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ABSTRACT 

THE ANNUAL CYCLE ENERGY SYSTEM 
.CHARACTERISTICS AND PERFORMANCE* 

L. A. Abba~~ello** 

**Oak Ridge National Laboratory 
Oak Ridge, Tehnessee · 

The Annual Cycle Energy System (ACES) provides space heating, air conditioning, 
and domestic water heating while usini substantially less energy than competing 
systefus providing the same services. The ACES is based on an electrically 
driven, unidirectional heat pump tl1at extracts heat from an insulated tank of 
water during the heating season. As the heat is extracted, most of the water 
freetes, and the stored ice provides air conditioriing in. the summer. 

A single-family residence near-KnOxville, Tenness~e is being used to demonstrate· 
the energy ·conserving features of the ACES. A second similar house, the control 
house, has been used to compare the performance of.the ACES to both an ele~tric 
resistance heating and hot water ·with central aLr conditioning syst:em and an 
air-to~air heat pump s~stem. The results. of the first year's operation from 
November 1977 through mid-September 1978 showed that the ACES consumed 9012 kWh 
of electri~ity while delivering an annual coefficient of performance (COP) of 
2.78. The control house consumed 20,523 kWh of electricity while deliv~ring an 
annual COP of 1.13. · 

The second annual· cycle was started on December 1978. The ACES was compared 
with an air-to-air heat pump during this period. 

·During the i~e storage portion of ·this test year, December 1, 1978 to September 
1, 1979, 5705 kWh of electricity was used by the ACES, compared to 12,014. kWh 
for the control house. The respective COPs are 1.40 for the c·ontrol house with 
the heat pum·p and 2. 99 fci.r the ACES house during this period. Annual ene·rgy 
consumption for the test year was 6597 kWh and t.he annual COPs· were 1. 41 for the 
control. hou~e and 2.81 for .ACES. ACES is ~chieving its anticipated performance. 

· T~is pap~r describes a~d defines the ACES concept and its:general engineering 
performance as compared to conventional HVAC systems. 

*Research sponsored by the Office of Buildings and Community Systems, U.S. Department · 
of Eriergy under contract W-7405~eng-26.with Union Carbide Corporation. 
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INTRODUCTION 

The Annual Cycle ·Energy System. (ACES) project, sponsored by the U.S .. Department 
of Energy, is designed to provide a technology that not only helps to ~eet the 
demand for .electrically-based heating. and cooHng but does so .at substantially 
higher efficiencies.than are obtainable with alternate systems. The ACES 
provides space heating, air conditioning, and domestic water heating and.i~ 
suitable. for residences and commercial buiidings .. The energy 'transfer is by an 
electrically driven un~directional heat pump that obtains its heat from water 
store.d in an insulated underground tank. As the heat is extracted during the 
heating se~son, most of the water is frozen, and the stored ice provides air 
conditioning in the summer, or at other times ~f needed. Thus, the water's 
heat of fusion is avaiiable as a heat sour~e i~ ~iriter and as a heat sink 
during periods of cooling needs ... Since both the heating and cooling outputs .of 
the heat ptimp are used, the resulting annual coefficient of performance (COP) 
is high. A simplified schematic of a typical sy'stem is shown. in Fig. 1. 
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Fig .. 1. Simplified schematic of ACES. 
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The ACES achieves maximum energy conservation in applications where the annual 
ice production and cooling dem~nds of a building result in a balance betwe~n 
heat extractions from· the ic~ bin and heat deposits in it. In practice, an 
exact ice-bin heat balance from building load~ alone is w1likely because the 
building theimal loads vary with the annual weather and the building usage. 
Provision must then be made in the ACES' design. to compensate for imbal~nces .in 
the ice-bin heat fiows. This can be .done through the use of an auxiliary solar 
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pan~l wh{~h provides for either the collection of heat for melting excess ice, 
or for rejecting heat from the ice _bin to the envirdnment when this is required 
during the summer. 

In addition to providing high annual COPs, the ACES extends the range of heat 
pump feasibility to more northern climates because the ]teat .source, the ~ater in 
the storage bin at 0°C, is decoupled from the weather. That is, the system 
operates in the heating mode at constant efficiency and with oonstant capacity 
r.egardless of how low· the outside temperature may drop. Thus, recourse to 
backup heating, e.g., electric resistance, during very ~old periods is not 

·necessary. These advantages accrue whether or not there is a need for air 
conditioning, but if there is n·ot, any ice accumulated must be melted. 

DEFINITIONS 

The ACES concept allmvs the designer flexibility and choice with respect to the 
method of ice·.formation and the bin energy storage capacity. It is .useful to 
define some ~erms which describe the va~ious choices. 

Ice Formation Methods 

The ACES may employ either of two ice formation methods: (1) a submerged 
water-to-brine heat exchanger located in the ice storage bin. to freeze. the \vater 

·surrounding the heat ·exchanger coils; or (2) a plate-type ice maker, which 
freezes water.directly· on the evaporator plates of the heat pump and periodically 

'harvests the ice. into the bin. Each offers certain advantages. With the brine 
chiller ACES, because df a higher ice packing density in the storage bin, bin 
volumes of approximat~ly half the size necessary for an_ice ~aker ACES cin be 
used. The brine chillei ACES also has simpler refrigeration circuitry; a lower. 
refri~erant inventory; and provides a non-freezing energy transfer fluid, the 
brine, f6r transporting heat from supplemental sources such as a solar collector 
panel into the storage bin. l~e ice maker ACES, Dn the other· hand, eliminates 
the ice bin heat exchanger with its ~ttendant costs and need for field crew 
installations, and makes modo lar design easier ... The brine-chiller appears to 
offer significantly better reliability and eccinomi~s in ~ost applications and is 
therefore used as the base case for ACES designs. 

Ice Bin Storage Capacity 

The ACES transfers energy between the se~sons 6f the year by storing the heat 
that is r·emoved fi·om the house dt1ring summer air conditioning operation, and 
.then delivering the stored 'heat back to the house in the winter to pr:ovide space 

· or water heating~ The summer heat melts ice contained in a storage bin arid the 
water is refrozen in the winter as the heat pump extracts energy from· the bin to 
meet the heating needs of the house .. To achieve. full interseasonal energy 
transfer, the ~ce stbrage bin must have enough -capacity to store all of the ice 
that can be produced during the heating season· or all of the ice.needed for 
su~mer ai~ conditidning, whichever is smaller. A system with a bin of this size 
is defined as a full· ACES. A full AC.ES design is characterized by an ice exhaustion 
date which is late in summer. . In other \vords, stored ice coolin'g is contributing 
the maximum pbssible toward satisfying the cooling loads. This is graphically 
represented by Fig. 2. · 

Systems with smaller bins than those corresp.onding to a full ACES can, of course, 
be fabricated. )f this is done, the amount of _ambient heat that must be collected 
from.the environment td melt surplus ice, as well as the amount of supplemerital 
coolin~ tha~ must be provided, become greater. For practical reasons, the. 
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FULL ACES 

e INTERSEASONAL ENERGY TRANSFER 
e UTILIZES BOTH: OUTPUTS 

OANL OWG 79-20376 

e CONSTANT-CAPACITY HEAT PUMP OPER4TION 
e DIURNAL LOAD MANAGEMENT 

ICE. 
INVENTORY 

SEPT JAN APRIL JUNE SEPT 

Pig. _2~ . Full ACES major chiractet~stics and 
ice inventory history. 

smallest bin:that should be con5:idered for a:n ACES. should have a thermal capacity 
.sufficient to allow at least two weeks of heat pump operation during the coldest 
month of the year without r~sort to ambient heat collectiori. A s~stem w~~h a 
bin of this size is defined as. a minimum ACES. The minimum ACES is a compromise 
td red~c~ capital costs of the system, but it als~ r~duces th~ energy consetvation 
potential of the system. 

The ice ·inventory history of a typical mw1mum ACES-. is shown in Fig. 3. The 
stored ice contributes ~much smallei percentage of the building's coolin~ 
needs. _Ih northern U.S. loca~ions, the d~finitions of ~inimum and full ACES 
will converge res~lting in only one prattical biri volume which satisfies all 
cooling needs (i.e~, full ACES). In southern U.S. locations it is not possibl~ 
to produce. much ice. and.bin volumes again approach each other .. Small bin volumes 
in the south do ntit yield significant interseas6nal transfer, th~refore one can 
define these as being·best -characterized as minimum ACES even though they utilize 
all the ice. whjch can be ptoduced.· · 

Ice _storage can be used w·i th systems designed to accomplish only summer air 
conditibning peak load management. This type ofdiurnal system does not qualify 
as an acceptable energy conserVing system and we define this design as a summer 
load management system: 

ACES OPERATIONAL EXP~RIENCE 

The centerpiece of the residential ACES demonstration program is .a t\vO-:-building 
complex on the c;ampus· of the University of Tennessee, just outside of Knoxville. 
One of the buildings is an l67-m2 residence with an insulated·7t-m3 storage bin 
~n the basement, and ~tilizes an ACES for ·heating, coolin~, and domestic hot.· 
water production. The second building is an .identical residence with the s_ame. 
?rientation, differing· only in that its heating and co6ling are provided 6y a 
standard, commercially_ availabfe air...:to-air .heat pump system, a:nd its hot wat-er 
is provided by conventiOJlal electric resistance heating.· The two buildings are 
well .instrumented to show direct comparison of different systems. 
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Fig. 3. Minimum ACES major characteristics and 
ice inventory history. 

The first full annual cycle test of the- systems began on November l, 1977, and 
~ontinued ~ntil September 18, 1978, at which.iime the experiment.~as terminated 
to allow system upgrading ~nd modification prior to the next heating season. 
Because· only small heating or cooling loads QCcur in. late September and in 
October, the 10 months of actual. operat.ion are a very good approximation to a 
full year's run. Operational performance was satisfactory during the first 
year, with orily ~inor control failure~ causing the system to be unoperative for 
about two days during the entire test year. 

. . 
During late September and in October 1978,_ additiorial insulation was added to 
the storage bin, raising the level of·insulation to R-40; and a new, more cost­
effective ice-bin coil system was added. Operation for the se~ond t~st year 
began on December l, 1978, and was completed on Se~tember 30, 1979. Again; the 
system operat~d reli~bly arid met all calculated performance goals. 

. . . . 

Du~ing the first annu~l cycle test the control house wa~ operated on resistance 
heat i~ the heating mod~ to e~tablish base load~ for· the two houses. The heating 
loads of bot~ houses agreed within a few ~ercent. During the 1973:79 cycle, the 
control house \vas operated with a conventio"nal ai:r-tQ-air heat pump. A summary 
of the perform~nce of the two HVAC ~~stems for the two seasons ot operation 
follows. · · 

1977/1978 Season P~rformance 

B~cause the ACES freqVeritly pro~ides both space arid ~atet h~ating simultarieously 
and because much.of the space cooling is provided fiom stored ice, a by-pr6duct 
of heating, the true performance of ihe ACES must ~e measured in terms 6f the 
electrical energy in~ut required and the hea~ing and cooling supplied. by the 
system for an entire annual cycle .. For the period November 1, 1977, to September 
18,. 1978, the ACES delivered a total of 43.0 GJ space heating, 20.9 GJ water 
heating, ~nd 26.2 GJ spice cooling. For this period, purchased energy was 9,012. 
kWh, with a resulting demonstrated a1muar COP of 2. 78. For the same per:j_od, the 
system in the control house delivered 43.6 GJ space heating, 15.6 GJ water 
heating, and 24.5 GJ space cooling. The system was operated on electric .resistance 



for both space and water heating, with cooling provided by a central air conditioner. 
The purchased energy requirement :was 20,523 k\1/h, wit.h a resultant annual COP of 
1.13. 

The maximum inventory of ice, 51,700 kg, was reached on April l, 1978, and it 
provid~d all of the cooling needs.until J~ly 27, 1978. Up to the point that the 
ice inventory was depLeted, the cumulative ACES COP for heating, coalinga ~nd 
hot water was 3 .. 17. · To mafntain cooling capacity after the ice was exhaJ1Sted 
the compressor· was run at. night to cool the water in the bin, and "t;he waste heat 
was rejected by the solar/convector panel. Performance in this mode of·operation 
was expected to be about equal in efficiency to an air-to-air heat pump' .but to . 
have the potential advantage of compressor off:-peak operation. In practice, 
however, it .soon became apparent that the· ACES in th.is mode of operation, in 
this house .at this time, was less e"fficient that the conventional syst.em in the 
control house.· This was caused. by heat leakage into the bin and the large 
internal load the mechanical package. imposed upon the building cooiing load; not· 
only \vas the ACES being required to cool the house, but it was also cooling a 
large amount of earth surrounding the bin. To minimize heat leakage, the controls 

. of the system were reset· so that the bi.n temperature stabilized very· near the 
apparent ground temperature, about 9°C. The ·mechanical room was also vented 
directly to the outside to· reduce the internal load.· This improved the efficiency, 
but the sy~te~ continued to oper~te below expectations, and by the end of the · 
annual cycle the cum~lative COP had ~allen to 2.78. 

1977/1978 Weather Conditions 

l;he perf~rmance of ·the ACES depends on the thermal loads that the system must 
deliver, each year. Thes·e loads .are a direct result of the interaction of the 

_weather with the buildingis thermal envelope, and it is appropriate to tharacteriie 
qualitatively the severity of the test-year weather and to tompare it with·an 

·average weather year. 

Even though the TECH complex·is fully instrumented to measure.local climato­
logical conditions, for long~term comparativ~ purposes it is more convenient to 
use the Knoxville, Tennessee, McGhee-Tyson Airport, station 13891, weather data 

·compiled by the National Climatic Center. The ~1tGhee-Tyson Airport station is 
located within five.miles of the TECH complex and has collected hist6rical records 
fo~ .many years. . 

The severity of the heating season determines the heating loads that the. system 
must deliver, the energy that is consumed d~ring heating, and the production of 
ice that results from delivery of the heating requirements. The maximum amount 
of energy available for interseasonal e~ergy transfer is limited by.either the 
heating demands, or, if ice production exceeds.bin capacity, by the bincapacity. 

Heating season. During this test year, ice pr.oduction alniost exactly ~qualed 
bin capacity. The qualitative and quanitative characteri~tics of the weather 
leading to thes·e results are described in. the following paragraphs. 

November 1977 was a relatively mild month, which produced only a slightly higher 
than ·normal heating demand. January and February 1978 were both severely cold 
months, each within the top two highest heating-demand months of the last 20 
years. Collectively, these two months were the coldest two consecutive months 
on record for the last ~0 year~. January and February 1978 were recorded as 
requiring 1079°C-aays of heat~ng, and the record for a previous two-month ~eriod 
was 986°C-days for January and February !"970 .. The remainder of the test year· 
heating season moderated t~ nearly riormal conditions. 
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. The total seasonal he<Jting degree-days ~~as· 2104 °C-d<i)~S for the November 1977 to 
May 1978 heating s~as~n; this comparei with the riormal'l835°C-days ~nticipated 
for the November to ~1ay period; based on the National Climatic .Center long-terin 
average. November 1977 to May 1978 ~as exceptionally·cold; it was the fourth 
coldest wint~r of the last 2Q years. · · 

The severe winter r~quired the ACES todeliver far more heating than was.expected 
on the .basis of averag·e yearly requirements. For the test yea'r, the system 
should have produced·an ice inventory greatly exceeding the bin capacity and 

.requiring panel operation to.melt excess ic~~ Bin capacity was not exceeded; 
because of the excessive heat leakage from. the uninsulat.ed ice bin, the bin was 
fi 1 ied only to i t.s maximllm design capac~ ty ~ 

Cooling s·eason. ·.The test-year cooling season can be. characterized· as nearly 
normal as .judged bf the National Climatic Center's tab~lation of cooling degree­
days. Each month of t;he summer exhibited only slight deviations from the long-. 
term cooling degree-day av~r~ge.· The only exte~tion was September 1978, which . 
remained hotter somewhat longer than usual. ~owever, cooling.needs were normal 
up to mid-September when the experiment was terminated; therefore, average 
·cooling can. be assumed· even for this month . 

. The cooling .s.eason exhibited a total of .896°C-days as compared with 869°C-days 
for. long-·term averag.e 1veather conditions. Cooling .should be considered as· 
having. been average for the year.· 

1978/1979 Season Performance· 

The experiences of the 1977/78 season had indicated .sorr)e areas in which system 
upgradi,ng would pay. significant ped:ormance dividends. ·The most important · 
improvement was to.increase the le0el of insulition·in the bin,. both to reduce 
ice loss and to make the n·ight heat reject mode more efficient. In the control 
house, the heating was accomplished with the air-to-air heat pump, rather than 
with the resistance heating alone as us~d in the previous year. Hot water in 
the control house ·continued to be· produced by a conventional electric water 
.heater. 

The modified system was put into operation, and the second annual .cycle started 
.on December 1, 1978, and ran until Septem]Jer 30~ 1979. For the period, 6597. klVh 
of electricity had. been .uied by the ACES~ compared to 12,861 kWh used by the 
control hou5e. The respective COPs were 2.81 and· 1.41. Performaryce to September 
30, 1979, is summarized ·in Table.l. Equipment modifications between the first 
and ·second test year resulted in a 10% reduction. in. steady-state performance .. 
This final design results in a ldwer-priced s~stem. · 

The modified· system in the· ACES ·hou.se operated· efficiently and reliably, although 
some early problems with ~ontrol caused'about two weeks of outage in December. 
Heat leakage into the bin at 0°C was reduced to about 26.4 MJ/day, down from 
69/MJ day from the y.ear before. The maximum ice inventory was 54,400 kg, a,nd 
it provided all of the· house cooling i.mtil August 29, 1979. 

1978/1979 Weather Conditibns 

For this year's heating season the .rrionths of December and ~1arch produced 10\ver. 
than normal heating dema~ds~ .J~nuary and February, however, were much colder 
than normal, equaling the January-February.l970 period in heating demand with 
984°C-da)rs. April was nearly.normal with only a 93°C-day heating requirement: 
The tota,l.heating degree,..days for the December 1978 to May 1979 period was 1664°C­
days compared to the normal 1572°C-days .. this winter produced a heating demand 
that was 6% higher than normal. 



TABLE 1 Performance summary for the Knoxvi1le ACES complex· 
for the period December 1, 1978 - S~p~ember 30, 1979 

Energy Component 

Space Heating· 
Water Heating 
Space Cooling 

Total 

Purchased. Power 
System COP 

Control HO.L!Se a 

(GJ) 

. 31. 75 
13.7.5 
19.56 

65.06 

~2,861 kWh 
1. 41 

aAir-to-air h~at pump with: I 2R electric water heater. 

ACES llouse 

(GJ) 

31.75 
15.82 
19.06 

66.63 

6,597 kWh 
2.81 

The test year cooling season weather can be considered much milder than 
normal. May, June, and July .were significantly cooler than normal \~hile. . 
August and September were nearly normal. The cooling season exhibited 719°C-days 
from May throtigh September co~pared to the normal 814°C-daysi or a cooling 
demand 12% lower than normal. 

SYSTEMS COMPARISONS 

The air-to-air heat pump in the control house was a commercially available 
model, sized and installed according to conventional practices. The system was 
rat·ed by the manufacturer·at 9.1 kW capac-ity, 2.46 COP at 8.3°C outside air and 
2l°C iriside ai~ tempefatures. Tests of the installed equipment confirmed this 
rating under steady-state conditions. The data acquisition system monitored the 
heat pump indoor arid outdoor unit power and the hot .water supplied to the control· 
house. Under these carefully instrumented conditions, the actual seasonal 
system performance of the heat pump was much below the ARI rated steady-state 
performance or the projected performance-based on conventionally accept~~-methods. 
Cycling losses were found to .be the dominant losses, and were so significant as 
io cause a decrease in system performance with increasing outside_ air temperatures 
above the house balance point. 

A summary of ACES and control house operation for the two test years is presented· 
in Fig. 4. The ice inventory'history for these-two years is shown in Fig. 5. 

APPLICABILITY 

A computer code has been develo~ed at the Oak Ridge National Laboratory (ORNL) 
for computing residential-building loads, for sizing ACES components, and for 
simulating the_performance of ACES and other HVAC systems. The program, Monthly 
ACES Design (MAD), has been validated against field data collected at the Knoxville 

·ACES .complex. The program has subsequently been ~sed to simulate ·performance 
for a number of HVAC systems for 115 cities. in the contiguous United States. 
COP data for ACES and for an air-to-air heat pump system are shown in Figs~ 6 
and 7. Annual performance for the ACES is two to three times better in energy 
efficienci than for the heat pump modeled, and the ACES is applicable to ~11 
parts of the U.S. except for Southern Florida and parts of the Texas Gulf 
Coast, areas that have very little need for space heating. 
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Fig. 6. Predicted full ACES a nnua l COPs for the U.S. 
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Fig. 7. Predicted air-to-air heat pump system 
annual COPs for the U.S . 




