once the ACES i s  
instal led and operational,  the professional building s t a f f  will be 
available t o  keep the system in operating condition. 

B. Economic Considerations 

Some mi;jor 

Since the components necessary f o r  commercial-sized ACES a re ,  i n  
the main, standard pieces of equipment, they a re  available from coni- 
mercial manufacturers (Carr ier ,  Trane, York, and others)  a t  competitive 
prices.  I n  addition, since both the heating and cooling outputs o f  the 
ACES heat pump a re  u t i l i zed ,  to ta l  system costs may be lowered because 
i t  i s  n o t  necessary t o  i n s t a l l  one system for heating and another fo r  
cooling. Large users of e l e c t r i c i t y ,  such as building operators, can 
take advantage of the ACES' capacity t o  s h i f t  loads (both heating and 
cooling) t o  off-peak, and t h u s ,  t o  times of lower energy costs .  They 
can also dras t ica l ly  reduce the impact of demand charges by operating a 
system of constant capacity and efficiency, with l i t t l e  need t o  resor t  
t o  high-demand back-up systems d u r i n g  periods o f  unfavorable weather. 
Because of i t s  energy storage features ,  the ACES can be used effect ively 
t o  manage a building's internal loads, moving waste heat from one area for  
use as needed a t  another time o r  place. 

An important conclusion of the Honeywell study of ACES ecoriomics 
(Ref. 1 2 )  i s  t h a t  some configurations of commercial-sized A C E S  are  
economically conipetitive w i t h  conventional systems a t  today's pr ices ,  
and tha t  competitive position will improve with time. 
referred t o  the Honeywell report for  de ta i l s .  

The reader is  

VI. FUTURE POTENTIAL FOR ACES DEVELOPMENT 

The engineering resu l t s  presented i n  Section IV.A.1. lead t o  the 
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conclusion tha t  few, i f  any, technological a1 tertiatives show as much 
promise as ACES f o r  future  energy conservation in the heating and cool i n y  
of buildings. The Department o f  Energy, t h r o u g h  i t s  Office o f  Buildings 
and Community Systems, has, in addition t o  i t s  ACES program, undertaken 
a vigorous program for  the development of other heat yunip systems. 
area of e l e c t r i c  heat pumps, the goals for t h e s e  are  increases of 25 t o  
40% in the heating SPFs over those cur rer t ly  obtained in s t a n d a r d  practice.  
The ACES would, howe\ier, increase annual e f f ic ienc ies  by two or three h u n -  
dred percent over competing e l e c t r i c  sysLeiiis 
t ions o f  heat pump systems t h a t  do n o t  provide storage. 
improvements i n  standard heat pump efficiency and r e l i a b i l i t y ,  such as 
bet ter  compresso;r design, gas-fired o r  Stirling-engine-driven con-figura- 
t ions,  o r  the use of other than the Carno t  thermodynamic cycles,  will 
a1 sc. benefit  .the A C E S .  

I n  the 

incl udincj the new genera- 
Most future  

The f a c t  remains, o f  course, tha t  s t r o n g  motivation must ex i s t  
before a society will  ado@ a new technology in place of an old and 
famil iar  one. 
appears t o  be money. A t  t h e  present time, heat pump systems of fer  a 
l i fe-cycle  savings o f  about 20% over e l e c t r i c  resistant? systems, and 
appear t o  be receiving increased public acceptance. So too ,  the ACES, 
n o t  withstanding i t s  "good f o r  the nation" advantages in the saving o f  
c r i t i c a l  fue l s ,  must carry de f in i t e  economic advantages as well. 

The strongest and most pers i s ten t  motjvat'itig force 

Closer approaches t o  the absolute eff ic iency 1 iinits of the the rm-  
dynamic cycles upon which heat pump technology i s  based will be small and 
only painfully derived. 
enhanced appreciably i f  losses o f  usable energy can be reduced, o r  i f  
system front-end (capi ta l  ) costs can be substantial  ly  decreased. 
present energy pr ices ,  i t  appears t h a t  front-end costs s h o u l d  be reduced 
even i f  i t  en t a i l s  some sac r i f i ce  in oper8t.ing efficiency. 
sections describe areas i n  which research and development z l o n g  these 
l ines  are  contemplated. 
A. -. Irgrovements - ..._..... i n  System DesiJn ..~.. 

I t  i s  anticipated tha t  ACES will  benefit  from any s igni f icant  improve- 
ments in t h e  thermodynamic e%ficiencies  o f  refrigeration equipment, b u t  i t  

Future economic returns for  the ACES can be 

At 

The following 
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is  also possible tha t  bet ter  ways t o  configure and apply the ACES concept 
can be found. 
performance, and determine i t s  r e l a t ive  economics. These programs will be 
used t o  identify building types, system control s t r a t eg ie s ,  and a1 ternat-ive 
system configurations t h a t  will maxiniize both energy conservation and 
economic at t ract iveness  fo r  ACES in a given geographic location. 

Computer programs a re  now available which can mode? ACES 

One such poss ib i l i ty  i s  the configuration of the ACES to take 
greater  advantage of  time-of-day ra tes  should they become more common. 
Under present design, the fu l l  ACES can contribute t o  u t i l i t y  load leveling 
on a seasonal basis,  and can be used fo r  summer diurnal load management 
a f t e r  the stored ice i s  depleted. Recent analyses of the economics o f  
diurnal storage have indicated, however, t h a t  the procedure has i t r  
drawbacks. 
the ( s ign i f icant )  heat leakage from the surrounding earth into the large 
storage bin and fo r  the hea t  losses from the compressor, the pumps, and 
the fan motors into the conditioned space. This r e su l t s  i n  practice in 
a daily cooling COP l ess  than t h a t  o f  a conventional central a i r  conditioner. 
However, by the inclusion of a small storage tank, within the -1____.-1_ conditioned 
space, two advantages might accrue. I f ,  o r  when, time-of-day ra tes  become 
avai lable ,  the compressor could be operated during the winter-time off-  
peak hours t o  s tore  enough hot water, from the high-side output of the 
heat pump, t o  provide a l l  daily space and water heating needs. Any heat 
leakage from the small b i n  would be into conditioned space, where i t  i s  
needed, and no energy would be wasted in storage. 
from compressor operation would be stored, as  before, in the large b i n  
f o r  summer use. 

Each day enough extra ice m u s t  be made t o  compensate fo r  b o t h  

The ice by-product 

I n  the surrnner, a f t e r  the stored ice  i n  the large bin i s  depleted, the 
compressor will again operate off-peak, and the cold-side output would 
be stored in the forin of ice in the small b i n  f o r  a i r  conditioning as 
needed. As i n  previous summer load management schemes, the high side 
o u t p u t ,  i f  not needed for domestic h o t  water, wauld be rejected t o  the 
outside a i r .  Again, since the small tank will be i n  conditioned space, 
any heat t ransfer  from the house into the bin t o  melt i ce  will r e su l t  i n  
cooling the house, a desired condition. 
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This diurnal load level ng scheme will probably be of ecorrnniic beme- 
f i t  t o  the homeowner only i f  time-of-bay ra tes  with s ign i f icant  on-peak/ 
off-peak d i f f e ren t i a l s  come nto being, 
r a t e s  a re  f a r  from cornnion, they may become f a r  more prevalent i f  the cos t  
of new generating capacity by the u t i l i t i e s  con.l;itnues t o  increase a s  i t  
has in the l a s t  several years. 

B. Changes in Storage Tank Design 

Although a t  t h e  present t-iriie such 

Storage tanks a re  a necessary component of the ACES, b u t  storage 
needs d i f f e r  in t h e  winter from .thosi! in suinnier, and they d i f f e r  from 
region t o  region as well. 
able in the t a n k  t o  serve as a heat source, and a smaller tank will s u f -  
f i c e  t o  provide the necessary energy i f  the tank i s  designed t o  enhance 
g r o u n d  heat flow th rough  the walls t o  melt ice.  In  the summer, however, 
the retention of ice  t o  provide cooling beconies t h e  major consideration. 
Hence, in summer, a well insulated tank i s  needed t o  prevent the melting 
of ice  by ground heat. 
as fa r  as  the insulating qua l i t i e s  of the tank wall a re  concerned. To 
date ,  no e f f o r t  has been directed at; modeling and tes t ing  an underground 
uninsulated tank, containing within i t  a well-insulated smaller bin. 'The 
uninsulated tank could, perhaps, be coupled with additional ground heat 
input systems t o  fur ther  decrease the needed volume (see below). 

Development o f  Supplementary ... ..... . .. ._. lieat .-. Sources 

The purpose o f  the supplementary heat source system i s  t o  supply 

ACES work t o  date on t h e  heat input 

These panels and t h e i r  

I n  the winter, unfrozen water must  be avai l -  

I Ihe two needs, heating and cooling, a re  opposed 

C. 

environmental energy t o  the bin a t  a r a t e  adequate t o  keep the accumulated 
ice  from exceeding bin capacity. 
system has been res t r ic ted  t o  the evaluation and f i e l d  t e s t ing ,  a t  one 
location, of unglazed solar/convector panels. 
associated plumbing also const i tute  a major part  o f  the incremental 
costs of the A C E S ,  and a l te rna t ive  environmental energy col lect ion 
systems may be economically more viable. 

several advantages, among which i s  the f a c t  tha t  ground temperatures a 
few f e e t  below t h e  f r o s t  l i ne  are  re la t ive ly  constdnt, independent of  

Ground heat i s  a potential energy source tha t  appears t o  of fe r  
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time of day and cloud cover, and vary l i t t l e  with season o f  the year. 
A number of possible ground source systems need t o  be evaluated, 
including (1) the bin-within-bin, described above, where the uninsulated 
b i n  walls arid f loor  a c t  as the co l lec tor ,  ( 2 )  in te r rupt ib le  soil-to-bin 
conductive heat pipes, (3) pumped f lu id  heat exchange through horizontal 
pipes buried well below the f r o s t  l i ne ,  and ( 4 )  pumped f lu id  heat exchange 
t h r o u g h  ver t ical  pipes. 

although causing an increase i n  purchased energy use, would be t o  make 
f u l l e r  use of the compressor in the ACES package. 
ACES designs, the coinpressor operates only t o  pump energy from the tank 
f o r  space heating o r  domestic h o t  water production, i n  the "multi-use- 
heat pump systern" the compressor could be operated in any one of the f o l -  
lowing modes, depending upon the outdoor temperature: 

Another a l te rna t ive  tha t  might be used t o  reduce capital  cos ts ,  

Whereas in the present 

( 1 )  

( 2 )  

(3 )  

( 4 )  

t o  punip heat from the bin t o  conditioned space o r  domestic 
water; 
t o  pump heat from exter ior  a i r  t o  conditioned space or  
domestic water; 
t o  pump heat from exter ior  a i r  t o  the bin t o  melt o u t  
excess ice;  and 
t o  pump heat from conditioned space t o  outside a i r  ( a i r  
conditioning), when stored ice  has been depleted and 
cooling i s  needed. 

In many par ts  o f  the country, mode ( 3 )  m i g h t  eliminate the need for  solar  
panels o r  for  other supplemental heat systenis. 
a more economical method o f  cooling a f t e r  ice depletion than is  now used 
( i .e . ,  the nighttime generation and storing of chi l led water o r  ice in the 
big bin for l a t e r  use) ,  yet  preserve the load management capabili ty of the 
system fo r  use i n  regions where off-peak e lec t r ica l  power ra tes  are  
available.  W i t h  a br ine-chi l ler  system, the above modes could be realized 
without reversing the flow of heat pump re f r igerant ,  necessary in the 
conventional heating/cooling heat pump configuration. 

Mode ( 4 )  would provide 
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o f  a Dual .... ~ .... Evaporator . . . . . . . . . Heat . Pump f o r  . . . . .. . . . . .. ACES .- A p p l i c a t i o n  

An ACES c o n f i g u r a t i o n  t h a t  shows promise f o r  reduc ing  b i n  s i z e ,  and 
thus f i r s t  costs ,  i s  be ing developed under an ACES program subcont rac t  
a' t  the  Engineer ing Experiment S t a t i o n  o f  t h e  U n i v e r s i t y  o f  Nor th  Dakota, 
Grand Forks.  T h i s  c o n f i g u r a t i o n  u t i l i z e s  a dual , a i r - w a t e r ,  evaporator ;  
some of  t h e  energy needed f o r  space and water  h e a t i n g  d u r i n g  t h e  w i n t e r  
i s  e x t r a c t e d  From ambient a i r ,  by means o f  an outdoor  evaporator ,  on 
those days warm enough t o  make t h i s  mode o f  opera-Lion more e f f i c i e n t  than 
t h e  process of e x t r a c t i n g  heat  f rom t h e  0°C i c e  b i n .  
an e i t h e r - o r  (para1 l e 1  ) c o n . f i g u r a t i o n  o f  evaporators  was t e s t e d  f i r s t  and 
found t o  be u n s a t i s f a c t o r y  because t h e  r e f r i g e r a n t  values a v a i l a b l e  f o r  

r e s i d e n t i a l  - - s i r e d  sys telns c o u l d  n o t  p revent  refrigerat-1.t; m i g r a t i o n  i n t o  
t h e  c o l d e r  evaporator .  
on s e r i e s  evaporators ,  wherein t h e  r e f r i g e r a n t  i s  subcnoled i n  t h e  f i r s t  
evaporator  and evaporated i n  t h e  second. 
reversed when the  system i s  swi tched f rom a i r  t o  water  source, or v i c e  
versa. 

A t  t h e  U n i v e r s i t y ,  

These r e f r i g e r a n t  i n v e n t o r y  problems l e d  t o  t e s t s  

The o r d e r  o f  evaporators  i s  

Experimental  w o r k  i s  c o n t i n u i n g  on t h i s  ACES scheme; i t  i s  be ing 
f i e l d  t e s t e d  i n  a home i n  Crookston, Minnesota d u r i n g  t h e  w i n t e r  1979/80. 

V I I .  CONCLUSIONS 

Among s y s t e m  us ing  convent ional  f u e l s ,  t h e  ACES i s  t h e  most energy- 
e f f i c i e n t  system y e t  demonstrated t o  p r o v i d e  year- round heat ing ,  c o o l i n g ,  
and domestic h o t  water  s e r v i c e s  f o r  res idences.  I t  i s  a t  l e a s t  t w i c e  as 
e f f i c i e n t ,  on an annual bas is ,  as an a i r - t o - a i r  heat  pump, and as heat  
pump technology improves, most o f  t h e  improvements can be c a r r i e d  i n t o  
ACES technology as w e l l .  Al though i t  has n o t  y e t  had an 3xtended 
o p e r a t i o n a l  h i s t o r y ,  t h e  ACES appears t o  be a r e l i a b l e  system, compat ib le  
w i t h  t o d a y ' s  homes and l i f e s t y l e s .  Long term r e l i a b i l i t y  should be a t  
l e a s t  as good as t h a t  f o r  heat  pump systems, for  t h e  ACES i s  sub jec ted  
t o  l e s s  extreme c o n d i t i o n s  d u r i n g  o p e r a t i o n .  

drawbacks: ( 1 )  t h e  need f o r  a s to rage tdnk  o f  apprec iab le  volume; ( 2 )  t he  
need f o r  s o l a r  panels o r  some o t h e r  supplemental heat  source; and ( 3 )  h i g h  
c a p i t a l  costs .  The f i r s t  cannot be e l i m i n a t e d ;  indeed, t h e  s to rage and 

As perce ived by t h e  homeowner, t h e  ACES has, a t  present ,  t h r e e  main 
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interseasonal t ransfer  of energy i s  the fundament21 basis of the ACES 
concept. 
to the homeowner can be  minimized by proper design and placement. 
t h o u g h  i t  i s  cheaper t o  place the t a n k  in the basement, we do n o t  encourage 
this. F i r s t ,  i t  takes space tha t  m i g h t  be o f  value f o r  family use, and 
second, i t  might lead to  moisture o r  condensation problems. 
can easi ly  he located in out-of-the-way places, such as under patios,  
driveways, garages or carports,  o r  can be buried in the yard and land- 
scaped over. The only requirements a re  t h a t  the tank should be insulated,  
riot too f a r  from the equipment room, and the in t e r io r  should be accessible 
fo r  service and inspection. 

areas o f  the country i n  which heating needs exceed t o  an appreciable 
extent the cooling needs. 
t o  solar  panels e x i s t ,  and tha t  these are  being, or should be, evaluated 
dnd tested.  
iti system cost as we17 as decreasing an aesthet ic  problem for  the archi-  
t e c t  o r  homeowner. 

However, the impact of the tank on aesthet ics  and inconveniences 
Ever 

R u t  tanks 

Solar panels or other supplemental heat sources are  needed in a l l  

We have indicated i n  the t ex t  tha t  a l ternat ives  

The elimination o f  so la r  panels will probably cause ii decrease 

The th i rd  perceived drawback, higher capital  costs ,  i s  n o t  so easi ly  
dismissed. The ACES does cost  more, and i t  will continue t o  do so. 
Appreciable reductions i n  front-end costs appear possible, b u t  even w i t h  
the most optimistic of these, simple payback periods will not soon 
reach the three t o  f ive  year periods sometimes assumed necessary, except 
perhaps i n  a very few areas w i t h  res t r ic ted  access t o  natural gas and 
very high e l e c t r i c i t y  costs.  

the technology gains widespread acceptance, and because o f  t h i s  i t  can 
play a s ign i f icant  role  in energy conservation in the future.  
increase i n  the real  cost  o f  energy will b r i n g  ACES a l i t t l e  closer t o  
the point t ha t  economics will favor i t s  adoption. 
that  l’nsti tutes time-of-day rates  tha t  really r e f l e c t  the incremental 
cost  of on-peak fuels  and o f  new generating capacity will make the ACES 
economically more viable. And f i n a l l y ,  as i n  the case of so l a r ,  the 
government can hasten the day when ACES will survive on i t s  energy con- 

B u t  the ACES - can save appreciable amounts o f  non-renewable fuels  i f  

Every 

Every u t i l i t y  d i s t r i c t  
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servation merits alone, by providing financial incentives i n  the form 
o f  tax rebates or the l ike  t o  nurture the implementation o f  t h i s  high 
cost ,  but  h i g h  rewards technology. 
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