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ANNUAL CYCLE ENERGY SYSTEM (ACES) PERFORMANCE REPORT, 
NOVEMBER 1977 THROUGH SEPTEMBER 1978 

A. S. Holman 
I.. A. Abbatiello 

ABSTRACT 

A single-family residence near I( noxwille, Tennessee, is being used to demonstrate 
the energy-conserving features of the annual cycle energy system (ACES), an  
integrated heating and cooling system that utilires a unidirectional beat pump and 
low-temperature thermal storage. A second house, the control house, is being used to 
compare the performance of the ACES with that of an electric-resistance heating and 
hot-water system combined with a central air conditioning system. The results of one 
year’s operation, irom Woveniber 1977 through mid-September 1978, showed that the 
ACES consumed 9012 kWhr ofelectricity and delivered 40.8 ‘K 106  Btu(43.03 X 1095) 
ofheating, 19.8 X 106 Btu (20.89 X IO9 J) ofhot water, and24.M X 186 Eltu(26.17 X IO‘.[) 
of cooling; the annual coefficient of performance (COP) was 2.78. The control house 
consumed 20,523 kWhr  of electricity and deliwered 41.3 X 106 Rtu (43.57 X 109 J )  of 
heating, 14.8X106Btu(15.61 XlO9J)ofhotwater,and23.2x 1O6Btu(.24.41 X 109J)of 
cooling; the annual COP was 1.13. 

These loads were deliveted in ii test year in which the heating season was one of 
the most severe in the past 20 years and the cooling season was normal. In addition, the 
ACES reduced peak utility system demands significantly: a reduction from 1 1.7 to 3.1 
k W  was achieved in the winter and from 4.1 to 0.7 kW in the summer. The only 
problems encountered were a heat leak into the storage bin that was twice the 
calculated value and control logic errors that produced excessive hot water in the 
winter, requiring extensive use of the night heat-rejection mode i n  the summer. These 
problems are currently being corrected 

1. SUMMARY 

A three-house complex in Knoxville, Tennessee, is being used to demonstrate various methods of 

energy conservation. The three houses a te  the annual cycle energy system (ACES) house, the solar 
house, and the control house. The solar house is not discussed extensively in this report. 

The main feature of the ACES house is the annual cycle energy system (ACES). The ACE3 is an 
integrated heating and cooling system that employs a unidirectional heat pump, low-temperature 
thermal storage in the form of an ice-water storage bin, and a solar-convector panel that selves as either 
an external heat source 01 a heat sink. The ACES is also integrated in time, because thermal energy is 
transferred between the winter and summer months by the thermal-storage bin. During the winter, heat 
is removed from the bin and water is converted t o  ice as a by-product of the heating requirements. 
During the summer, the ice is used for cooling, thereby putting heat into the bin and completing the 
energy-transfer cycle. 

The  primary use of the control house is for comparison with the ACES and the solar houses. 
During the test year, the control house used an  electric-resistance heating and hot-water system 
combined with a central air conditioner for cooling. The floor plans, thermal envelopes, and 
environmental exposures for the control and ACES houses arc nearly identical. Neither house was 
occupied during the test year; however, internal loads for a family o f 4  were simulated. Each day, 70 gal 
(0.26 m3) of hot water was automatically consumed on a schedule, and 24 kWhr of electricity per day 



2 

was used by internal equipment. Occupancy was not simulated, but doors were opened and closed by 
people working a t  the house. Total seasonal heating loads for the two houses were within 2% of each 
other. Based on this fact, the cooling loads were also assumed to be equal. Futtii-e plans include 
operating with an air-to-air heat pump in the control house to allow for direct comparison between 
ACES and conventional heat-pump systems and instrumenting the heat pump to determine whether 
the cooling loads are indeed equal. The solar house uses a solar heating and hot-water system. 

This report covers the performance of the ACES during a one-year cycle from November 1977 to  
mid-September 1978. All components of the system operated admirably during this time; the system 
was down only two days. The winter weather for the year was very cold; summer weather was normal. 
The heating season degree days averaged 15% greater than normal, but two months (January and 
February) were the coldest in the last 20 years. 

Data collected during the year showed an overall coefficient of performance (COP) of 2.78 for the 
delivei-yof40.8 X 106Btu(43.05X 109J) ofheatitig,24.8X lOhBtu(26.17X 109J) ofcooling.and 13.8 X 
I O 6  Btu (20.89 X IO9 J )  of hot water; 9012 kWhr of electricity was consumed. The COP for the system 
that combined an electric-resistance heating and hot-water system with central air conditioning was 
1.13 forthedeliveryof41.3 X IOhBtu(43.57X lO9J)ofheating,23.2X 106Btu(24.48X lO9J)ofcooling, 
and 14.8 X IO6  Btu (15.61 X 1 0 9  J )  of hot water; 20,593 kWhr of electricity was consumed. 

In addition to the savings in energy consumption. there was typically a 60% savings in the hourly 
integrated peak load on the utility in winter and summer operation; maximum peak-load reductions 
reached 83%. 

The results of the year's operation revealed two aspects of the system that should be improved: ( 1) 
The compressor that was installed originally was sized to meet the house design day loads down to 17'1: 
(-5.3"C), and the unit was capable of this. However, the number of hours below 17°F (-8.3"C) was 
considered sufficiently large to  justify the installation of a compressor capable of carrying increased 
loads. (2) The other major item was the heat leak into the ice-water storage bin. Insulation for the bin 
was chosen on a predicted heat leak that Wac, only about 50% of the actual heat leak. This higher heat 
leakage resulted in earlier than expected exhaustion of the ice supply and the low COP encountered 
during the night heat-rejection mode. To reduce the heat leakage, the bin was reinsulated. 

In addition to the hardware modifications, two errors in the logic matrix were detected and 
corrected: ( 1 )  The strategy of producing hot water when space heating occurred resulted in excessive 
amounts of hot water which reduced the maximum amount of heating that could be delivered. This 
error was corrected by producing hot water only when it was required. (2) The second logic error was 
concerned with night heat rejection. The original logic called for this mode when the ice-water bin 
temperature exceeded 36" F (2°C) and the panel temperature was less than 80°F (27"C), but excessive 
amounts of cooling were wasted because of the bin's heat leak. By raising the initiating temperature to 
44" F (7"C), the temperature difference between the bin and the earth was reduced and the heat leak and 
energy consumption were significantly reduced. The hardware items were corrected between mid- 
September and November 1978; we will report the operational results in future publications. 
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2. INTRODUCTION 

The ACES program is an ongoing research, development, and demonstration (RD&D) effort 
sponsored by the US. Department of Energy (DOE) a t  the Oak Ridge National Laboratory (ORNL). 
The primary purpose of the ACES program is to study, develop, and evaluate the ACES engineering 
performance and its commercial viability. 

The ACES concept was first brought to  the attention of ORNL late in 1974 by Harry C .  F’ischer. 
Initial investigations of the system were carried out in a laboratory with small-scale equipment. ‘These 
investigations’ showed no major flaw in the concept; thus, a full-scale experiment was begun. For the 
experiment, a demonstration house2 was constructed near Knoxville, Tennessee. 

The purpose of the demonstration house is for studying the operational characteristics of the 
ACES in a residential application. This testing has provided a lot of information on the system and its 
components. The information has resulted in improvements in performance and reliability of the 
control system and equipment. 

I n  addition to  this performance report, reports have been issued on the shakedown and initial 
start-up period’ and on the first winter’s operation.4 
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3. ACES CONCEPT 

The most fundamental principle of the ACES concept is that operation of a heat pump generates 
both heating and cooling. In  most heat-pump applications, only one of these functions is utilized, but 
the ACES stores the cooling energy produced when heating is performed. Thus, both outputs of the 
heat pump are used. 

It is, of course, possible to store either the heating or cooling energy. There are, however, two major 
advantages to storing the cooling energy. First and foremost is the fact that there exist readily available 
and very inexpensive storage media for saving the cooling energy ice and water. The phase change of 
water occurs a t  a convenient temperature and the heat content per pound is high. Second, this country’s 
population is primarily located in a heating zone, which means that generally it is possible to  store all 
the annual cooling requirements from the heating demands available, but the reverse is not true. 

Although the name ACES properly indicates annual cycle operations, the term has come to imply 
any heat-pump-based system that employs ice-water storage to accomplish interseasonal transfer of 
energy while maintaining constant-capacity heat-pump operation during the heating season. “ACES” 
is used, therefore, to designate systems ranging from a true annual cycle, such as the one discussed in 
this report, to  small-bin storage systems capable of offering constant capacity heat-pump operation 
through two weeks of the coldest month without resorting to a supplemental energy source such as 
solar. 

The major difference between annual cycle energy systems is the amount of interseasonal energy 
transfer accomplished. lnterseasonal energy transfer i s  reduced and energy consumption increased if 
the size of the storage bin is decreased so that the cost is reduced. Additional expense is required to 
increase the size of the solar-convector panel (or any substituted heat source or heat sink) to ensure the 
heating and/  or cooling capabilities. The basic features, components, and control systems are not 
affected by the amount of interseasonal energy transfer; thus, the choice of system size is based on 

economics. The primary economic influences are climate, component costs, electricity rates, and 
interest rates. 

The following sections describe the major advantages of using the ACES concept, the equipment 
necessary to implement the concept, and the various control strategies that can be employed. 

3.1 Features 

The ACES has three major features that set it apart from the typical heat-pump installation: (1) a 
constant-capacity heat pump, (2) interseasonal energy transfer, and (3) off-peak energy use. The 
relative importance of these features varies according to  the extent of interseasonal energy transfer 
being achieved; however, these features are common to all types of ACES. 

3.1.1 Constant-capacity heat pump 
Figure 3.1 shows the output for the ACES and the air-source heat pump vs outside temperature; 

also shown are the reyuired structural heating loads. As the temperature decreases, the heating load for 
the structure increases and theair-source heat pump’s output decreases. At some temperature, indicated 
by point A, the heating load and the air-source heat pump’s output are equal. At temperatures below 
this point, the heat pump requires a supplemental heating source (shown by the shaded area) to  
continue to supply heating requirements. Because a supplemental heating source is not always required, 
it is usually supplied by low first cost electric-resistance heating elements. These heating elements, 
however, have a high operational cost. Because the output of ACES is independent of outside 
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Fig. 3.1. Heat pimp and ACES output vs temperature. 

temperature, the system may be sized to meet the load at any given temperature and maintain the 
minimum amount of overcapacity at higher temperatures (point B, Fig. 3.1). I f  a typical heat pump 
were sized to meet the load at  point B, its capacity would be higher for lesser loads and would, therefore, 
suffer larger cyclic losses than the ACES; it would also be improperly sized for cooling service. Sizing 
the ACES to carry the design day load removes the need for supplemental energy, thereby reducing the 
utility’s peak load and the total energy consumption. 

3.1.2 Interseasonal energy transfer 
The second major featurc of the ACES is that of interseasonal energy transfer. Because the cooling 

energy is saved when heating is performed, some portion of this stored energy can be later used to  satisfy 
the structure’$ cooling requirements. Cooling generated in the winter can be transferred in time, by the 
storage bin, to the summer when i t  is needed. By meeting part or all of the cooling requirement, with 
stored ice, the total. annual consumption of energy is less than that of a system that must generate the 
cooling requirements instantaneously. Peak loads are also reduced because it is not necessary to operate 
a heat pump 10 provide cooling 

3.1.3 ~~~-~~~~ energy use 
Two ways in which ACES reduces peak loads have already been mentioned: through its constant 

capacity during heating and through the use of stored i ce for cooling. It is also possible to reduce the 
peak load during the cooling season when the ice supply has been exhausted. The storage device can be 
chilled by operating the compressor during off-peak hours, and the cooling output can be saved for use 
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during later peak-load periods. This technique does not reduce the compressor’s peak load; however, it 
does shift the peak load to  a time that is more desirable to  the utility. The utility’s peak load is thereby 
reduced during those periods when the utility is least able to supply the energy required. 

3.2 Major Components 

3.2.1 Ice-water storage bin 
The primary difference between ACES and a typical air-source heat pump is the ice-water thermal 

storage bin. ‘The biri serves as a low-temperature heat source for the heat pump when heating is required 
and as a storage device for the cooling output created during heating modes. This function is 
accomplished by utilizing the latent heat of fusion of water as it is converted to  ice and then back to  
water. 

3.2.2 Solar-convector panel 
1 he solar-convector panel is the thermal-energy-balancing mechanism for the ACES. Any device 

capable of collecting and rejecting heat could be substituted foi the panel; however, we assume that ii 
panel is being used. 

The purpose of the panel is twofold. Whenever the ice-water storage bin becomes full, the panel 
collects heat from the sun and from the ambient air, ifpossible. and uses this heat to melt some of the ice. 
This process ensures an adequate supply of water in the bin to meet future heating requirements. The 
alternate function of the panel is to reject heat from the heat pump when the ice supply has been 
exhausted and future cooling requirements are anticipated. The importance of the panel varies with the 
type of ACES installed; its function is determined by whether the local climate requires a heating or a 
cooling application. 

3.2.3 Mechanical package 
For the purposes of this discussion, the mechanical package is taken to be all the mechanical 

equipment associated with the ACES and the control system required to operate it.  The major 
components of the mechanical package are the compressor, the various pumps, the fan, the refrigerant- 
to-brine heat exchangers, and the control system. 

‘The function of the mechanical package is to transfer heat between the major external components: 
the indoor fan coil, the ice-water storage bin, the solar-convector panel, and, for this application, the 
domestic-hot-water tiink. Transfer is done on command from the control system, which is responsible 
for determining which function($) the ACES should be performing. Energy transfer between 
coniporients is accomplished with a flowing heat-exchange medium, a methanol-water brine. 

3.3 Control System 

Operation of the ACES requires a control system capable of sensing various conditions and 
placing the ACES in the mode suited to the condition. 

Currently, a programmable logic controller performs this function. ’This device was chosen 
because it provides the necessary flexibility to alter the logic. Once the logic is firmly established, a fixed 
controller can be designed to operate the ACES. 

1 .  house thermostat call for heating; 
2. house thermostat call for cooling; 

‘The input signals upon which the controller makes its decisions are: 
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3. icc-bin ice inventory; 
4. ice-bin water temperature; 
5.  hot-water the1 mostat call for water heating; 
6. season indicator, status of last call by house thermostat (heating or cooling); 
7. solar-panel temperature (no brine circulation). 

Thc exact method for determining which mode to initiate is discussed in the following section. 

3.4 Modes of Operation 

I n  the following sections we discuss the most common modes of operation for the ACES and the 
control logic necessary to  invoke them. Other ACES applications, especially large-building 
applications. may require modes not discussed in this report. 

3.4.1 Primary modes 
The ACES discussed in this report has three primary modes of operation: (1)  space heating, (2) 

space cooling. and (3) domestic water heating. ‘These modes are shown schematically in Figs. 3 .2 ,  3.3 ,  
and 3.4, respectively. 

In the space-heating and domestic-water-heating modes, heat is extracted from the storage bin, 
and that heat, along with the heat of comprzssion, is used to heat the house a n d / o r  the domestic hot 
water. When heat is extracted from the storage bin, some of the water is converted to ice, which is stored 
for future cooling needs. Space heating is supplied when the house thermostat signals a need for 
heating. ‘lhis action also resets the season indicator for the winter condition. Domestic hot water is 
produced when the compressor operates or when the bot-water thermostat calls for heat. Hot-water 
production has no effect on the season indicator. 

The other primary mode of operation is space cooling. Cooling i s  performed by circulating brine 
betwcen the fan coil and the storage bin, thereby melting some ice and using the heat absorption to  cool 
the structure. Space cooling is provided when the house thermostat signals a need for cooling. This 
mode results in the season indicator beirig set for summer operation. 

3.4.2 ~~~~~~~~~ mo 
In addition to thc primary modes, there are two modes provided to  keep the storage bin in thermal 

 equilibrium^^ -ice melting and night heat rejection (shown in Figs. 3.5 and 3.6, respectively). These two 
modes are required because it is unlikely that the bin capacity, ice production, and cooling requirements 
will be equal in any given year. 

When the storage bin becomes full, its inventory must be reduced. To accomplish this, bririe is 
circulated between the storage bin and the solar-convector panel; the heat collected by the panel is used 
to melt the ice. The ice-melting mode is invoked when three conditions simultaneously exist: (1) the ice 
bin is full, (2) the inactive solar panel tennperature is IO” F (6” C) warmer than the bin, and (3) the season 
i nd ica to r shows “winter. ” 

The night heat-rejection mode is used when the ice supply is exhausted before the end of the cooling 
season. In this mode, heat is extracted from the storage bin and, together with the heat of compression, 
is used to  heat the domestic hot water. Any heat not required by the hot water is dissipated through the 
solar-convector panel. Heat is extracted from the bin, and cooling is produced and saved for later use. 
This mode is invoked if ( 1 )  the ice supply is exhausted, (2) the inactive panel temperature is less than 
80” F (27OC), or (3) the season indicator signals “summer.” 
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4. KNOXVILLE DEM 

4.1 TECH Complex 

I'o demonstrate the ACES concept, a test house was built near Knoxville, Tennessee. This house i s  
part of a three-house complex called the Tennessee Energy Conservation in Housing (TECH) Project. 
The purpose of the project is to demonstrate energy conservation through improved thermal envelopes 
and through the use of innovative heating and cooling systems. The compkx comprises the ACES 
house, in which the annual cycle energy system is used; thc control houqe, in which a conventional 
heating and cooling system is used; and the solar house, in which a solar-heating and hot-water system is 
used. 

The three-house complex, located on the agricultural fat m of the University of Tennessee, south of 
Knoxville on Alcoa Highway, is a joint effort of ORNL, the University of Tennessee (UT),  and the 
Tennessee Valley Authority (TVA), along with the cooperation of local industries. The complex has 
been operational since August 1976; experiments are being performed to evaluate the perforrnance of 
the ACES and the solar-heating system, as well as the performance of the thermal envelopes. 

4.2.1 Construction 
All three houses in the complex have similar floor plans; their exteriors are patterned after the 

requirements of the solar house. The ACES house is a n  1800-ftl (167-m3) single-family residence 
consisting of three bedrooms, two baths, a great room, a kitchen, a mechanical equipment room. and ip 

partial basement. The thermal-storage bin is located under the northeast corner of the house. 
The  house was built with a better thermal envelope than is normally found in this area of  the 

country, in an effort to reduce heating and cooling requirements. Double-pane insolated glass was used 
throughout; R-38 insulation was used in the ceiling where possible, and R-19 insulation was used in the 
crawl space, the sidewalls, below the floor, and the other ceiling areas. Table 4.1 gives a detailed 
description of the insulation of the demonstration house. 

Sidewalls (R-19) 
Ceiling, flat (R-38) 
Ceiling, cathedral (R-19) 
Floor (over crawl 

space) (R-19) 
Floor (over ice 

bin) (a-38) 

Windows 

Basement and crawl 
space 

--.-.I ~ ~ . _ _ _ _ _ .  

5 4 4  (0.14) 

6 (0.152) 
6 (0. 152) 

12 (0.305) 
0.045 (0.256) 
0.024 (0.136) 
0.040 (0.227) 
0.040 (0.227) 

12 (0.305) 0.024 (0.136) 

Double-glazed 0.58 (3.293) 
wood frame 

0.062 (0.352) 
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4.2.2 Simulated 10 
Because of the experirnental nature of the ACES, neither the ACES nor the control house are 

occupieel. lriternal loads and water use associated with occupancy have heen qimulated. Hot water 
consumption is 70 gpd (0.265 m3iday) on the folloviing schedule: 

6:OO A M  28 (0.106) 
12:OO Noon 14 (0.053) 
7:00 PM 14 (0.053) 

11:OO PM 14 (0.053) 

Internal loads from appliances are simulated by drawing 24 kWhr of electricity per day from 
resistance-heating elements and other electrical instruments that give off heat to  the conditioncdspace. 
Both the ACES house and the control house have working refrigerators that are part of the internal 
electrical load. Door openings by people working at the complex simulate occupancy from the 
standpoint of ingress and egress. (Figure 4. I shows an artist’s conception of the ACES house.) 

Fig. 4.1. Artist’s conreption of ACES house. 

i lR REGISTER 
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Located in the ACES house is i i r )  automatic data acquisition system (DAS) that monitors the three 
houses in the TECH complex. 

5.1 Data Acquisition System 

Figure 5 . 1  is a schematic for the DAS. The data acquisition system consists of  a computer, an  
interfacing section, and sensors. Currently, the IDAS monitors 80 points 011 an hourly basis and records 
these data  at the complex and also on tape for use at ORNL. For a complete list oftbe data  points and 
other information about the data system, see Appendix A. 

5.2 Monitoring Procedures 

Two types of data are being recorded at  the TECH complex: analog signalb such as temperatures, 
and digital signals such as integrated heat flows and electrical consumption. The analog signals are 
selected and fed through a digital voltmeter; the signals are read by the computer and converted to the 
proper units. The digital signals are integrated external to the computer and the integration results are 

ORNL.  DWG 79-19120 

CALCULATOR 

TAPE STORAGF 

big. 5.1. Data acquisition system schematic. 
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stored on  digital counter cards that are read by the computer and converted to  the proper units. I'hese 
data are read hourly. The analog data are  the instantaneous values at  the time of scan and the digital 
values are the sums for the hour. After the scan, the digital. values are reset to iero,  and the process 
begins again. 

5.3 Data Meduetion Techniques 

Figure 5.2 is a block diagram for data processing at  the ACES house. 'The data are rccorded on 
magnetic cassette tapes at the house, and a printout is produced. The printout i s  used for performance 
testing a t  the TECH complex and for locating equipment or iiistrumentation malfunctions. The data on 
the cassette are trailsmitted to  ORNL and become part of a permanent data base. These data are 
processed into weekly summaries of performance. Performance plots are used for determining system 
performance, for report preparation, and for studying thermal envelope performance. A sample of the 
various data outputs is provided in Appendix B. 

1 PRINTER LISTING 
OF DATA 

WEEKLY SUMMARY 

[-----1- WEEKLY PLOTS 

MONTH 1.Y SUMMA R Y I 
YEAR LY P LO'I-S 

REPORTS 

USE BY OTHERS 

ORNC-DWG 79-19!21 

CA LClJ LATO R 

CASSETTE 
STORAGE 

(VO L A T  I LE 1 

PE R M A N  E N.7 

Fig. 5.2. Data-processing schematic. 
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6 .  ACES PERFORMANCE 

6.1 Steady-State Performance 

During the year, steady-state testing per se was not performed. However, it is possible to find 
periods of time in which the system operated in it steady-state manner. The following sections present 
the results for those periods. 

6.1.1 Energy inputs and outputs 
I able 6.1 giveb the approximate powei consumption of the cornpre,sor, pumps, and fan under 

full-loid conditions Each of these items was monitored individually to allow for determination of 
instances i e  which \ y s t e n  performance could be improved The actual power draws of the component5 
vary slightly depending 011 the mode of operation, the ice-bin temperature, thc amount of ice, and other 
factors, however ~ the values represent typical operating characteristics of the cornponents 

Table 6.1. Component energy 
consumption 

Device Energy input 
(W) 

ffeaimg mode (ice source) 

Compressor 2260 
Fan 380 
Haf brine pump I43 
Cold brim pump 166 
Hot water pump 80 

Night heat-rejection mode 

Compressor 2730 

Cold brine pump I66 
Hot brine pump i40 

Hot water pump 80 

Hot-woter mode 

Compressor 1830 
Cooling pump I66 
Hot water pump 80 

Cooling mode 

Cold brine pump 166 
Fan 380 

Ice-melting mode 

Cold brine pump 166 

Table 6.2 presents the full-load capacities of the system in various operating modes. These values 
are also representative because the exact magnitudes vary slightly with several conditions. 

6.1.2 System operating temperatures 
Because the temperatiires logged by the DAS are the instantaneous values at  the times of the scans, 

the circulating temperatures are valid only if the system is operational and i s  not i n  a transient start-up 



Table 6.2. Modal energy delivery -v.bes 

Mode 
Energy delivery 

rate 
( W  

Space heating. fan coil 5910 
Space cooling. fan coil (ice source) 7270 

4744 Space cooling. fan coil (chilled water 
source) 

Water heating only 
Night heat rejection. bin heIii 

extiaction 
Ice melting 

5180 
609 1 

0-8770 
(vaiiable) 

period. i-ables 6.3 and 6.4 depict normal operating temperatures selectcd from a number of 
representative surveys of both brine and refrigerant systems. These tables present the temperatures of 
the major components operating in the various modes and t h e  typical flow rates. Heat flows arc 
intcpated during each hour of operation and recorded at the completion of thc hour. 

6.1.3 COeff iCiP@2ts  Qf FerfOriXIaDiCL? (COP) 
The modal coefficient of performance was determined by selectins hours in which the ACES 

operated in a steady-state manner for a given mode. Table 6.5 gives the results of thcse calculations for 
the various modes. The bin heat-rejection COP during night heat rejection includes only evaporator 
heat flows and is a measure of equipment performance. The true night heat-rejection COP, or 

Spacr- 
heating mode 

Ice- Night hcat- Spacr-cooling mode 

I cc Chilled watcr 

Mot- - _ _ ~  
water mode melting niodc rejection mode 

Fan coil 
In. O F  ("C) 105 (48) 
gprn (PI s) 5.5 (0.35) 
Out, " E  ("C) 97 (36) 

Ice bin 
In. " F  ("C) 25  (-4) 
gpm (Q: s) I l .3 (0 .71)  
Out, " F  ("C) 32 (0) 

Solar panel 
In, " F  ("C) a 

Out,"F(OC) a 

gprn ( Q ! s )  a 

Mot water 
In. F ("C) a 

g p n  ( V s )  a 
Out,"F(OC) a 

....... ____.._._____.~._ 

'Not applicable. 

37 ( 3 )  
5.5 (0.35) 
47 (8) 

47 (8) 
5.5 (0.35) 
37 (3) 

a 

a 

a 

a 

a 

a 

50 (10) 
5.5 (0.35) 
56 (13)  

56 (13) 
5.5 (0.35) 
50(10) 

a 

a 

a 

a 
a 

a 

a 

a 

a 

25 (-4) 
11.3 (0.71) 
32 (0) 

a 

a 

a 

90 (32) 
0-3 (0.2) 
120 (49) 

a 

a 

a 

42 (61 
6.4 (0.40) 
32 (0) 

32 (0) 
6.4 (0.40) 
42 ( 6 )  

a 

a 

a 

a 

a 

40 (4) 
11.3 (0.71) 
43 (6) 

I 18 (48) 
7.9 (0.50) 
I I I (44) 

135 (57) 
0-3 (0.2) 
145 (62) 
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Table 6.4. Typical refrigerant system" operntiiig conditions 
. . . . . ._.. .. ~~..___ ._.... . . .......... .. .. 

English Metric 
units 1111 its 

€%"citing rind wafer-heating ?node (ice source) 

Superheated gas temperature 190°F 8 7 . T C  
Cnndensing tempemcure 108" f -  42.2"C' 
Condensing pressure 223 psig 1.537 X IO6 Pa 

Evaporation piessure 44 psig 3.0 X IO5 Pa 
Subcooled liquid temperature 44" F 6.6"C 

Evaporation reriiperaturc 21°F --6.1"C 

Refrigerant gas temperature exiting the 110°F 43.30C 
hot-water dtsuperhrater 

Water-hcoting rmde (ice source) 

Superheated gas temperature 
Condensing tempciatiire 
Condensing p~essure 
Evaporation iernperatu re 
Evaporation pressure 
Cubcooled liquid temperature 

190°F 87.7OC 
115°F 46.1' C 
245 psiig 
21°F d 1 o c  
41 psig 
450 F 7 . 2 O C  

1.7.5 X 106 Pa 

3.0 X 103 Fa 

Bin heat-rejection mode ( 4 Y F  water soi~rcc) 

Superheated gas temperature 192°F 88.80C 
Condensing temperature 125°F 51.6"C 
Condensing pressure 280 psig I .93 X I O 6  Pa 

Evaporation pressure 66 p i g  4.5 X 10' Pa 
Subcoolrd liquid tetuperature 63" F 17.2"C 

Evaporation temperature 380 F 3 . 3 o c  

"K22 refrigerant 

Tahle 6.5. Steady-state coefficients 
of performance (COP) 

Mode COP 
- 

Space heating with water hearing 2.70 
Water heating only 2.50 
Space cooling with stored ice 

8.69 
12.4 

Space cooling with chilled water 
Bin heat rejection I .99 

supplementary cooling COP, must include both bin heat leakage and useful hot-water deliveries. The 
night heat-rejection COP i s .  therefore, greatly influenced by the actual systems application. Because the 
night heat-rejection COP is the result o f a  number ofvariables, i t  will not be included in this calculation. 
Appendix C contains the calculations used t o  derive Table 6.5. 

6.2 Annual Performance 

6.2.1 Energy consumption 
Although the discussion on instantaneous performance is useful and informative, the true measure 

of ACES performance can only be obtained by observing the ACES for an entire year (because of the 
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interseasonal energy transfer performed by the ACES). Until the transfer cycle has been completed, it is 
not possiblc to determine the exact ACES performance because of energy that i s  not accounted for. 
Figures 6. I and 6.2 compare the performance of the ACES house and thc control house. The control 
house had an  electric-resistance heating and hot-water system and central air conditioning. 'This sysiem 
was chosen because i t  allowed an  accurate comparison of the performance of the two  houscs. Figure 6.1 
shows the annual loads for the two houses along with the energy required to deliver those loads. The  
ACES house exhibited a COP of 2.78 for the year and the control house had a COP of 1.13. I'he 
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I 
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Fig. 6.1. Comparison of !on& and energy consumption for the ACES and the cotntrol house. 
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reduction in energy consumption for ihe  ACES house was, therefore. 5696 as c;ompareal with the control 
house. 

Figure 6.2 shows the winter and sul~ixner 111 ility peak loads for the two houses. Ti le  ACES ~ Q U X  

consistently exhibited peak loads markedly less than those of f he control Enouse. 'r he winter peak 
reductions were caused by the lack of suppleniental heat, by the method by- which hot water was 
produced, and by the conslant high efficiency peIforrnance of the  ACES. The summci~ peak reductions 
were the result of providing all on-peak air conditioning from the  storage bin rather than f r o m  
operat.ion of the compressor during tbc day, and by producing hot water with the coinpresso 
than using electric-resiktance heat. 

6.2.2 Weather ~ ~ ? ~ ~ ~ t ~ ~ ~ ~  
The performance of the ACES depends oi l  the thermal loads that the system must deliver each 

year. These loads are ;3. direct result of  the Imteraction of thc weather with the bullrlirng's thermal 
envelopc, and it is  appropriate to characterize cgnalitatively the severity ofthc test -year weather aiad t o  
compare it with a n  average weather year. 

Even though the TECH complex is fully instrumented to mcasurc local climnatologkal conditions, 

Tyson Airport, station 1389 I ~ weather data compiled by the Natioiial Climatic Center. The McGhee- 
Tyson Airport station is located within 5 aides of the TECB-1 complex and has collected histosncai 
records for many years. 

quantifying the severity ofit tieating or cooliragsess~n. Actual weather data for the test year are listed i o  
Table 4 . 6 ,  together with 1941 to 1970 long-term average weal.her data from this same station. 12 is 

for long-term coxnparative purposes it i s  more convenient to rise the Knoxviilr., *l'eainessee. McC'k a let?- 

The degree-day method used by the Niitronal Climatic Center i s  an n p t e d  method for 

Table 6.6. Test-year wentlicr conditions 
..................... ...................... ................... 

Heating degree-days Cooiing degrec-days 
__ I I ............. 

Normal" Actual NO rm:i 1" Actual 
[" F ("C,] P F  ("C)] I" l- (" 0 1  ['F ("C,] 

November 
December 
January 
February 
March 
April 

June 

August 
September 
Qctobet 

May 

July 

474 ( 2 6 3 )  
729 (405) 
756 (420) 
630 (350) 
484 (269)) 
173  (96) 
47 (26) 

374 008) 10 ( 6 )  
764 (424) 

1097 (609) 
846 (470) 8 (4 )  
487 (270) 15 (9) 
148 (82) 72 (18) 37 (21) 
74 (41) 152 (84) 130 (72) 

71s (175) 319 (LIT) 
409 (227) 412 (740) 
351 (212) 384 (213) 
208 (116) 302 (167) 
48°(27)h 

....... - ___- _II 
__ ....... 

Test year total 3303 (1835) 3790 (2104) 1521 (845) 1514 (896) 
__l_l ........... ....ll_l_ ............ _I__ .................. 

"Long-term average, I94 1 - 1970, measured in F. 
'Data not included in totals. 
Source: National Climatic Ccnter, Local C'limarofogical h i r a  Anntral 

Sirmmary with Comporativt. f h t c r ,  1978, Knoxville. TN? f'SCOM M-NOAA 
Asheville-1 150, Ashevillc, N .  C,  
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iiistirictivc to consider the test-ycar w a t h c r  by season arid by month of thc year so that a qualitative 
impression of tiic influeace of heather conditions on ACFS performance can be gained. 

The severity of thc hcating seacnn determines the heating loads that the system must deliver. the 
eiieigy t h a t  is consumed duriiig hrating, and thc production of ice that iesu!ts from delivery of the 
heating requirements. The  pnaxiniulii aii~oilnt of energy available for interseawnai energy transfer is 
limited by either the heatins demands or, if ice production exceeds bin capacity. by the bin capacity. 

11. During this tcsi year. ice production almost exactly equaled bin capacity. The 
qualitative aivd quantitative characteristics of the weather leading to  thesf results are described in the 
fo Iio w i ng pa ragra p h s. 

November 1977 was a relatively tiilid month. which produced only 2 slightiy higher than iiorrml 
heating dcmand. Januai-y arid February 1978 were both scverely cold months. each within the top two 
higiiest heating-demand months of the last 20 years. Collectively. these two months were the coldest two 
consecutive months on record for the last 20 years. January and Fcbruary  1?78 wjvprc recorded as 
rcquiring 1943 degree-dayc ( 1079°C-days) of heating. but the record for a previous twc-rnonth period 

i555 degree-days (986"C-days) for Januari! and k'ebruar-y I970. 'l'he remainder of the test year 

The total seaconal heating degree-days was 3730 degree-days (2  104°C-days) for the November 
1977 to  May 1978 heating season; this compares with the normal 3303 degree.-days (1835°C-days) 
anticipated for the November to May period, based on the National Climatic Ccnter long-term average. 
November 1?75 to May 1978 was exceptionally cold; i t  was the fourth coldest winter ofthe lact 20 years. 

'1 he  severe winter requii-cd the  AC LS to  deliver far more hcating than was expected on the basis of 
average yearly reqiiiicmcnis. FOI the test year. the system should have pi-oduced an  ice inventory 
greatly exceeding the bin capacity and requiring panel operation to  melt excess ice. Bin capacity was not 

exceeded: the bin was filled only to its maxiinurn design capacity. 
Cod ing  P ~ : O ~ K W .  1 he test-year cooling season can be characterized a< nearly normal as judged by 

the National Climatic Center's tabulation of cooling degi-ce-days (in Table 6.6). Each month of the 
summer exhibited orliy slight deviations from the long-term cooling degrce-day average. The only 
excep;ion w a s  Scptember 1978, which rcmallned hotter somewhat longer than usual. Because the 
experimeni was teritiiirated on September 18. average cooling can be assumed even for this month. 

The cooling season exhibited A total of 1614 degree-days (896°C-days) as  compared with 1521 
degrce--days (845" C-days) for long-term average weather conditions. Cooling should be considered as 
having been average for the yea.r. 

heaiing season moderated lo nearly normal conditions. 

- 

6-2 3 Ice-bh effectiveness 
he ice bin is the distinguishing feature that sets the ACES apart from other heating and coolilig 

concepts. To opcrate successfully, the phase -change material (ice) must be well insulated from the 
environmeat. I he insulation is accomplished by two methods. Fiist. :he bin is located underground in 
an environriicni in which temperatures fluctuate less than the norma). ambient air temperatures. 
Second, the bin is insulated from those arcas that will experience temperatures deviating greatly from 
32" F (0°C). 

The cffectiveness of the ice bin in storing and delivering energy is of fundamental importance to  the 

Figure 6.3 shows the ice inventory during the test year; thc figure illustrates what is rneant by 
interseasonal energy transfer. I he curve i s  proportional to the amount of energy transferred because 
each English ton of ice corresponds to  288,000 Eatu (3.04 X !OR J )  of stored coolin,? energy. The figure 

success of the ACES. 



2 5 

NO\/ DEC J A N  FFH MAR APR MAY Al lG  
4 9 7 7  I 19 78 

Fig. 6.3. ACES ice-bin inventory, 1977-1978. 

clearly shows that significsnt amounts o f  cooIIng energy were produced during thc wiriter and used 
during the summer, thereby reducing energy c41usurr~ptiun for s ~ m r n e r  cooling. 

The ice bin in this installation was originally constructed as an intcgml compoment off he structure. 
T h e  walls of the ice bin form a portion i ~ f  the foundiition ~ T t h e  house, and the f i r s t  floor o f t h e  house 
forms the top of the bin. The top of the bin was in5ula ted with an R--3H-equivalent fibrous mineral wor~l  
batting contained in asphalted kraft-paper units. The sides were constructed of Foam Form block-, with 
integral concrete and structural steel elements. As constructed, the w;tlls exhibited ,sin inrsulaJiori rating 
equivalent to W-17. l'hc bin floor was a simple concrete pad cast Q V ~ X  a bed of crushed rcck,  with no  
insulation provided. 

When the bin was originaily constructed, provisions were made to measure the  earth teinperature 
at  a distance of 1 ft (0.3 I ~ 1 )  from the tank sidcwall a11d i i t  8 points direcl ly helow the bin fl(i0rh2 rows of 
thermocouples at 1,2,3, and 4 ft (0.3,U.6,0.99 and 1.23 rn) below thebin floor]. These 20 therrsiocouples 
have been monitored both before starting the test and penudically throughout the test year. The 
earth-temperature tliermocouple locations and a I ypieal representation of actuul groiintl temperature 
isotherms is shown in Fig. 6.4. 

Figure 6.5  presents the resu l ts  of the nieasurenicnits throughoklt the year, as well as average 
undisturbed earth temperatures. The undisturbed earth temperii tum are calculated by the Kusuda- 
Achenbach5 method and are presented for comparison. The thermocouple grid rnataix detected the 
thermal influence of the ice bin 01) the surrounding earth about four months after ice was first stored in 
the bin. Ternperatlire stratification was observable by comparing the thertnocouple measurements 
taken close to the bin floor with those taken further f r o m  the floor. 1-he thermocouples located furthest 
below ground level [13 ft (4  in)] did not appear to be significantly influenced by the presence of the 
ice-bin heat leakage. The  acrual heat leakage into the ice bin was about two t o  three times that originally 
calculated. Table 6.7 showi the original heat-leakage calculations. 
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Table 5.7. Original heat-leakage 
cslculations fur the ice bin” 

Monthly heat leakage 
LBtu x 106 (.I x l09)J 

-..-..._I__ .........,...-. I_ 

January 
Febt. uary 
March 
April 
May 
June 
July 
August 
Septzmbei 
October 
Notember 
Decembtr 

0,641 (0.h762) 
0.508 (0.5359) 

0.705 (0.7469) 
0.933 (0.9843) 
1.104 (1.164’7) 
I .27 I ( I  ,3409) 
1.379 (1.4549) 
1.286 (1.3568) 
1.211 (1.2787) 
0.978 (1.03 18)  

0.599 (0.5319) 

0.804 (0.8482) 

“The tank temperature was assumed to 
be 32°F (0°C‘) all year. 

The water contained within the birr always exhibited some ternperature strotification. A series of 
studies w a s  conducted to measure this stratification and typical late summer- results are shown in Fig. 
6.6. 

Ice formation phase. During the winter, house space-heating and hot-water loads caused the 
water to be converted t o  ice. The  ratio of ice-bin heat extraction to the amount of heat delivcred to the 
house for space heating and water heating is given by the expression: 

COP(H) - I 
COP( H )  

a ( H )  = ____ ____.. ~ 

Here, COP( H) is the combined space- and water-heating steady-state COP; f o r  the demonstration 
house system a( H) = 0.630. 

During the period of December 20, 1977 ( thedate  of  first ice formation), to April 1 ,  1978 (the d;ite 
of maximum ice inventory), the systcrn delivered a total of 35.75 X 1 0 6  Btu (37.7 X 109 9) space- a,nd 
water-healing loads; the system had the potential of producing 22.52 X 1 0 6  Btu (23.76 X 109 J )  
equivalent of ice (71.09 metric tons). The estimated actual bin heat leakage wtiiild have nat,urally 
destroyed 5.56 X 1 0 6  Btu (5.86 X 10‘) J) (17.55 metric tons), leaving 53.54 metric: tons. The remairiing 
amourit is very close to the actual ice inventory achieved on the first of April; however, the estimate does 
not take into account the period required to utilize the water tank’s seririble energy. 1-he sensible energy 
stored in the bin must also be accounted for if an accurate prediction of ice inventory is to  be tnade. The 
time from November 1 ,  1977, t o  December 20, 1977, was needed to extract the bin’s sensible energy. 

In  addition to evaluating the performance actually demonstrated during the extrernely cold 
test-year winter, it is instructive to consider what would have happened had the house experienced a n  
average weather year. The  average weather year beating requirements of the house are estimated to be 
30.58 X 1 0 6  Atu  (32.26 X 109 J),  and the d3 te of initial ice formation is estimated to be January 1 .  For an 
average weather year, the ice-production potential would be limited to abut 9.35 X liOh Btu (9.8s X 189 
J) (29.5 metric tons). This amount of ice would have been in storage OR April 1 during an average 
weather year with the as-built ice-bin construction. 
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ii. During the spring. space-heating and space-cooling loads are small and birienergy 
extractions result primarily- from water-heating loads. Water-heating loads did not impose a sufficient 
bin energy extraction rate to couiiteract bin heat leakages during these months. The stored cooling 
capacity of the bin declined and a t  the beginning of May, the system had 15.55 X I O 6  Btu (49 metric 
tons). o r  94% of its design storage capacity. 

Cooling semen. Bn East I ennessee, significant cooling requirements usually begin in May. I h e  
tcs: year was q u i t e  norma! because substantial cooling loads were required by thc middle o f  May. All 
cooling requirements were satisfied by using stored ice, until the ice and all  usable bin sensible energy 
wehe exhausted on July 27, 19'78. ,4 total of 12.64 X IO* Btu (13.33 X IO9  J )  of useful cooling loads had 
bcen successfully transferred from the winter season and dclivered to the house. Effective interseasonal 
energy transfer was achieved. 

The control house required the purchase of 2274 k W h i  of electricity to  deliver approximately the 
same cooling loads during this period, but the ACES required the purchase of only 298 kWhr to provide 
space cooling. 

T h e  ice bin effectively delivcred 68% of its total thermal capacity in  useful cooling loads. Bin heat 
leakage ai-rd delivery energies reduced the useful energy to  thi. lcvel from the 84% of capacity that had 
existed at the beginning of the cooling scixcn. 
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It is informative to evaluate what would have happeiicd tiad the system expeaienccd an average 
winter and entercd the month of May with all the ice that would have been pmd~ncetl in an averagc year. 

Aftcr an average winter, the ice inventory remainirig on May 1 would have hcen 8.54 X 106 R t u  
r(9.01 X IPJ )  (26.96 metric iotis)]. This quant i ty  o f  ice could have prc:jvideil stored-kr: cooling only iuniil 
late June, a t  which time the system would have entered t h e  night heat-rejection mode. 

Night beat rejection bin ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  When the system enters the night heat. rejection mntle of 
operation, energy leakage into the bin must be rejected by the heat piimp, along with the cooling loads 
of the house and the compressor input cnergy. High bin heat leakage rates therefore irncreasc the 
purchased energy requirements. A f k r  the syskni entered the riigfit heat-rejection nriadt:, nri effort w a s  

made to allow the bin water temperature to rise ;tnd rhus minimire beat leakage into the bin by reducing 
the temperature diff'erence with respect to the surrourrding earth. The effort 'was successful, i.educ:ing 
purchased energy requirements t o  about B 39:) more than normal air conditioning requirements. 
However. compromises ici the desired building dehunaidificatiori level had to be made aaid indoor 
relative hurnidities reached 70'Zl. The sys1enri cooling capacity w s  ~ I S G  subs%antially rediiccd. 

Figure 6.3 shows the ice inventory as a function of time. At the completion ofstorcd-ice cooling, 
the bin water level had riser1 ;IS i i  result ofaboui 3.30 Ih (150 kg) of;tdtlitional water t I i ; n l  ;ircctrrnulatcd i n  
the  ice bin over the seven-month period. The increase in water level is attributed to condensaticrn of 
atmospheric water vapor. During the first part of the year (1113 to Apriil 10, 1"378), ii very poorly fitring 
window for viewing the prtscejs allowed air  infiltrahitsn into the bin. A well-sealed t r  ipk-pmc window 
wiis installed to correct this problem. 

Although i t  is true that the actual performance of  the ACES can only be deteranirnctl over an  entire 
year, interesting aspects of  the ACES show up when the performance is steldied on a seasonal basis. 

6.3.1 Heating season 
To a homeowner the primary feature nf a n  ACES is energy conservation. Energy conservation 

shows up dramatically when stored ice is used for space coc-iling, brat energy conservation during the 
heatiizg season is also significant. Table 6.S shows the heating Icxtds ~KKUWX! by the ACES and control 
houses ij.1ltl the energy required to meet these loads. The heating season is defined here as November I ,  
1937, t h r sugh  April 30, 1978. The ACES shows a savings oli63% over an alR--eiectric..rc3sirlance-heating 

Table 6.8. Winter energy C O ~ $ M ~ ~ ~ ~ ~ ~ ~  

(November I ,  197'7, rhruiigh hprd 30, 1378) 

C'nrlrr,>l housc ACES 
...................................................... __I_ ______ ......................................... 

Func!ion l,0ad Corlsllnlprion I.fiaci C'onmrnptiun 
[8tu X ( J  X IO-')] ( k\Vhr) [Btu 'f: IO-' (J X IO-')] (kWhr) 

~ 
-.---...__.l...l__... ~~ .~ .......................................... 

Heating 41.02 (43.28) 12,019 39.98 (42.18) 
Hot water 9.6'7 (10.20) 2,834 1 I .dZ ( 1  2.05) 

5,468 
. . . . . . . . . . . . . . . . . . . . . . ~ 1 1 1  - 

rota1 50.69 (57 48) 14,853 51.40 (54 23) 5,468 
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system. I-his savings is accomplished vhile storing ice for later use to further reduce energy 
co ns u ni pi i on . 

Energy conservation during the heating season is a direct result of the fixed-capacity, high- 
efficiency. and no-cycling operational features of the ,4CES. Figure 6.7 shows thc temperature of the 
bi-int. ialei and the C O P  as a function of  ice inventory. The flatness of  the COP curve clearly indicates 
the uniformly high efficiency of the  ACES: the COP varies from only 2.8 in the condition with no ice to  
2.6 when 50 metric tons of ice are present. The fixed-capacity feature also removes the need for 
supplemental heating, usually supplied by resistamce heating elements at a C O P  of I ;  the ACES has a 
COP of 2.6. ( I t  is interesting to  note that the ACES system experienced little performance degradation 
because of cycling.) The rernainder of the energy conservation arises from delivering the domestic hot 
water at a COP of 2.5, rather than the C O P  of I characteristic of resistance heating elements. 

Another advantage that ACES offers is peak-load leveling. This feature is extremely important t o  
electric utilities becaiise one of theii- major problems is on-linegeneratirig capacity. The ACES provides 
peak-load leveling by maintaining a fixed COP regardless of external conditions. This  mcaiis that the 
ACES has a peak-load curve with the same shape as that of electric-resistance systems; however, the 
rnagnitticie of the peak load is reduced by (COP - I ) /COP.  Figure 5.8 shows the purchased energy 
requirements for the ACES and those for a resistance heating system during a typical. cold winter week. 
The  ACES has a consumpiion curve with the same shape as that of the electric-resistance system; 
however, thc magnitude of consumption is only about 1 /COP as much. lhis  means that the ACES 
reduces the pcak load hy 63% when compared with an e!ectric-resistance heating system. 

6 . 3 2  Cooling season 

1978. 
Stored-ice coaling. 1 he cooling season i5 dcfined here a5 May I ,  1978, through mid-September 
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When stored ice is available the cooling COP for the ACES is 12.4; conventional air conditioners 
have steady-state COPs of 2.05 t o  2.93. Thus, it is apparent that the ACES reduces energy consumption 
significantly when operating with stored ice. For the defined cooling season, stored-ice cooling lasted 
until July 27, 1978. Table 6.9 shows the loads on the ACES house during this period, the energy 
required by the ACES, and the energy required by a conventional air conditioner. Figure 6.9 shows the 
peak electrical loads imposed for a typical week. 

Table 6.9. Summer energy consumption during stored-ice operstion 

(Ice was exhausted on July 27, 1978) 

Control house ACES 

Function Load Consumption Load Consumption 
[Btu X IOd (J X IO4)] (kWhr) [Btu X IOd (J X IO')] (kWhr) 

~~ 

840 Cooling 12.64 (13.34) 2274 12.64 (13.34) 
Hot water 3.41 (3.60) 999 3.71 (3.91) 

- __- - -- 
Total 16.05 ( 16.94) 3213 16.35 (17.25) 840 

Because the ice supply was exhausted on July 27, 1978, before the end of the cooling season, the 
ACES operated in the off-peak cooling mode during the remainder of the season. 

Night heat rejection. After the ice for cooling was exhausted on July 27, 1978, the system was 
operated in the night heat-rejection mode for the remainder of the test year. Figure 6.10 shows the 
ACES energy requirements for this mode and the energy requirements for a typical air conditioner. In 
this mode, the compressor extracts heat from the ice bin at  night so that the daytime air conditioning 
demands of the house can be supplied by the ice bin. The compressor is required to extract both the 
cooling demands of the house and all heat leakage into the bin. This, of course, would require more 
purchased energy than a normal air conditioning system operating at the same seasonal heat-rejection 
COP. In actual practice, the ACES should be able to  reject heat at seasonal COPs much higher than a 
normal air conditioning system because it does not cycle during heat-rejection operation. 

The first week of night heat-rejection operation showed that the ACES consumed, on the average, 
33% more power than the conventional system in the control house. At this time, the control logic was 
based on the concept that the compressor would operate a t  any time when three coincident conditions 
existed: (1) the bin temperature was above 36°F (2.2"C), (2) the panel temperature was below 80°F 
(26.6OC), and (3) a potential need for cooling existed. 

This control philosophy yielded several undesirable results. The attempt to  maintain low bin 
temperatures caused high heat leakage rates into the ice bin to  continue. The colder it got outside, the 
more the compressor operated. Occasionally, when the weather was cloudy and cool, the system ran 
continuously for almost 24 hr. Because of this unsatisfactory situation, an  effort was made to  adjust the 
controls to restrict compressor operation and limit the bin energy extraction to a rate sufficient t o  meet 
the anticipated needs for cooling and bin heat leakage. 

The bin temperature for initiating compressor operation was reset t o  44" F (6.6"C), and the solar 
panel cut-off temperature was changed so that compressor running time was decreased. The combined 
effect of these changes was to decrease the average daily duration of compressor operation. Decreasing 
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compressor operation time allowed the average bin temperature to  rise and reduced the heat leakage 
into the bin. Frequent adjustments were made to  maintain desired operating time. 

The compressor operated continuously during periods of low outdoor temperature. The extended 
duration of compressor operation was related to  the rate of heat extraction from the ice bin. The rate of 
heat extraction was not sufficiently rapid to  reduce the bin temperature below the compressor cut-off 
point because of cooling demands and bin heat leakage. 

The compressor and pumps are located inside the ACES house to facilitate use of waste heat 
during the winter months. When the compressor must operate in the summer, waste heat is detrimental 
because it too must be rejected along with normal house demands and bin heat leakage. Because the 
compressor must operate to  reject its own waste heat, the cooling COP of the ACES is significantly 
reduced and purchased power requirements are increased. It is estimated that the supplemental cooling 
C O P  of the ACES was reduced by heat from the equipment to about 80% of the cooling COP of the 
control-house system which has the compressor outdoors. T o  eliminate the increased system demands, 
the mechanical package room was isolated from the remainder of the house and a window in the room 
was opened. Even with these corrective actions, the ACES exhibited a lower cooling COP than the 
control-house system for the remainder of the test year. 

Table 6.10 gives the energy requirements for the ACES and the control house during the period in 
which the ACES operated in the off-peak cooling mode. In this mode the ACES required 12.7% more 
energy t o  meet its cooling and hot-water requirements than did the control house because: ( I )  some of 
the cooling energy from the bin was lost to the surroundings before it could be used; (2) additional 
cooling was required because the compressor was located inside; and (3) energy was required both to  
store the cooling energy and later to retrieve i t .  The bulk of this energy is used during off-peak hours, 
and compressor heat can be easily vented outside to  reduce the amount of extra energy required. Table 
6. I 1 gives energy requirements for the entire summer, including the domestic-hot-water requirements. 

Control-house air conditioning. The system that was compared with the ACES during the cooling 
season was a commercial Weathertron heat pump operating in the air conditioning mode. This unit has 
a 2.04 steady-state cooling C O P  at the 95°F rating point, as rated by the Air Conditioning and 
Refrigeration Institute. The unit was periodically checked and found t o  be operating at the specified 
performance level. 

Table 6.12 shows the performance of this unit during the test-year cooling season. The average 
seasonal cooling COP was I .64, which indicated that cycling losses in the air conditioning mode are in 

Table 6.10. Summer energy consumption during off-peak cooling operation 

(July 27, 1978, through September 18, 1978) 

Control house ACES 

Function Load Consumption Load Consumption 
[Btu X IOd (J X IO')] (kWhr) [Btu X IOd (J X IO')] (kWhr) 

Cooling 10.02 (10.57) 
Hot water 1.73 (1.83) 

-- 

1891 12.15 (12.82) 
506 1.73 (1.83) 

4.66 (4.92)' - -- 

2704 

- 
Total I I .75 ( 1  2.40) 2397 13.88 (14.65)" 2704 

16.81 (17.74)" 

"Hot water requirements differ because of the method of production. Actual requirements are those 
for the control house. 



Table 6.1 1. Total summer energy consumption 

(May 1, 1978, through September 18, 1978) 

Control house ACES 

Function Load Consumption Load Consumption 
[Btu X lod (J X IO-)] (kWhr) [Btu X IOd (J X lo-)] (kWhr) 

24.79 (26.15) 3542 Cooling 22.66 (23.91) 4165 
Hot water 5.14 (5.42) I505 5.14 (5.42) 

8.37 (8.83)" -- - __- - 
Total 27.80 (29.33) 5670 29.93 (31.57) 3542 

33.16 (34.98)" 

"Hot-water requirements differ because of the method of production. Actual requirements are those 
for the control house. 

Table 6.12. Control house air conditioning performance 

(Standard Weathertron heat pump rated at a C O P  
of 2.04 at 95'F outside air temperature) 

Cooling demand Purchased power Monthly 
[Btu X (J X [Btu X IOd (kWhr)] cooling COP 

May 1.50 (1.58) 1.00 (293) I S O  
June 4.98 (5.25) 3.00 (879) 1.66 
July 6.54 (6.90) 3.982 (1167) 1.64 
August 6.30 (6.65) 3.86 (1131) I .63 
September 3.34 (3.52) 1.982 (581) I .69 

Seasonal total 22.66 (23.90) 13.82 (4051) I .64 

excess of 20%. If cycling losses are neglected, the system performance should have been better than the 
rating point because outside air temperatures during the test-year cooling season seldom reached 95" F 
For this evaluation, the cooling requirements are assumed to be identical. 

6.4 Monthly Performance 

Table 6.13 presents monthly information for the major components of the ACES. Since the 
ice-melting by solar panel operation only occurred for a few hours during March, its contribution to the 
monthly performance has been omitted. The two most important items in Table 6.13 are the heat leak 
into the storage bin and the amount of cooling that had to  be stored to  meet the cooling loads after the 
ice was exhausted. For August, 9.29 X 106 Btu (9.80 X IO9 J) of cooling was stored to meet the 6.3 X 1 0 6  
Btu (6.65 X IO9 J)  of cooling required, This difference results from the heat leak into the bin, which was a 
direct loss in the off-peak air conditioning mode and the increased cooling loads resulting from 
operation of the compressor. 



Table 6.13. Delivered loads ilnd power consumption in t h e  ACES house 

Loads 
p t u  x 10P (.I x 10-911 Ice bin 

Electrical 
%?imsted aciual Average consumption 

tanx (kWhr)  hest leakage 

Heating Cooling Ho: water 
i c e  inventory 

[Yru X 1!Y6 (J X i T 9 ) ]  

1977 
Uovember 
December 

January 
February 
March" 
April 
May 
June 
July 
Augu5t 

1978 

SepxmSer 

Total 

3.64 (3.84) 
8.06 (8.50) 

12.63 i13.33) 
9.66 j i0 . lS )  

1.26 ( 1.33) 
0.61 (0.64) 

4.72 (4.98) 

0.13 ( 0 . 1 4 ) h  

0.1 1 (0. I2)* 

40.82 (43.07) 

0.26 (0.27) 
1.50 ( I .58)  
4.98 (5.25) 
6.54 (6.50) 
7.55 (7.97) 
6.30 (6.65)' 
4.C.i ( 4 . 2 3 ~  
3.34 (3.52)' 

24.84 (26.21) 

1.47 (1.55) 
2.67 c2.82) 

2.33 (2.46) 
1.82 ( I  ,921 
i.70 (1.79) 
i .44 (1.52) 
1.53 (1.61) 
! .22 (1.29) 

2.85 (3.01) 

1.67 ( I .75) 

1.99 ( I .  15) 

0 
0 

2.59 {2.74) 
9.36 (9.88) 

15.26 (16.10) 
16.42 (i7.32) 
15.55 (16.41) 

6.71 (7.08) 
0 

0 

14.1 1 (14.W) 

19.79 (20.88) 

-0.75 (0.79) 45 (7  2 )  505 
1.51 (1.59) 4 (4.441 954 

1.94 :<2.05) 

i.63 (1.72) 
1.75 (1.86) 
2.19 (2.31) 

2.30 (3.60) 

i .49 (1.57) 

2 . m  (2.74) 

i.74 (1.84) 

32 ( 3 )  

32 (G) 
32 (0) 
32 (0) 
32 (0) 

45 (7.21 

32 (0) 

37 (2.71 

1707 
1246 
712 
314 
304 
280 
516 

1546 

-0.86 (b.91 J 48 (8.& 868 

19.37 (20.9Sj 
- 
9012 

"0.263 X I O 6  Etu of ice mejring by pane1 operation was done this month. 
hSurnrner heating loads were thc result of systems :esting. 
'Denotes actual loads on control house; these are also i k e  approximate usefui ioads in the ACES house. the difference fro= the preceeding numj:; b5lng 

increaset by i n t e r d  loads :';om compressor operzrion. 
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6.5 Economy Cycle Operation 

The economy cycle uses outside air to provide some or all of the cooling requirements of the 
structure. Use of outside air is normally accomplished by the opening of windows when it is cool 
outside. So that this concept could be evaluated, a n  automatic system was built into the ACES heating, 
ventilating, and air conditioning system. 

Basically, the economy cycle feature is used under two conditions. First, when the cnthalpy of the 
outside air was less than that of the house air and the house required cooling, dampers were positioned 
so that the return air was exhausted to the outside; the outside air was pulled through the cooling coil 
and delivered to  the house. Because enthalpy of the outside air was less than that of the house air, the 
cooling load was reduced. Operation in the second condition occurred when the enthalpy of the outside 
air was below 27 Btu/ Ib ( 12.9 X 103 J /  kg); under this condition, outside air could provide all the cooling. 
Therefore, the circulating brine system was turned off, and outside air was pulled in  through the coil, 
and delivered to the house. House air was exhausted to  the outside. 

The economy cycle system operated from the end of May until early July 1978, at  which time it was 
disabled. During this operational period, the system achieved some economy cycle cooling [about 
100,000 Btu (1.05 X 108 J), or about  2% of load], hut it was far less than the anticipated 25% of load. 
Investigation revealed two causes for this poor performance. First, the daily house demands for air 
conditioning did not coincide with the availability of low-enthalpy outside air. Second, the system had 
to  wait until it was too late to enter this mode; it was not anticipatory. 

Because economy cycle system malfunctions occurred occasionally, it was decided to  disable the 
system to preserve the accuracy of heat flow information for ACES performance evaluation. This 
experience with the economy cycle concept is not conclusive; other control philosophies couplcd with 
more reliable sensors might make the concept more effective. 
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7. OPERATIONAL EXPERIENCES 

Several important characteristics of the ACES were learned from the data obtained during the test 
year. These items will be discussed as they Ielate to  the major components of the ACES. 

7.1 I\.aeGhaItiCd Package 

The mechanical package inclmies the major mechanical equipment (heat exchangers, pumps, 
valves, compressor, piping, etc.), the coritrol equipment, and the control logic necessary to operate the 
ACES, With the exception of downtime resulting from improper testing of the system (improper testing 
of the high- and low-pressure cutout switches, for example), the system operated for the entire year 
without major difficulties. 

The  most significant problem with the mechanical equipment was insufficient heating capacity. 
During the design phase, a 17°F (-8.3"C) winter design-day temperature was chosen; this figure 
corresponds to the 97.5% value given in the ASHRA E Handbook of FundamentaIs.6 The system was 
capable of supplying all the heating requirements down to this temperature; however, these was a 
significant trumber of hours below the design-day temperature when the lack of capacity was noticeable 
by a drop in the house temperature [7" F (4OC)I. Some problems in comparing the performance of the 
ACES and control houses resulted. The control house had sufficient resistance-heating capacity to 
maintain house temperature under all conditions during the year; the ACES house did not. Plans have 
been made to correct this deficiency by installing a larger compressor. 

The remaining problems involved logic errors built into the ACES controller. The original logic 
called for hot water to be produced when space heating occurred; this was accomplished by using the 
desuperheater to  heat water continuously. Two problems for the ACES resulted. First, syphoningsome 
of the system output into the hot water reduced the output of the systen~ for space beating, thereby 
lessening capacity even more. Second, this logic caused excessively high hot-water temperatures, which 
resulted in unnecessary power consumption, 'Table 7. I shows the energies delivered t o  each hot-water 
system. 

Table 7.1. Actual hot-water delivered energies" 
of the ACES and control houscc 

ACFS Control  houw" 
[Rtu x 10 1.1 x 10 ')I [ R t u  x 10 ( . I  x 10 'I] 

1977 
\o\ emhcr 
I k c r m b c r  

197x 
Jaiiudr) 
F e  br uar! 
M a  I Cl l  

April 
M a )  
_I unc 
.luly 
Augu\t 
September 

I O l a l  

I 4 7  (1.551 
2.67 ( 2  X ? )  

2 33 (2.46) 
I x 2  (1.921 
1.70 ( I  79)  
I 4 4  ( I  52) 
1 5 3  (1.61) 
I .?2 ( I  29) 
IO9 ( I  I 5 1  
2 85 (3.01) 
I 6 7  (1.761 

1.X4 (1941 
I 61 ( I  70) 
I 6 6  ( 1 . 7 5 1  
I 39 ( I  471 

I 10 ( I  16) 
I I O  (1.161 
I O 1  ( I  0 7 )  
0.576 I0 60%) 

1.35 I I  42)  

19 79 ( 2 O X X )  14 80 (15.61) 

'70 gpd water draw (265 I iter\/dayl 
'Electric Mater heater maintained at 120°F (4X.Y"C) delivery 

temperature  



48 

To alleviate this problem, the logic was changed so that water heating was only perforriled when 
the hot-water thermostat indicated a need for heat. This change allowed the entire output to bc used for 
space heating most of the time, thereby increasing the output capacity of the system. Additionally, less 
energy was consumed because unnecessarily high hot-water tenlpcratuies were not produced. 

Another logic error occurred during the off-peak air conditioning mode. The original logic called 
for the night heat-rejection mode to begin when the solar-panel temperature was below 80" F and the 
storage-bin temperature was above 36°F (2.2OC). Maintaining a low bin temperatiire resulted i n  
significant amounts of energy being wasted because of increased heat leakage into the bin. Because the 
heat leakage into the bin is directly proportional to  the temperature difference between the bin and the 
ground, the minimum bin temperature was raised to 44°F (26.7"C) which resulted in decreased heat 
leak and improved performance in the night heat-rejection mode of operation. 

7.2 Solar-convertor Panel 

The solar-convector panel can perform dual functions in an  ACES. The panel can provide 
ice-melting capabilities, or it can operate as the heat-rejection component of the compressor after the ice 
has becn exhausted. 

The ACES demonstration house, as constructed with the large bin, does not require any ice- 
mcltirig capability for design-year weather conditions. The solar-convector panel for the demonstration 
house was sized solely to meet heat-rejection requirements. 

72.1 Paml heat collection 
Although the loads delivered by the ACES during the test year greatly exceeded the original design 

loads, the bin heat capacity was never exhausted. For  this reason, the panel was not used to  collect large 
amounts of energy for melting ice. 

The capability of the panel to collect energy was evaluated during a three-day test period (March 5 ,  

6, and 7) when the system was forced into the ice-melt mode. Daytime, outdoor. ambient-air temper- 
atures ranged from 19 to 40° F (-1.2 to +4.4O C ) .  The panel was capable of collecting significant quanti- 
ties of energy a t  all temperatures above 28OF (---2.2"C) while the sun was shining. On  a day averaging 
28" F (-2.2"C), the panel demonstrated a capability of collecting 40 Btia K' ftC2 (45.4 X I04 J h-' r f 2 ) .  
The following day, when the temperature averaged 38°F (3.3OC), the average collection ratc was 114 
Btu 11-' ftC2 (129.5 X I O 4  J h-l K2). Total heat collection for the test period amounted to  0.26 X 106 Btu 
(0.274 X I O 9  J).  Because of the brief period of operation in the collection mode, no conclusions can be 
made about the long-term effectiveness of this panel. The panel appears, however, to operate as theory 
predicts. 

7.2.2 Night heat rejection 
After July 27, the system was operated in the night heat-rejection mode. This n o d e  of opcra- 

tion subjected the panel to a variety of conditions. The most severe operating condition for the panel 
occurs when no wind is present. The original panel design assumed a heat-transfer coefficient of 2.0 Btu 
h-' ftC2 O F - '  (1  1.36 W m-' K-'). Further laboratory experimental work has shown that a heat-transfer 
coefficient of 1.46 Btu h-' ft-2 O F - '  (8.29 W m-2 K') is more realistic for near-calm air conditions. 

Performance during the latter portion of the test year indicates that a heat-transfcr coefficient of 
1.3 Btu  b-' fC2 OF-' (7.38 W rn-2 K-I) was achieved in near-calm conditions and that the heat-transfer 
rate increased severalfold when a wind was blowing. 
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9.3 Ice-Water Storage 

Probably the most significant thing learned about ACES during the year's operation was the 
magnitude of thc heat leak into the bin. A great deal of time and effort was spent during the design phase 
t o  predict the beat leakage. The decision not to install heavy insulation around the bin proved to be a 
mistake. 

The actual. heat leakage into the bit1 was about 60,000 to 95,000 Btu/day (63.3 to  100 X 106 J / d ) ,  
which is roughly equivalent to itielting 0.21 to 0.33 tons of ice per day. This leakage was more than twice 
the amount predicted. 

The early calculations were based solely on the conduction of heat through the ground. A 
substantial amount of apparent heat transfer through the ground can be causcd by moisture migration 
under favorable conditions. It is not possible to isolate theamount ofincreased heat leakage induced by 
moisture migration during the test year. 

During the test year, a noticeable deflection i n  the heat-exchanger support structure was noticed. 
The structure deflection was carefully monitored for the remainder of the year to determine if there was 
a problem. The deflection measurements correlated linearly indicating that failure was not eminent; 
and, because the coils and support structure were replaced, it will not be possible to determine whether 
after this test year, this would have been a long-term problem. 

When the system was shut down a t  completion of the test year, the ice-bin batting insulation was 
rcrnoved and found to bc extremely wet from condensation. This problem was corrected by replacing 
the batting with Styrofoam closed-cell insulation, which does not absorb moisture. 

1.4 Wader Conditioning 

I he ACES bin and niechanical package contain various metals in direct contact with either the 
methanol-water brine solution or the bin water. Watei conditioning to  prevent bacterial growth and 
corrosion was found to be necessary veiy early in this experiment. Corrosion caused failure of the 
original aluminum bin coil during the first year of operation. Since that coil was replaced, effcctiveness 
of the water treatments used to correct deficiencies has been monitored. An assessinerit of these 
treatments follows. 

The  brine system contains several different mateiials in contact with both hot and cold brine 
solutions. A treatment for the brine system developed i n  late 1976 was designed to inhibit corrosion in 
three metal systems: aluminum, copper, and iron. The following table s h o ~  the desired concentra- 
tions of the inhibitors and the concentrations used. 

Material 

Nitrite-borate Io00 
Silicate 500 

Chrmtiol 19 30 
Boric acid 

Toluolytriarole 5 

(Adjust pH to 7.5-8.0) 

In January 1977, the methanol-water brine system was treated with a formulation of nitrite-borate, 
silicate, toluolytriazole, boric acid, and microbiocide materials. Aluminum, copper, and iron corrosion 
coupons inserted in the brine system were removed after 1000 h of operation, and the corrosion rates 
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were found to be i~eglipiblc. Additional corrosion coupons. which were installed in thc  system on 
December 13, 1977, and removcd on April 17, 1978, and Septcmher 18, 1978, were analyzed for 
corrosion. l’he following table prcsents the results of the corrosion ratc evaluatiorr\. 

Aluminum 0.0049 0.123 

I ron  0.0044 0.110 
Copper 0.0008 0.020 

These corrosion rates are considcred negligible; however, small amount% of  corrosion the aluminum 
coupon occurred at  the edges where the metal was somewhat stressed due to “pu~icl~ing out” the 
coupon. 

7.4.2 Ice-bin water 
After thc ice bin was filled, the water was treated with 1 to 9 gal o f  5%’ sodium hypochlorite 

(Clorox)(to achieve 1 ?pin of free chlorine) to prevent bacterial growth. This treatment was apparently 
successful because thc water has remained clear, which is an indication of the absence of bacteria. The 
water’s p1-I wa5 adjusted to 7.5 by using hydrochloric acid. 

’Table 7.2 lists the results of detailed water chemistry analyses, both a t  the initial fillin,g and near thc 
time of maximum ice inventory. The ice-bin water contained traces of  iron, zinc, and cadmium, 
probably from corrosion of the cadmium-coated steel hose clamp and the galvanized pipe hangcr. 
Water treatment of the bin and the brine circuit apparently was successful. 

Trace material w r1 
water 

Aluminum 
Cadmium 
Copper 
Iron 
Lead 
Zinc 
Total dissolvtd solids* 
Total hardness‘ (CaC03) 

M-Alk. (CaCO1) 
Chloride 
Sulfate 

P.AIk 

<0.05 
<0.002 

0.004 
<0.06 
<0.01 

0.04 
132 
66 

< I  

15 

<0.05 
<0.004 

0.01 
0.12 
0.02 
2.5 

384 
I57 
< I  
93 
67 
57 

“With 55 tons of ice in the bin, the remaining water should have 

bTotal dissolved solids (initial concentration) 132 X 2.94 = 388 

C’l‘otal hardness (initial concentration) 66 X 2.94 = 194 (actually 

been concentrated approximately 2.94 times. 

(actually analyzed 384) mgi liter. 

analyzed 157)  mg/ liter. 
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The ACES was shut down on September IS, 1978, so that modifications could be made before next 
year's operation. The modifications decided on were: 
I .  increasing the heating capacity of thc .443ES, 
2. reducing the amount of heat-transfer surface in thc bin, 
3. adding more insulation to the bin io reduce heat leakage, 
4. modifying control system logic to correct deficiencies. 

Because of the design of the mechanical package, the capacity of the ACES may be increased by the 
installation of a larger compressor. A larger compressor was installed, and it is believed that the system 
will now bc able to  meet heating requirerncnts down to -8" 1; ( - - - I  3" C) outside ternperaturc [instead of 
the 17" 1; (--%.3OC) originally designed]. The larger compressor will facilitate comparisons between the 
ACES anti the control house because the ACES house will now be able to maintain its inside 
temperature during even the coldest days. 

To reduce the heat leakage of the storage bin, 4 in. (0.1 m) of Styrofoam insillation was added to the 
sidewalls, 7-3j4 in. (0.2 m) was added to the top, and 6-3/ 4 in. (0.15 m) was placed over the floor. The 
overall R-value was thus raiscd to at least 37 0 1 1  all surfaces; the added insulation is expcctcd to reduce 
heat losses drastically. 

The original bin design contained about 18QO lin ft ( 5 3 3  r n )  of tubing. l.ater economic analyses 
revealed that this amount was excessive from the standpoint of a cost/ benefit ratio and that the design 
should have becn based on 600 lin f t  (184 in). Although the excessive amount of tubing was not 
detrirnental from an operational point of view, a decisioii was r u a r k  to reduce the tubing e o  1301) lin ft 
(400 m) a9 a concession to cost-benefit considerations. Thirteen hundred lin ft (400 m) of 518 in. OD 
copper tubing was installed i n  the bin. A s  a final measure, the tank liner was replaced with another 
heavier material. 

The data acquisition system (DAS) was also upgraded. The new DAS contains an improved 
calculator (computer) and has twice the data-point capacity of the old system. Thcse improverncnts will 
allow for additional experiments to be carried out at  the TECH complex. Control logic changes were 
also initiated to correct the shortcomings discovered during the year. 
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ATIVE ASSESSMENT OF ACES T1E;RFBBWMibhiCE 

This report has compared the performancc of the ACES house with that of the C O A ~ ~ O ~  house, 
which employs a resistance-beating and hot-water system with central air conditioning. The  
comparison has proved extremely tisitful in dctcrmining the equality s f t h e  loads on the two houses arid 
for comparing the performance of ACES with that of a resistance-heating system. Current plam call for 
the ACES ~ Q I W  to be experimentally compared with a conventional air/ air heat-pump systcm for the 
next year's operation to allow a direct evaluation of the ACES in relation to a heat pump. We have 
estimated, however, what the relative performance of the ACES and conventional heat-pump systeni 
would have been during the test year of this report. For comparisons a fossil-fueled system with central 
air-conditioning was also considered. 

Table 9.1 gives the seasonal performance factors for the t w o  systems in the heating seacon, cooling 
season, and for water heating. The systcsns are: 
1 .  electric resistance---- clectiic-resistance space and water heating with central air conditioning, 
2. fossil fueled---- fossil-fueled space and water heating with central air conditioning. 

Table 9.2 gives. thc loads and energy consurnption of the ACES for the test year, along with the 
assumcd co~asuniption for the other systems, Energy consirmptions are presented in kilowatt-hours, 
although the two different energy sources are typically represeritcd in different units. The piirnaiy 
importance of this table i s  to show the relative energy consurnptions of thc tkirec systems depicted. 

'l'sble 9.1. Senannal. perfarmamcr 

c d i n g  systems 
k&em ob two Baeatirag r ~ d  

- ....... _ _ _ _ _ _ . _ _ . . ~  .......... __x... 
Rcsistance Fossil 

heating fueled 
_........_I.... 

Cooling 1.64 I .64 

Hot water I 0.6 
Ilcating I 0.6 

Resistance 
heating 
(kWhr) 

Fossil fueled ACES 
(kWhr) (kWhr) _____ .....___-_____...........- - 

Heating 1 1,954 19,523 
Cooling 4.427 4,427 9,012 
Hot  water 5,798 9,663 

_. ...... I- 

l o t a l  22.179 33.6 I 3  9,O 12 
.. . .- ..... 

Table 9.3 presents the amounts of natui al resources tbat were consumed to mcet the given loads. A 
28% nctwork efficiency was assumed for electricity constrrnption arid a 10% transportation loss was 
attributed to  the fossil fuel consumed. This table gives an estimate of the quantities of nonrenewable 
resources consumed by thc variour systems to ineet the same load. 
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.... 

Heating 
Cooling 
Hot waier 

Total 

........ 
Table 9.3. Remwse ~0~~~~~~~~~ of slternative systsnn.s 
..... ... _ ............I___ ............. 

Resource consumption 
Loads [Btu X (J X IO3)] 

p t u  x 10-6 (J x 10-9)l .____.... __I ........... ......... 
Resistance Fossil ACES 

___ ............ ..-.........I_ .................. 

40.80 (43.05) 145.7 (153.72) 75.55 (79.71) 
24.78 (26.15) 53.96 (56.06) 53.96 (56.96) 109.85 ( I  15.90) 
19.79 (20.88) 70.6R (74.57) 36.65 (38.67) 

85.37 (90.08) 270.34 (285.25) 156.16 (175.34) 109.85 ( 1  15.90) 
............ _. ... _--_I_._... 

.4dditiorially, we can assess the relative performance of a house equipped with a conventional heat 
pump and electric water heating by assuming only seasonal coefficients of perforniance (COP) for the 
heating season. For comparison, the heating-season COP for a conventional heat pump should he 
about 1.50 in Knoxville. The cooling-season cooling COP was 1.64 and, for water heating, 1. 

These COPS would have resulted in a comparative test house consumption of 7809 kWhr for space 
heating, 4427 kWhr for space cooling, and 5798 kWhr for water heating. 'I'otal annual consumption 
would have been 18,034 k W h r  to deliver loads identical to those met by the ACES, resulting in a 
rcsliiirce consumption of 219.82 X 106 Btu (231.92 X lo9  J), and i n  a m o u r c e  efficiency- of 39%. 
Resource efficiency is the percentage of a natural resource which is utilized a t  thc end use. 

Table 9.4 gives the resource efficiency for each system as a whole. Resource efficiency is defined as 
delivered load divided by natural resources consumed. As can be seen, the ACES had a significantly 
higher resource efficiency than did the other systems. In addition, the ACES i s  not consuming a critical 
fossil fuel. ACES electricity can be produced from a number of natural resources, many of which are 
not as limited or  as valuable as are the fossil fuels, gas, and oil. 

Table 9.4 Resource efGciemcy (in k) 
ob ~~~~~~~~~~C systems 

.......... _ ......... _ll___l 
Resistance Heat" Foqsil 

heating pump fired ACES 

32 39 51  74 

"Assumed performancc. 

The primary purposes of this seGtion were ( 1 )  to demonstrate that the ACES is iiideed an  energy- 
conserving system in that it reduces the total amount of energy that must be consumed, and (2) to point 
out that the sources of energy for the ACES can be derived fmm resources less valuable than those used 
for fossil systems. 
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10. CONCLUSIONS 

I’he basic conclusion regarding the year’s operation was that the test was successful. Both the 
ACES and the DAS proved to be most reliable and generally, their performance met or exceeded 
expectations, with the exception of bin heat leakage and night heat rejection. 

‘4reas in which problems occurred can be summarized briefly as follows. 
1.  There was an unexpectedly large heat leak into the storage bin (a well-insulated bin is required ti) 

2. There were control logic errors that caused excessive amounts of energy to be used in the night 

3. Incorrect logic caused excessive amounts of hot water to bc produced during the coldest portion of 

4. I‘here were increased cooling loads caused by waste heat from the rneclnarrical package in the night 

5. There was insufficient heating capacity to maintain house temperature during the coldest periods. 
6. There was condensation on the insulation in the storage bin. 

Other conclusions about the performance of the ACES have already been mentioned in this report 
but are reiterated here. 
1. Winter energy consumption was reduced by 63%. 
2. Winter peak loads were reduced by 745%. 
3. Summer energy consumption was reduced by 37%. 
4. Summer peak utility loads were reduced by between 33% and 82%. 
5. Annual energy consumption was reduced by 56%. 
6. The ACES exhibited no cyclic losses during the heating season. 
7. Stored ice provided 2274 kWhr of eqiiivalent cooling purchased energy. 
All these comparisons are in relation to the control house, which used electric-resistance heating and 
hot water, and a central air conditioning system. Future operation will allow for thesc same 
comparisons to be made against a conventional air/ air heat-pump installation. 

accomplish interseasonal cnergy transfer). 

heat-rejection mode. 

the winter. 

heat-rejection mode. 
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Appendix .a 

D A S  DATA POlNTS 

This appendix contain3 information on the data aquisition system (DAS) used at  the Tech 
Complex. Included is a list of  all the data points measured and those points calculated from t h e  
measured values. The DAS has been operational since August 1976. Since that time, several major 
modifications were made in an effort to improve the overall reliability of the system. During the test 
year, the DAS as a whole demonstrated a 96% uptime by running 24 hr pcr day, 7 days per week. The 
overall accuracy o f  the DAS was about 5% during this period. This estimate considers the general 
operational availability, the time when significant failures occurred, and the sensor-to-storage 
accuracy measured by testing. 

Table A. 1 is a list of the data points along with the units and types of signals measured. 

Table A.1. Data points 
____ ............................................. 

Signal 
............. 

I .  Ice--bin lcvd 
2. Bin temperature low 
3. ACES house dry bulb 
4. Control house crawl.spacc temperature 
5. Bin coil inlet 
6. Bin coil outlet 
7. Fan coil inlet 
8. Fan coil outlet 
9. Solar panel inlet 

IO. Solar panel outlet 
I I .  Domestic-hot-water inlet 
12. Domestic-hot-water outlet 
13. Bin temperature high 
14. Control house dry bulb 
15. Uncirculated panel dry bulb 
16. Control house wet bulb 
17. Not used 
18. Solar pump I inlet 
19. Solar collcctor inlet 
20. Solar collector outlet 
2 I .  Solar house hot water tank high 
22. Solar house hot water tank middle I 
23. Solar house hot water tank middle 2 
24. Solar house hot water tank low 
25. Solar !louse collector tank I high 
25. Solar house collector tank 1 low 
27. Solar house fan coil inlet 
28. Solar house fan coil outlet 
29. ACES house wet bulb 
30. Collector tank 2 high 
3 1 .  Collector tank 2 low 
32. Solar home dry bulb 
33. Solar house wet bulb 
34. OutPide dry bulb 
35. Outside dcw point 
36. Barometric pressure 
37. Not used 
38. Wind dit-ection 
39. Not  used 

Unit 

l'ons 
O F  

"F 
O F  

O F  
"F 
O F  

O F  

OF 
"F 
O F  

O F  

" F  
"I: 
"F 
"F  

" F  
" F  
O F  
or- 

" F  
"F 
O F  

O F  
O F  

O F  

OF 

"F 
"F  
0 %  

"F 
O F  

or. 

OF 
in. Mg. 

dcg 

............... 

Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 

Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 
Analog 

Analog 
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Table h.1 (continued) 
......... ~ _ _ _ _ _ _  ....... ___ ~. . . . . . . 

Signal Unit 'l'ype 

40. Rainfall 
41. Bin heat output 
42. Bin heat input 
43. ACES panel input 
44. ACES panel output 
45. Cooling pump energy input 
46. Hcating pump energy input 
47. Hot water pump energy input 
48. Compressor energy input 
49. Fan  energy input 
50. ACES house energy input 
51. ACES fan coil output 
52. ACES fan coil input 
53. ACES hot water output 
54. Control hou\e heat output 
55. Digital data  
56. Solar collector heat input 
57. Solar fan coil output 
58. Solar hot water output 
59. Solar house energy input 
60. Solar house fan energy input 
61. Solar hot water pump energy 
62. Solar collector pump energy 
63. Solar duct heater energy 
64. Solar fan coil pump energy 
65. Jk l ta  enthalpy 
66. Solar radiation incident 
67. Average wind speed 
68. Control house energy input 
69. Economy cycle elapsed time 
70. Digital data  
7 I .  Economy cooling (calculated) 
72. lntcgration time for scan 
73. Date. month/day 
74. Date, year 

in. 
Btu 
Btu 
Btu 
Btu 
W h 
Wh 
Wh 
Wh 
Wh 
Wh 
Btu 
Btu 
Btu 
Wh 

Btu 
Btu 
Btu 
W 
W 
W 
W 
W 
W 

Btu/ lb  
Btu:ft*-h 

inph 
Wh 

N: A 
Btu 
sec 

NI'A 
N I A  

N # A "  

sec 

Analog 
Integrated 
lntegratrd 
Integrated 
Integrated 
Integrated 
Integrated 
Integrated 
Integrated 
Integrated 
Integrated 
Integrated 
lntegratrd 
Integrated 
Integrated 

N A 
Integrated 
Integrated 
Integrated 
Integrated 
lntegratrd 
Integrated 
Integrated 
Integrated 
Integrated 
lntcgi ated 
Integrated 
Integrated 
Integrated 
Integrated 

N ! A  
Integrated 
Integrated 

N / A  
!VIA 

"Not applicable 
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&Pen 

DATA PLOTS PWOnlIJCED BY THE DAS 





23.95 
31.34 
18.16 
0.00 
0.cso 
0.00 

5 5 2.66 

358.3 r 
223.75 

0.00 
307.85 

0.00 
81.41 

O"O0 
6453.69 

0.00 
2004.63 
24.8.29 
3M.68 
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Appendix C 

SAMPLE CALCULATIONS 

C.l  Space Heating with Hot Water COP 

Because the mechanical package is located inside the house, all the electrical input goes toward 
heating the house. For this reason the heat output equals the heat removed from the bin plus the 
electrical input. The COP is the heat output divided by the electrical input. 

Electrical 
inputs 
( W W  

Energy 
outputs 
Whr)  

~~ ~~ 

Compressor 2260 
Fan 380 
Pumps 389 

Total 3029 
__ 

Heat from bin 5160 
Electrical consumption 3029 

Total 8179 

C O P  =Output / lnput  =8179/3029=2.70 

C.2 Space Cooling (Ice Melting) 

Useful cooling is defined as the energy extracted by the fan coil minus the energy input to the fan; 
the COP is the useful energy divided by the energy input. 

Useful 
cooling 
( W W  

Energy 
input 
( W W  

Heat extracted by the fan coil 7270 Fan 380 
Less fan energy + 3 / 4  pump 504 Pump 166 

Total 6766 Total 546 

C O P  = Useful Cooling/Energy Input = 6766/546 = 12.4 

~ - 

C.3 Water Heating* 

The COP for water heating is the heat into the hot water divided by the electrical input. In this 
mode, no credit is taken for the heat given off by the compressor and pumps. 

Heat Electrical 

Compressor I830 
Pumps 246 

Total 5180 Total 2076 

C O P  = Output/Electrical Input = 5180/2076 = 2.50 

*In actual practice hot water needs are generally satisfied by simultaneous production with space heating during most of the 
winter. 
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If, during the winter, a credit is taken for the heat given off by the electrical components, the C O P  
is determined by: 

Heat output 
( W W  

Heat removed from the bin 3340 
Electrical input 2076 

Total 5416 

COP = Output / lnput  = 5416/2076 = 2.61 

C.4 Night Heat Rejection 

The COP for night heat rejection is best quantified by calculatingthe bin heat rejection COP(BR), 
but it can be defined in several ways. First, if only the hot water produced was considered, the COP 
would be the hot water produced divided by the electrical input: 

Electrical 
Input 
W h r )  

Hot water = 2100 Wh Compressor 2730 
Pumps 386 

Total 3116 

COP = Hot Water/Electrical Input =2100/3116 = 0.67 

If the energy stored in the bin was also considered useful, the C O P  would equal the stored cooling 
plus the hot water, divided by the electrical input. This definition excludes the energy lost by heat 
leakage into the bin because this is a function of how long the energy is stored. Calculation of the actual 
night heat-rejection COP(SC) must consider the loads delivered and the bin heat leakage. For an ideal 
hour without bin heat leakage and maximal hot water production, the COP would be: 

Useful Energy 
(Whr) 

Hot water 2100 
Stored cooling 609 1 

Total 8191 
- 

COP = Useful Energy/Electrical lnput=8191/3116=2.63  

The bin heat rejection COP(BR) is 

6091 - 0 . 2 3  166) 
2730 + 166 + 140 

= 1.99. COP(BR) = 
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Appendix D 

MECHANICAL PACKAGE DESIGN SPECIFICATIONS 

The following list contains the design specifications for the mechanical package. 

1. Compressor 

a. The refrigerant compressor shall be Tecumseh model AH8532E, R-22, with a capacity of 250 to 
260 Ib/ hr at 20" I-: (saturated) evaporating temperature and 1 10°F (saturated) condensing 
temperature. 

b. The compressor electric circuit shall be provided with a starting capacitor sized to permit the 
compressor to start against a nonequalized, no-pump-down system at a differential. of 226 psig to  
41 psig ( I  I O  to 20°F). 

2. Domestic-Hot-Water Desuperheater 

a. The capacity of the desuperheater shall be 6000 Btu/ hr when heating domestic hot water entering 
at 55"F, at a flow of 4 gprn, and with the desuperheating compressor discharge entering at 226 
psig (230" F) and leaving as a desuperhcated vapor at not less than 1 1 1" F. 

b. The domestic-water-side pressure drop through the desuperheater shall not exceed 1 psi at a flow 
rate of 4 gpm. 

c. 'The desuperheater should be arranged for countercurrent flow. (Valve CV I will control. the flow 
of domestic hot water through the de$uperheater so that the discharge temperature is 120°F.) 

3. Domestic-Hot-Water Condenser 

a. The capacity of the condenser shall be 18,500 Rtu/ hr when heating domestic hot water entering at 
55" F, at  a flow rate of 4 gpm, and with the condensing compressor discharge refrigerant (entering 
from desuperheater) from 226 psig to 227 psig (1 1 1 to 100" F). 

b. The domestic-water-side pressure drop through the domestic-hot-water condenser shall not 
exceed 1 psi at a f low ratc of 4 gpm. 

c. The domestic-hot-water condenser should be arranged for countercurrent flow. (Valve CV2 will 
bypass the domestic water flow around the domestic-hot-water condenser when the space- 
heating i s  operational. However, it will divert this flow through the domestic-hot-water 
Condenser when the space-heating condenser is not operational and when the compressor is 
required for domestic-hot-water heating only.) 

4. Space-Heating Condenser 

a. Duty 
( I )  When the domestic-hot-water desuperheater i s  at a capacity of 6000 Rtu/ hr.. 18,500 Btul hr 

when heating 8 gpm methanol and water (25 wt % methanol) from 97.23 to 102.36"F 
when condensing R-22 refrigerant entering at 226 psig ( 1  1 1°F). 

( 2 )  When the domestic-hot-water desuperheater is not in operation. 24,500 Btu/ hr when 
heating 8 gprn methanol and water (25 wt % methanol) from 97.23 to 104°F when condens- 
ing R-22 refrigerant entering at 226 psig (230" F). 

b. The methanol-solution-side pressure drop shall not exceed 2 psi at a flow rate of 8 gpm. 'The 
refrigerant-methanol solution flow should be arranged for countercurrent flow. 

5. Evaporator ~ M e ~ ~ a n o ~ ~ ~ r ~ ~ ~  G ~ o l e r )  

a. The evaporator's capacity shall be 17,500 Btu/ hr when cooling 12 gpm of methanol and water (25 
wt % methanol) from 26.45 to  24.55"F when the R-22 evaporator temperature is 41 psis (2OOF). 

b. 'The meehanol-solution-sid~ pressure drop shall not exceed 4 psi at a flow rate of 20 gpm. 
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6. Shell and Tube Arrangement General 

a. All shell and tube vessels-----desuperheater, both condensers, and evaporator (brine cooler)-shall 
be A S M E  construction: 300 psig refrigerant side and 125 psig on water or methanol side. The 
tube bundles shall be copper of not less than 0.035-in. wall thickness. 

b. Preferably, the shells shall be arranged in a vertical tier, stacked top to bottom in sequence of 
refrigerant flow. 

c. The tiered shell stack should be located at  the rear of the mechanical package assembly in 
supports that permit easy removal of a single shell from the right end of the mechanical package 
(where removal space is available). 

7. Ascutnulator 

The vendor shall submit alternative proposals for the accumulator-with and without internal 
heat exchanger for liquid subcooling. 

a. Proposal A without subcooling 
Under this proposal, the accumulator shall be a shell of sufficient size to accept the entire 
refrigerant charge to  protect the system from liquid overflow onto the compressor. The internal 
suction pipe shall have an oil lifter. 

Under this proposal, the accumulator shall be a shell-and-coil design, with the coil designed to 
subcool 226-psig high-pressure liquid from an entering temperature of 1 10°F to a leaving 
temperature of 60" F at an evaporator temperature in the shell of 2OoF, with a shell of sufficient 
size to accept the entire refrigerant charge to protect the system from liquid overflow onto the 
compressor. 'The internal suction pipe shall have an oil lifter. 

c. Under Proposal A, the vendor shall include manual shutoff valves and a bypass to allow for test 
runs of the system, both with and without liquid subcooling. so that O R N L  can ascertain the 
relative cycle efficiency with subcooling. 

b. Proposal B with subcooling 

8. Fan-Coil Air Unit 

a. The unit furnished will be one Carrier model 42BH-! horizontal draw-through air conditioner 
complete with 16-gauge casing, 2 side access panels, k o w  cooling coil with I / 2-in.-OD copper 
tube/aluminutn plate fins tested for 350 psig with manual air vent, insulated drain pan, and 
discharge and return duct collars. The permanent flat filter will be removable from the side. 

b. I'he unit is to be furnished with Vee-belt drive for field mounting of motor. 'The Vee-belt drive will 
be sized so that the unit can deliver 800 cfm at 1 in. total pressure. 

c. The vendor shall furnish a separate, additional variable-pitch motor sheave (for field 
adjustment). 

9. Fan-Coil Motor 

The unit furnished will be one 1 /3-hp, 1757-rpn1, 1 15-V, single-phase, 60-cycle, high-efficiency, 
energy-saver fan motor as manufactured by Gould, Inc., Century Electric Motor Division, St. Louis, 
Missouri. 
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