


installed on all three resoitors. Between February 27 and necessary at a 1.2 m (4.0 it) depth for a reason-and May 15, 1980 all the time metern, the house watt- ably sized earth coil in this location.hour meter, and the indoor temperature as measured by The design procedure for the length of the eartha glass thermometer above the main thermostat in the coil a; nn followns
central hall were monitored daily. Outdoor temperature . Detenrmine heating load of building. In orderand degree-dnv data were obtained from the BNL Meteor- to leave a small margin for.error, the heating systemology Department. design energy requirement was taken as 9.5 X 106 J/C-Two independent methods were used to analyze the day (5.0 X 103 Btu/F-day). At the local (ASHRAE 97.5%)building energy consumption data in order to determine design temperature of -12 C (10 F) (5), this yields athe required heating system capacity. First, the mean heating design energy requirement of about 3.4 kW (11.5value of the daily total energy consumption of the air X 103 Btu/hr).
handler (fan plus resistors) per degree-day, B1 , was 2. Determine CROCS weekly heat inputs. The ver~~~~computed~~: ~~sion of the computer program CROCS used is called GROC5

*~~~N E (i)~ m~and requires weekly heat inputs to compute ground cou-1 N AH() pling device temperatures based on finite element fi-1 N T - T(i (1) nite difference heat flow equations. Eitture movementand freezing are not considered explicitly. The pro-
gram is available publicly and is described in detailwhere EAH(i) is the total electrical energy consumed in (4). The weekly heat inputs were determined asby the air handler fan and resistors on the ith day, follows:

To " 18 C (65 F) is the conventional bane for msmauring a. Heating Seasonheating degree-days, TA(i) in the mean anmbint temper- 1. Assuming a heating COP H - 3.0. This isature on the ith day from the BNL Meteorology Depart- a conservative assumption and maximizes the heat "ex-ment, and N is the number of dayr of data .iced. EAH() tractd" from the ground in GROCS.'is given by: A2. Determine local heating degree days per
eaok, CH(i). Thene were prorated from the BNL meanEAH (i) - P ton (i) (2) lmonthly heating degree days (6) ignoring those in June,

July, August and September to give about 3300 C-dayswhere PAH is the measured total power requirement of (5900 F-days).
the air handler and ton(i) in the on-time during the 3. Thea the CROC5 heating seson werelyfth day from the running time meter. heat input QH(i) ist

The second method perfors a leastt .quares fitof the house daily total energy consumption ET(i) as %(i) -Bc (i) 1 1H (5)measured by the main watt-hour neter to a first order I HIpolynomial in degree-days, i.e., the quantity:
where b ia the aiHumed heating or cooling requirementN ( 2
per degrce day except during week 9 (when the coldestS [E (i) - FIT(i ) ](3) ground temperatures occur) when the system is assumeditl FTto operate at design conditions all week:

is minimized, where d
Q (w(ek 9) ..-B[To -(-12 C) ]dy 7 wday OP1 (6e ( 'day week OP'ET(i) A+ B2 (To - TA(i)) (4) H

b. Cooling Seasonby adjusting the conitants A and U2. 'hla,;, A is the 1. Determine the number of cooling degreebest fit value of the daily base electrical consumption, dayn by week, Cc(i). Keeping those in June, July,assumed constant and independent of outdoor temperature, August end Sopterber, a value of 282 C-days (508 F-and B2 is the beat fit additional daily electrical con- days) per: year was used and prorated by week as per thegumption per degree-day. monthly distribution of cooling degree days in (6).B1 and B2 are two independent estimates of the 2. The GROC5 cooling season weekly heatheating nystem energy requirenent per dsgree-day, each input Q (i) s."
arrived at by using a differnt set of "xperimental
measurements (air handler time meter for B1, and house Q (i) " B-Cr i) 1.5 * 1.4 (7)watt-hour meter for 8?). Each method yields a vilue
for the heating system energy requirement of approxi-mately 7.8 X 10t J/C-dy (4.1 X 10 3 Btu/F-dny) with a where the factor 1.5 is a conservative solar coolingstandard error lenn than 5% in each case, based on the l"d rorrection and l:hP factor 1.4 roughly accountsdata cited above. for rejected (ompressor heat, except for week 36 (when

the warmest ground temperatures occur when design con-
Earth Coil Length ditions are imponerl:

The serpentine earth coil de-sitn selected was a
planar field of nominal size 1-1/< I . medium density Q (week 34) - B-(32C - 21 C)-Z 7 day *1.5 1.4 (8)polyethylene pipe buried 1.2 m (4.0 rt) drep on m day week(3 ft) centers using an antifreepz heat transfer fluid.
Thiif design was spler,'ed becaise exenvantrIn cntf!: so- 3. Run GROC5 to letermine earth coil temperaturecalate rapidly with depth while earlier experimenl t extremns. (ROC5 runs were made for 75X and 1501 ofindicated little ther-nl advanl.ag> for dlecper hlori-i.n- the bluilding load, i.e. for B - 0.75 X 9.5 X 106 J/C-tal fields locally. 4dditionally, IPh depth selected ' L "nd ot r B 1.5 X 9.5 X 106 J/C-day for soil
is easily reachable with a chain driven trencher and thernal couduccivitiet of 1.7 W/mC (1.0 Btu/ft-hr-F)shallow enough to pre-rnit trenrhea in the low-coholeon and 2.8 W/mC (1.6 Btu/ft-hr-F). Based on the resultantGROC5 earth temperatures, a hand calculation describedsandy soil present from collapsing. Earlier experiments iROCn earth temperatures, a hand calculation describedindicated that the use of antifreeze was both feasible i" u e t comut man ui tm atuder design operating conditions assuming a fixed earth
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coil length of 147 m (481 ft). (It is easier to vary The contractor was requested tb use a Ditch Witch
the load than the earth coil size in GROC5). The Model 1500 trencher or equivalent, a 12 hp small non-
resultant temperature extremes are shown in Table 1. riding machine less than 91 cm (36 in.) wide, because

this type of machine is small enough to fit through
standard yard gates and maneuver in a developed lot.

Table 1 The contractor began the job with a 17 year old Ditch
CROC5 Plus Hand Calculation 147 m Earth Coil Witch Model M-4-22, the predecessor of the 1500. He

Temperature Extremes trenched about 61 m (200 ft) in 8 hours with difficulty
Thermal Conductivity (W/mC) as fist-sized rocks jammed the chain. It was not pos-

1.7 2.8 1.7 2.8 sible to make curved trenches, but the contractor was
Fraction of able to dig the end trenches for pipe bends with a
Heating Load Winter Minimum Summer Maximum single right-angle cross cut and some hand-cleaning of
(9.5 X 106 J/C-day) Temp. (0C) Temp. (°C) the trench.

On the second day the contractor was permitted to
0.75 -2.8 -1.7 27.8 26.7 finish the job using a much larger riding trencher with
1.50 -8.9 -5.6 33.3 30.6 backhoe and blade attachments, the 40 hp Ditch Witch

Model R40. This machine was able to trench roughly
/~~4.~~~~~~~~ „, , ,, , . 60 m (200 ft) per hour and easily removed large chunks4. Choose earth coil length based on acceptable of concrete footings from the ground. The backhoe was

temperature extremes. An allowable winter temperature sefl for digging the end trenches
minimum of -6.7 C (20 F) was deemed adequate for heat The pipe which was purchased in 76 m (250 ft)
pump operation at reasonable COP based on previous ox- coil was unrolled warmed in the sun, and installed
perience. A summer maximum temperature of 40.6 C without incident with only one buried joint using a
(105 F) was selected to minimize pipe damage at ele- nylon male fitting and four stainless steel hose clamps.
vated temperatures. (Note that this type of pipe cur- Temperature sensors were placed on the outside of the
rently is not rated for use above room temperature.) pipe under heavy insulation at ditances of 45 (149
From Table 1, it is clear that the summer maximum ter- ft), 79 m (260 ft), and 108 m (355 ft). Backfilling
perature presents no problem even for 150% of the was done using the blade on the R40 and by hand.
building load required. Using the lower thermal con-
ductivity, the 147 m earth coil is more than adequate Indoor Hardware
for 75% of the actual winter load, but inadequate for The indoor system hardware, shown in Figure 2,
150X of the load (minimum temperature -8.9 C is less
than the allowed -6.7 C). Thus the earth coil length
selected is approximately correct for the actual load,
and the earth coil actually installed was 155 m (507
ft) long.

SYSTEM INSTALLATION

Earth Coil % '
Using pipe provided by BNL, the 155 m (507 ft)

earth coil was installed in September 1980 by a local
plumbing contractor for $500, or about $3/m ($l/ft) )
including trenching to 1.2 m (4 ft), pipe installation
and backfilling. The installed earth coil layout,
shown in Figure 1, contains straight runs of pipe each

OObAP

'.... . .

Figure 2. Indoor Hardware Layout
Figure 1. Installed Earth Coil Layout

about 16 m (51 ft) long on 2 m (6 ft) centers. The
original plan called for crossing trenches to obtain
I m (3 ft) centers while retaining 2 m (6 ft) diameter
180° pipe bends as in (1). This was not possible in consists of a Command-Aire SWP 301 nominal 3 ton water-
practice because the trench walls collapsed when they to-air heat pump, two Grundfos UP 26-64 F circulation
were crossed and because the spoils deposited on the pumps, a 0.2 m3 (40 gal) expansion tank, and various
ground from one trench prevented the trancher from temperature and flow sensors (which are discussed be-
making the next trench as close as was desired. low). The heat pump selected was used because previous
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operation had dIrmnstrated adequate capacity of about OPERATION
4 to 6 kW (15 to 20 X 103 Btu/hr) absorbed from the
ground with fluid temperatures averaging as low as Heating System
-7 C (20 F) without apparent damage. In order to In operation, when the thermostat calls for heatoperate the heat pump with'fluid temperatures this a relay turns on the circulation pumps immediately,low the following measures were taken: and then 10 seconds later the heat pump compressor and1. The factory-installed freeze protection device, blower. The 10 second delay permits a smooth fluidset at about 7 C (45 F), was disabled. flow to be established before the heat pump in turned2. A fluid flow switch which shuts off the heat pump on which is essential because of the "lock out" flowif the flow rate drops below 0.2 L/s (3 gal/min) was switch. When the thermostat is satisfied, the relayinstalled. The heat pump must be restarted manually shuts off all equipment immediately.
if this switch Is tripped "anua~iiy ghuts off all equipnent immediately.if this switch iL tripped. The only operational problem encountered during3. An antifreeze solution of water and 32% ethylene the 1980-81 winter was a fluid flow slightly below theglycol by volume was used. A solution containing 25% common design practice for the heat pump used, 0.47 L/sethylene glycol has a freezing point of about -12 C (7.5 gal/min). Instead, the fluid flow was about 0.43(10 F) and is considered adequate. Note that the heat L/s (6.7 gal/min), despite the use of two pumps. Thispump used was designed for operation with entering occurred because of flow impedances from the heat pumpwater temperatures of 16 to 27 C (60 to 80 F) and was heat exchanger [4.3 X 104 N/m2 (6.2 psi) at a flow ofnot optimized for the present use. 0.47 L/s (7.5 gal/min)] and the two flow meters, par-One bedroom in the house wan dedicated for the ticularly the target-type meter. Additionally, a looseindoor heating system hardware and data acquisition electrical connection caused intermittent operationequipment. A short sheet metal duct wan fabricated with only one pump at a flow rate of approximatelyand tapped into the existing central air distribution 0.29 L/s (4.6 gal/min) during part of the winter.plenum to deliver conditioned air from the heat pump
to the rest of the house. The air inlet of the unused Data Acquinition Sytemair handler was sealed to insure adequate air flow to B meter run continuously without attention.all the rooms. The Btu meter runs continuously without attention.all the rooms. The dataloRggr Is programmed to scan the 5 earth coil,

3 house and 1 ambient temperature sensors, and theData Acquisition System Ramapo flow meter output every 30 seconds. The coo-Electrical consumption in measured by three ordi- tuter monternt the flow meter output channel end doesnary dial-type kilowatt-hour meters, one each for the nothing if the flow meter output is below a thresholdheat pump (blower plus compressor), the circulation value, indicating no flow or system operation. Whenpumps, and the entire house. Readings are recorded the heating system is turned on and the flow meterdaily by hand. Four running time meters are also output exceeds the threshold, the computer accepts andmonitored daily. These record on time for the heat analyzes the data from the datalogger. It computespump compressor, the unused air handler, and for each fluid flow rate and, using a trapezoidal integrationof the two domestic hot water rsiastncer elements. routine, the amount of heat added to the earth coilTwo glass thermometers, one located above the heat during the preceding 30 second time interval, as wallpump thermostat in the central hall and the other out- as the earth coil instantaneous U-valuesdoors under the north save of the houns are alno mon-
itored daily. Ambient temperature data, including
mean daily temperatures and degree-days are provided -- (9)by the BNL Meteorology Department. L(Tpp - T )

Two independent data acquisition systems are used
to monitor earth coil performance. A Rho Sigma RS805 where Q is the rate of heat extraction from the earthBtu meter, using a 3/4 in. turbine-type fluid flow coil, L in its length, Ty, is the far-field groundmeter and special accuracy thermistors, was installed temperature at the earth coil depth, and T c is theon November 20 1980. The meter has two digital average of the earth coil inlet and outlet temperatures.counters, one for gallons and one for Btu'a. An shown All raw data plus this computed information is printedin Figure 2, the Btu meter sensors are located so that -very 30 seconds. When the heating system shuts offthe meter registers flow through the earth coil and and the flow meter outputs drops, the computer stopsheat absorbed by the heat pump (including heat from until the next cycle begins.the circulation pumps). Both counters are monitored
daily. It should be noted that this meter is not rec- PERORMANCE
ommended for use below 0 C (32 F) by the manufacturer
because its temperature sensor linearization has not Tables 2 through 5 contain the monthly system per-been extended below about -4 C (25 F). Nevertheless, formance data for the period November 20, 1980 to Marchagreement with the more elaborate system described 2, 981. Table 2 shows that the monthly mean far-fieldbelow was excellent for flow and reasonable for energy. ground temperature at the 1.2 m (4 ft) earth coil depthThe primary data acquisition system, completed on was higher than the monthly mean ambient daily maximumDecember 30, 1980, contains a Fluke 2240C datalogger temperature during all months shown except February,interfaced with a Northstar Horizon microcomputer. higher than the daily mean temperature in all months,Fluid flow is measured with a Ramapo 1-1/4 in. target- and averaged about 12 C (22 F) above the wean dailytype flow meter. Temperatures are measured using minimum temperature. The temperature of the earth coilSpecial accuracy (+ 0.4 C) copper-constantan thermo- often was below freezing, confirming the need for anti-couple wire and matched BNL-made thermocouple junc- freeze. The fluid temperature entering the heat pumptions. Temperature sensors are located in wells at the was about 3 to 5 C (5 to 9 F) below the far-field tem-inlet and outlet of the earth coil and on the outside pernture throughout the winter. The minimum averageof the buried pipe under heavy insulation at 45 m (149 marth coil temperature observed was about -4 C (24 F).ft), 79 m (260 ft), and 108 m (355 ft). Three sensors The temperature in the central hall of the house wasmeasure indoor temperatures at different locations, kept between 21 and 23 C (70 and 74 F) except during aand one is located outside under the eave on the north 3 day system failure caused by an electrical outage.side of the house.
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Table 2
Winter 1980 to 1981 Monthly Heating System Performance

Period Monthly Mean of Daily Mean Ground Earth Coil Mean House Central Hall Temperature
Ambient Temperatures Far-Field Fluid Temp. 's Range (C)

(°C) Temperature (°C)
Min. Mean Max. at 1.2 m Leaving Entering

Depth (°C) Ground Ground
November 20 - 30, 1980 -1 +4 +9+9 +5 +1 21 - 22
December, 1980 -7 -2 +4 +7 +2 -1 21 - 23
January, 1981 -12 -7 -2 +3 -2 -5 22 - 23*
February. 1981 -5 +1 +6 +3 0 -3 21 - 23
* Except for 3 day system failure due to electrical outage. --

Table 3
Winter 1980 to 1981 Monthly Heating System Performance (cont.)

Period Heat Removed From P.lectrlcal Energy System System Mean Fluid Flow Rate
tround (10n6 ) (kVh) nn Praetrinal (10-2 L/S)

"Btu DataluoKger--. eat CirulttHion ' tin. On Time
Meter" Computer Pump Pumps U _ (Hours) (%)

November 20 - 30, 1980 776 - 149 30 36.9 14 43.9
December, 1980 3126 - 735 54 201.8 27 42.5
January, 1981 3217 3795 877 51 261.3 34 36.3
Februarly 1981 1785 1935 482 37 147.1 22 40.8
Season November 20, 1980- 904 5730t 2243 152

March 2, 1981 (Note 1 kWh - 3.6 X (Notea 1 gal/min ·
106 J) 6.309 X 10- 2 L/4)

t January-February only

Table 4
Winter 1980 to 1981 Monthy Heating System Performance cont.

Period Mean Rate of Heat Extraction Mean Power (W)
From Ground (kW) Heat Pump Circulation Pumps

Btu Meter Datalogger-Computer
November 20 - 30, 1980 5.8 -40 0.3
December, 1980 4.3 - 3.6 0.3
January, 1981 3.4 4.1 3.4 0.2
February, 1981 3.4 3.7 3.3 0.3

Table 5
Winter 1980 to 1981 Monthly Heating System Performance (cont.)

Period Heat Pump COP System COP Monthly U-Value (W/mC)
Itu Datanogger- Btu Datalogger- Btu Datalogger-

Meter Computer Meter Computer Meter Computer
November 20 - 30, 1980 2.5 - 2.4 - 5.9-
December, 1980 2.3 - 2.1 - 4.8
January, 1981 2.1 2.3 2.0 2.2 3.8 4.3
February. 1981 2.1 2.2 2.0 2.1 5.6 5.8
Season November 20, 1980- 2.2 2.2t 2.0 2.11

March 2, 1981March 2, 1981 January-February only (Notes 1 Btu/ft-hr-P -
1.731 W/mC)

Table 3 shows the monthly earth coil heat extrac- The heat pump heating coefficient of performance,
tion totals as computed by the Btu meter and by the COP H is given byX
datalogger-computer system (for January and n"rinary).
The two systems agree reasonably well with - - latalog- E + Hp + E
ger computer system reading higher, especially in Janu- COP - (9)
ary when earth coil temperatures were lowest. HE

Table 3 indicates that the highest monthly system
fractional on time was 34% in January. The mean fluid while the system heating coefficient of performance,
flow rate data (taken from the Btu meter) shows the COP isa
loss of flow which mainly occurred in January when the
flow averaged 36.3 X 10-' L/s (5.76 gal/min). The + + P
lowest monthly mean rate of heat extraction from the COP - I + (10)
ground, according to the datalogger-microcomputer sys- 8 Ep
ter, was about 3.7 kW (12.6 X 103 Btu/hr) in February,
The heat pump power was highest early in the winter where EG is the energy removed from the earth coil,
when the heat extraction rate was highest. The circu- EHp is the heat pump electrical energy consumed, and
lation pump power was flat except for a drop in January, Ep is the circulation pump electrical energy consumed,
demonstrating that the low flow then was correlated to with all terms in consistent units. Using the data-
low power, i.e. to a bad electrical connection. logger-computer system value for earth coil heat
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extraction, COPHp was about 2.2 for January and Febru- temperature when the system is on while undersizingary combined. In view of the higher COP's observed necessitates back-up heating. Thus, accurate sizingearly in the season, it is likely that the seasonal is essential. However, liquid-source heat pumps cur-COPHP was somewhat higher, perhaps 2.3 or so. Like- rently are rated at temperatures far above the rangewise, the seasonal system COP, was about 2.2 or greater of interest, so that sizing for a ground coupled systemAll COP's were quite constant and very weakly related is difficult, An appropriate rating standard (e.g.to ambient temperature. In fact, COP's were slightly ARI) is essential and must be developed for the designhigher in January than in February which was much of efficient ground coupled heat pump systems.warmer, probably because of less cycling in January. Current liquid-source heat pumps are designed toThe monthly U-values are given by (9) using the operate optimally with source temperatures of about 16appropriate monthly average heat extraction rates, to 27 C (60 to 80 F) (some are optimized for space°and mean far-field and earth coil temperatures. The cooling). They do not have the controls or safety dd-lowest monthly mean U-value occurred in January and, vices appropriate for lower source temperature opera-using the earth coil heat extraction rate from the tion. Recent investigations indicate that ground cou-datalogger-computer system, was about 4.3 W/mC (2.5 pled heat pumps can be designed to operate with COP'sBtu/ft-hr-F). The lowest instantaneous U-value ob- above 3.0 using accessible technology. This requiresserved (not shown in the table) was about 2.9 W/mC the selection of heat pump components which are op-(1.7 Btu/ft-hr-F) in January. During the coldest timized for high efficiency and long life at the tem-part of January, a U-value of 3.1 W/mC (1.8 Btu-ft-hr- perature range appropriate for ground coupled heatF) was common. In February. the U-value was frequently pumps.
above 9 W/mC (5 Btu/ft-hr-F).

ACKNOWLEDGEMENTS
DISCUSSION AND CONCLUSION

I thank A. Sganga who performed some of the com-The minimum mean earth coil temperature actually puter work cited, M. Catan who directed the indoorobserved, -4 C (24 F), is slightly higher than the de- hardware installation and wrote the microcomputer on-sign minimum temperature, -7 C (20 F). Thus, the CROCS line data crunching program used, and P. La Doux whomodel-based earth coil design method described above directed the earth coil installation.has validity. The winter of 1980-81 was significantly
colder than normal, but the coldest month was January REFRENCES
while the design method conservatively assumes that
the end of February is the coldest time. A slightly 1. Metz, P.D., Design, Construction and Operation ofshorter earth coil might have been adequate. the Solar Assisted Heat Pump Ground Coupled StorageThe ground coupled heat pump oystem used no re- Experiments at Brookhaven National Laboratory, Proc.siatance heating during the winter of 1980-81 despite Fourth Ann. Heat Pump Tech. Conf., Oklahoma Stateunusually cold temperatures. As can be seen from the Univ., Stillwater, OK, April 1979.ambient temperature data in Table 2, an air-source 2. Metz, P.D., Experimental Results From the First Yearheat pump designed with a balance point of 0 C (32 F) of Operation of the Solar Ground Coupling Researchwould have used resistance heating most of December, Facility at Brookhaven National LAboratory, Proc.virtually all of January, and much of February. The Second Int'l. Conf. on Alternative Energy Sources,cost of the earth coil in September 1980 was about Miami Beach, FL, December 1979, BNL 27137.$5.00/m ($1.50/ft) installed including pipe. The in- 3. Metz, P.D., Development of a Validated Model ofdoor hardware is simple and not unusual, and should Ground Coupling, Proc. 1980 Ann. Mtg. Am; Sect.have a reasonable cost. Int'l. Solar Energy Soc., Phoenix, AZ, June 1980,No insurmountable design problems were an- pp. 344-348, BNL 27661.
countered. The eath coil was installed on 2 m (6 ft) 4. Metz, P.D., A Simple Computer Program to Modelcenters rather than 1 m (3 ft) centers as desired be- Three-Dimensional Underground Heat Flow with Real-cause of design features of the trenchers used. Also, istic Boundary Conditions, in preparation.the smaller trencher was very slow. The ideal machine 5. ASHRAE GRP 185, Cooling and Heating Load Calcula-for this application would be small (< 0.91 m [36 in.] tion Manual, Am. Soc. of Heating and Refrigerationwide), powerful, contain a pipe reel and feeder to in- and Air-Conditioning Engineers, Inc., 1979, p. 2.11stall the pipe as the trench was dug, and redeposit (Suffolk County AFB).
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pump) units with all appropriate controls already in-
stalled would greatly reduce on site installation costs.
A simpler, less expensive air purge-fluid expansion de-
vice than the 0.2 m3 (40 gal) tank described above
would be desirable. The system controls used in the
test system described above appear to be adequate.

The earth coil and system performances have been -
measured under realistic conditions as described in. .
detail above. A system seasonal COP of about 2.2 was e .
obtained although no part of the system was optimized ., - :
except for the earth coil. In order to improve system
efficiency significantly the heat pump must be sized
accurately and designed to operate optimally with
source temperatures in the range of -7 to 4 C (20 to
40 F). The heat pump in the system described here
never operated more than 602 of the time on even the
coldest day, and thus could have been reduced in size
considerably. Oversizing reduces efficiency by causing
cycling and by unnecessarily reducing the earth coil
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