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ABSTRACT

This report covers the development work on the R123a/ETFE (ethyltetrahydro
furfuryl ether) pair and an economic analysis of the system. Extensive ther-
modynamic and physical properties of the R123a/ETFE system were developed.
Theoretical analysis of the data was made and showed very good performance.
Subsequent testings on equipment not fully developed for R123a/ETFE con-
firmed this very good performance. The economic analysis showed the system
competitive in most areas of the U.S. if improved performance goals
(COP=1.5) can be met. The most important factors in determining the com-
petitiveness are heating to cooling ratios and the relative cost of gas and

electric.
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This report covers the development work in our program related to the
R123a/ETFE (ethyltetrahydro furfuryl ether) pair.

The early phases of the development program were done with the
R133a/ETFE. Toxicity testing of the R133a showed it to be unsuitable for
this use. Evaluation of other refrigerants showed that R123 and R123a
appeared suitable. In the early phases of this program R123 was used due to
its availability, in the later stages R123a was available and was used.

The pair R123a/ETFE is now the absorption pair of choice.

Extensive thermodynamic and physical property data were developed for
R123a/ETFE. Based on this data, preliminary cycle calculations were carried
out. Table E-1 gives a summary of this data. This performance level com-
pares favorably with any known absorption pairs.

Table E-1

Calculated Performance

R123a/ETFE
Evaporator Temp, °F 36 | 0
Condenser Temp, F 120 120
Absorber Out Temp, °F 105 110
Generator Peak Temp, °F 330 340
Heat Input, BTU/hr 54000 54000
Refrig. Effect, BTU/hr 35700 21100
Heat Output, BTU/hr 89700 75100
COP Heating (Thermodynamic) 1.66 1.39

Subsequent testing on the R123 and later on the R123a showed that this
level of performance should be possible with these pairs. Table E-2 gives a
typical result from the testing program.

E-1



Table E-2

R123a/ETFE Test Results

Evaporator Temp., °C 4.4 -6.2
Evaporator Press., kPa 35.9 21.4
Condenser Temp., °C 50.3 49.2
Condenser Press.,kPa 207 200
Refrigerant Flow, kg/hr 196 161
Weak Liquid Flow, kg/hr 420 467
Net Heat Input, kW 1455 14.11
Heat Output, kW 22.5 20.6
COP (Thermodynamic) 1.56 1.46

These results are reported as the thermodynamic COP, that is based on
the thermal energy entering the generator. Based on these results, and with

further development effort a system should be possible having the actual
performance including flue losses as shown in Table E-3.

Table E-3
Performance Specifications
Heating Mode
Heat Input, kW 17.6
Heat Output, kW 26.4
Water delivery temp., °C 54.4
Water returntemp., °C 35
Electrical Power, kW 0.75
CcOoP 1.50
Cooling Mode
Cooling Capacity, kW 10.6
Chilled water out, °C 7.2
Chilled water return, °C 12.8
COP 0.65

Testing of the R123a/ETFE for stability and toxicity was also carried
out in this program. The stability testing showed that while probably not
quite as stable as the R133a, the R123a was much superior to the R123. The
overall ranking of the refrigerants stability which have been studied in
detail with ETFE is;

R133a% R-123a>R21>R123a

E-2



Because of the excellent results demonstrated by R133a in actual use, the
R123a/ETFE pair should be quite acceptable as far as long-term stability.
I

The testing of toxicity of the R123a centered on its mutagenic behavior
as this is the most troublesome area. The test involves the exposure of
Diosophila males (fruit flies) to the material and evaluation of any muta-
tions in subsequent generations. The R123a showed no evidence of mutageni-
city in this test.

Economic Analysis

This study was an extension of our previous work in this area with the
primary objective to identifying under what conditions the absorption heat
pump becomes competitive with alternate competitive systems namely, the
electric heat pump and a high efficiency gas furnace and electric air
conditioner.

Two “technology levels" were evaluated. One being the state of the art
in 1985 and the second the state of the art in 1990. Table E-2 summarizes
the performance levels projected.

1985 Technology 1990 Technology

Absorption Heat Pump

Heating COP 1.25 1.50

Cooling COP : .50 .68
Gas Furnace .

Heating COP 0.81 0.86
Electric Air Conditioner

EER 6.8 8.8
Electric Heat Pump :

Heating COP 2.75 3.10

E-3



The comparisons were made in seven U.S. cities on the basis of Annual

Life Cycle Costs (ALCC).

(1)

(2)

(3)

(4)

(5)

(6)

Results of the analysis lead to the following conclusions:

The absorption heat pump is competitive with or superior to the electric
heat pump in 4 of 7 cities using 1985 technology and 5 of 7 cities using
1990 technology.

The absorption heat pump is competitive with or superior to the gas
furnace/electric AC combination in only 2 of 7 cities using 1985 tech-
nology and 6 of 7 cities using 1990 technology.

In only one city examined, New York, is the absorption heat pump com-
petitive with or superior to both competing systems using 1985 tech-
nology. Using 1990 technology, the absorption heat pump is also
competitive in Madison, Omaha, Nashville, and Fresno.

The two most important factors in determining the competitive standing
of the absorption heat pump in a particular market area are the heating
to cooling load ratio and the electric to gas price ratio. The two fac-
tors must be taken in combination but generally each must have a value

of 3 or greater.

0f the eight different scenarios examined as part of the sensitivity
analysis, the greatest impact was obtained by adding the domestic hot
water heating load to the base load. For this scenario, the average
breakeven manufacturing cost increased by 50% over the base case.
However, this scenario was only a first approximation of the domestic
hot water option and costs not considered here may change its calculated

advantage.

Because the addition of hot water heating capability adds.a new set of
technical and marketing problems, the best method of increasing the
potential market areas of the absorption heat pump is to accelerate the

E-4



development of the advanced absorption heat pump technology. When'the
advanced (1990) technology for the absorption heat pump was compared to

the 1985 technology of the competing systems, the average breakeven

manufacturing cost increased by 45% and five of the seven cities became

competitive market areas.

E-5 -
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THERMODYNAMIC AND PHYSICAL PROPERTIES OF
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THERMODYNAMIC AND PHYSICAL PROPERTIES OF R123a/ETFE

INTRODUCTION

The solubility, and thermodynamic properties of the R123a/ETFE System
were experimentally determined to give an accurate description of the fluids
performance. The solubility measurements were not made as part of this
program but are reported here for the sake of completeness:

SOLUBILITY OF R123a in ETFE

The solubility of R123a in ETFE was measured by evaluating the vapor
pressure of various concentrations from 0 to 100% refrigerant. The
equations representing this data are given in Table 1-1. The plot of this
data is shown in Figure 1-1. Later analysis indicated that the correlation
equation in Table 1 does not accurately represent the data in certain
regions of concentration. Figure 1-1 is therefore, a more reliable general
representation of the data.

ENTHALPY OF ETFE LIQUID

The enthalpy of liquid ETFE was previously reported (1), 1t can be

represented by the equation:

4
HETFE =E ajT! (EQN-1-2)

i=0

Enthalpy in BTU/Lb.
Temperature, °F

Where H
T

ap=0

a1=.43334
ap=.0001136
a3=2.6789 X 10-7
a4=2.2771 X 10-10

1-1
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TABLE 1-1

ILITY EQUATION OF R123a IN ETFE

(4

P =102 +
Where:

Where: T

The consta
ap
al
az
a3

10bx + 10Cx2

= pressure, PSIA

wt. fraction of R123a in ETFE
a + a1 T = az/72 + ag/73

bg + byT + bpy72 + b3/73

Co + C1/T *+ Cc2/72 + ¢3/73

temperature, °F

nts are:
+39,06984676

= -72108.6496

= +47017550.35

+ -1.0751019 X 1010

= +24,92098006
= -45917.6272

= +31873461.83
= -7763014710.0

= +6.278597995
= -4392.857225
= +1327670.016
= -247293286.4

1-3
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HEATS OF MIXING OF R123a AND ETFE

The accurate experimental determination of the heats of mixing is a dif-
ficult task requiring specialized apparatus. The Thermochemical Institute
of Brigham Young University had previously made similar measurements and was
contracted to measure the heats of mixing of R123a/ETFE. Appendix A gives
the details of the experimental work.

An equation representing the heats of mixing for R123a and ETFE are:
2

2 2
Aty = X(1-X) D aiTi-*ji:biT‘(l-ZX)-+EE:CiTi (1-2X)2 [ .43021 ]
i=0 i=0

i=0 X(152.94) + (1-X) 130.07

(EQN-1-3)

Where X = Mole Fraction R123a
T = Temperature, °F
AHy = Heat of Mixing in BTU/Lb.

Where ag = 20414.1
a] = 56.8271
ap = 6.90533 X 10-2

by = 4875.51
by = 24.3326
by = +5.62466 X 102

co = 5519.66
c1 = 33.7497
cp = +4.93957 X 10-2



ENTHALPY OF R123a LIQUID

The thermodynamic properties of R123a were computed using existing
Allied Corporation computer programs. The enthalpy of the saturated liquid
of R123a is given by the equation

4
Hiz23a = ) aiT! (EQN-1-4)

i=0

Where H = Enthalpy BTU/Lb.
T = Temperature, °F

. ag = +9.375643016
a1 = +0.2419319292
ap = +2.7184761 X 10-4
a3 = 2.1147108 X 10-6
ag = +4.1263665 X 10~

ENTHALPY OF R123a/ETFE SOLUTIONS

The enthalpy of solutions of R123a/ETFE is given by the expression:

Hs = Hi23a (Xwt.) * HETFE(1-Xwt.) + Hpix (EQN-1-5)

Hs = Enthalpy of Solution
Xwt = Weight % of R123a in solution
. Hmix = Heat of Mixing

Figure 2 shows the enthalpy of the solutions over a range of tem-
peratures and compositions.

1-5
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DENSITY OF R123a/ETFE SOLUTIONS

An important operating and design parameter for an absorption heat pump
unit is the liquid density of the absorber pair as a function of composition
and temperature. This section describes liquid density measurements for
R-123a/ETFE as a function of composition and temperature,

Liquid density measurements were made for R123a/ETFE mixtures as a
function of composition and temperature. A correlation equation was devel-
oped based on that data. Between -50°C to +180°C the accuracy of the liquid
density data for R123a/ETFE is +.004 g/cc.

Ethyl tetrahydrofurfuryl ether (ETFE) was distilled to a purity of .
99.5+%, R123a was 99+% pure as .available and was used without further puri-

fication,

The liquid density was measured by a calibrated sea]ed pycnometer tech-

nique.

Procedure

The pyncometer was cleaned by washing with nitric acid, followed by
rinsing with deionized water and with reagent grade acetone. It was dried
overnight at 120-150°C. After weighing the pyncometer, the required amount
of ETFE was added by means of a syringe and the contents evacuated on a
vacuum line. The tube was cooled with liquid nitrogen and the ETFE degassed
with two freeze-pump-thaw cycles. The hose connecting the pycnometer was
clamped off and the whole assembly removed from the vacuum line. The
pyncometer was then weighed and the amount of ETFE was calculated by weight
difference. Next, the pyncometer was again connected to the vacuum line
where the contents were cooled in liquid nitrogen and subsequently evac-
uated. The appFopriate amount of R123a was added to the system. The
pycnometer was sealed off from the line and flame annealed with a gas-oxygen
flame while the contents were frozen in liquid nitrogen. The amount of
R123a in the pyncometer was determined by weight difference.
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The pyncometer was placed in a temperature controlled bath and the den-
sity as a function of temperature was determined by measuring the temperature
at which the liquid reached the calibrated volume points. This procedure
was carried out at 0, 12,720, 13.430, 29.053, 43.904 and 58.468% R123a in
ETFE by weight.

Results

The liquid density as a function of composition and temperature is
listed in Table 1-2.

The correlation equation for this liquid density data between -50°C to
+180°C is:

2 2 2
A = Z AWl o+ Z BiWiT 4 Z CiWiT2 (EQN 1-6)
i=0 i=0 i=0 :
T=°C Ag = +0.9461 Co = 4.038 x 10/
W= wt.% 123a Ay = +3.457 x 10-3 Cq = 2.754 x 10-8
A = density (g/cc). Az = +2.422 x 10-6 €2 = 1.811 x 10-10

Bo - _9.308 x 10-4
By = 1.707 x 10-5
B> = 1.069 x 10-7
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We.% R-123a

.0000
.0000
.0000
.0000
.0000
.0000
. 0000
.0000

12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200
12.7200

13.4300
13.4300
13.4300
13.4300
13.4300
13.4300
13.4300
13.4300
13.4300

29.0530
29,0530
29.0530
29.0530
29.0530
29.0530
29.0530
29.0530

.29.0530

29.0530
29.0530
29.0530
29.0530

43,9035
43.9035
43.9035
43.9035
43.9035
43.9035
43.9035
43.9035

58.4680
58.4680
58.4680
58.4680
58.4680
58.4680
58.4680
58.4680

TABLE

-2

Liquid Density of R-123a/ETFE Mixtures

Temperature (°C)

-49.890
-19.930
.140
30.200
60.160
89.930
120.020
148.620

-30.310
-22.670
9.900
19.480
39.430
58.290
79.020
101.230
132.650
190.030
221.010
221.150
254.110

-19.930
.140
30.200
60.160
89.930
120.020
148.620
160.750
195.380

-30.310
-22.670
9.900
19.480
39.430
58.290
79.020
101.230
132.650
190.030
221.010
221.150
248.270

-48.160
~17.820
9.160
42.570
75.620
106.460
138.730
176.110

-48.160
-17.820
9.160
42.570
75.620
106.460
138.730
181.000

1-9

Density (g - cm™3)

.99200
.96470
.94510
.91700
.88810
.86030
.83070
.80630

1.02160
1.01090
.97770
.96970
.94820
.92830
.90670
.88250
.85130
.78490
.74200
.74110
.69440

1.02250
.99940
.96730
.93580
. 90490
.87100
.83880
.82300
.78410

1.10450
1.09790
1.05640
1.04290
1.02090
1.00310
.97790
.95070
.91000
.83090
. 78020
.78020
.73060

1.19750
1.15990
1.12830
1.08720
1.04410
1.00310

.95320

.89820

1.29730
1.25730
1.21720
1.17120
1.11650
1.06670
1.01060

.92840



APPENDIX A

Heat of Mixing
of
R123a with ETFE
100, 150, 200 & 300°F
and
300 psia

by
J. J. Christensen
and
R. M. Izatt

Thermochemical Institute

Brigham Young University
Provo, Utah
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SUMMARY

The heat of mixing of R123a with ETFE at 100, 150, 200 and 300 °F and
300 psia has been measured over the entire composition range of 0 to 100 mole
percent R123a. Two isothermal high pressure flow calorimeters recently
developed at the Thermochemical Institute at Brigham Young University were
used to make the measurements. The heats of mixing are reported as a func-
tion of mole fraction and weight fraction in Tables 2, 3, 4 and 5 and of
weight fraction in Figures 2, 3, 4 and 5. The accuracy of the data is esti-
mated to be between 1 and 2%. Equations are given which give the heat of
mixing as a function of mole fraction R123a for the four temperatures

investigated.
INTRODUCTION

Two isothermal high pressure flow calorimeters capable of measuring
heats of mixing over the entire composition range of a mixture were used to
make the measurements at 100°, 150°, 200° and 300°F. One unit was used for
the 100 and 150°F measurements (low temperature unit) and the other for the

250 and 300°F measurements (high temperature unit).

This data together with the enthalpy of pure R123a and ETFE will be used
to develop the enthalpy/concentration data for the system.

APPARATUS AND PROCEDURES

The isothermal high pressure flow calorimeters used in this study have
been described previously (1,2). A block diagram of the main components of

the calorimeters is given below.

The main components of the calorimeter are the reaction vessel con-
taining the isothermal plate and the equlibration coil, the flow circuit
which contains the high pressure pump and the flow controller programmer,
the water or air bath, and the isothermal control unit.
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REACTANT REACTANT
RESERVOIR[* | PUMP PUMP <= pE SERVOIR
WATER BATH
r—f--—"="=-"—==-- — 7
| |
! 1
| !
: Li> REACTION = |
| VESSEL ;
| |
i I
[ J
ISOTHERMAL
PRESSIRE CONTROL
UNIT
TELETYPE
A
PRESSURE pRESgSRE AND/OR
" RECORDER

ELECTRICAL LINES — Jl WASTE
FLUID LINES - =

Figure 1.2 Block diagram of main components of isothermal high pressure flow
calorimeter.

The reaction vessel consists of a stainless steel container containing
the isothermal plate and equilibration coil. The isothermal plate consists
of a plate wifh the equilibration coil attached to the top. Under the plate
are a 100- wafer control heater and a Peltier thermoelectric cooler. The
cooler is in contact with the bottom of the stainless steel container to
facilitate transfer of heat from the cooler to the water bath. Normal
operating procedure is to adjust the isothermal control unit to maintain the
vessel at the water or air bath temperature. The pumps are charged with the
reactants and the flow lines purged by first running one pump, then the
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other. A run consists first of running one pump at the total flow rate cho-
sen for the reaction to determine a base line heater pulse rate. Then each
pump is run at its respective flow rate and the reaction steady state heater
pulse rate determined, followed by the other pump being run at the total
flow rate and the base line heater pulse rate being determined again. For
example, if flow rates of 0.6 and 0.5 ml/min are chosen for the run, the bas
line heater pulse rate would be determined with one of the reactants flowing
at 1.1 m1/min (the other reactant would have zero flow). The reaction
steady state heater pulse would be determined with the two reactants flowing
at 0.6 and 0.5 ml/min, respectively; then the base line heater pulse rate
would be redetermined with the other reactant flowing at 1.1 mli/min., The
calorimeter is calibrated for a total flow rate both chemically and electri-
cally in separate runs in which a standard heat of mixing such as
Hexane-Cyclohexane is carried out in the unit and a known amount of heat
added via the calibration heater, respectively. The unit was extensively

calibrated both electrically and chemically. Table I gives the results of
measuring the heats of mixing, HM, of a n-hexane with cyclohexane. Results

agree very favorably with the best values in the published literature.
Accuracy is generally within 1/2% or better.

Materials

The materials were used as received. Analysis indicated the purity of
the R123a was 99+% and the ETFE 97.5%.
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Table 1

Heats " of mixing _of n-hexane-cyclohexane at 25°C determined with an
isothermal calorimeterd, Summary of 13 runs and comparison with literature

values.

Volume fraction "Mole fraction Heat of mixing, HM, J/mo]g
hexane hexane This_study Literature
0.05 0.0417 48.01 48.20
0.10 0.0841 89.31 90.54
"~ 0.15 0.1273 124.34 125.26
0.20 0.1712 153.39 153.75
0.25 0.2160 176.90 176.67
0.30 0.2616 195.12 195.08
0.35 0.3080 - 208.34 207.78
0.40 0.3552 216.75 216.70
0.45 0.4034 220.81 220.64
0.50 0.4525 220.49 220,33
0.55 0.5025 . 216.03 215.09
0.60 0.5535 207.54 : 207.39
0.65 0.6055 195.11 ' 194.79
0.70 0.6585 178.81 178.53
0.75 0.7126 158.63 158.65
0.80 0.7678 134.59 135.05
0.85 0.8241 106.69 106.80
0.90 0.8815 74.97 75.30
0.95 0.9401 39.39 38.80

a. Total flow rate constant at 1.34 ml/min. Pressure is 2 atm.

b. K.N. March and R.H. Stokes, J. Chem. Thermodynamics, 1, 223 (1969).
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RESULTS

The data obtained from the heat of mixing runs for the system R123a -

ETFE at 100, 150, 200 and 300°F and 300 psia are given in Tables 2, 3, 4

and 5 respectively. These data are plotted as HM vs mole fraction R123a in
Figure 2, 3, 4 and 5. An equation (Eq. 1, Table 6) is given which when used
with the coefficients reported in Table 6 will reproduce the experimental

values with a standard deviation shown in Table 6.

A1l the HM values are valid for the materials as received without addi-
tional purification or alteration. The accuracy of the data is estimated to
be between 1 and 2%. All values of the heat of mixing were exothermic

(-HM) e
REFERENCES

1. Christensen, J. J. et. al. Rev. Sci. Instrume., 47 730 (1976).

2. Christensen, J. J. et. al. Rev. Sci. Instrume., 52 1226 (1981).
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Table 2

Heats of mixing of R123a - ETFE at 100°F and 300 psia

Experimental Data

A1l Heats are Exothermic

Composition (R123a) Heat of mixing, -HM
mole fraction weight fraction J/mole Btu/1b
0.0263 - 0.0308 272 0.895
0.1033 0.1193 1062 3.45
0.1774 0.2023 1879 6.03
0.2488 0.2803 2465 7.81"
0.3176 0.3537" 3000 9.40
0.3840 0.4230 3418 10.59
0.4481 0.4884 3734 11.45
0.5100 0.5503 3858 11.71
0.5698 0.6090 3907 11.75
0.6277 0.6647 3788 11.28
0.6837 0.7176 3537 10.44
0.7379 0.7680 3162 9.26
0.7904 0.8160 2645 7.68
0.8412 0.8617 2195 6.32
0.8906 0.9054 1576 4,51
0.9384 0.9471 917 2.60
0.9848 0.9870 232 0.653
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Table 3
Heats of Mixing of R123a - ETFE at 150°F and 300 psia
Experimental Data

A1l Heats are Exothermic

Composition (R123a) Heat of mixing, -HM
mole fraction weight fraction J/mole Btu/1b
0.0263 0.0308 237 0.781
0.1033 0.1193 1003 3.26
0.1774 0.2023 1646 5.28
- 0.2488 0.2803 2187 6.93
0.3176 0.3537 2641 8.27
0.3840 0.4230 2991 9.27
0.4481 0.4884 3255 9.98
0.5100 0.5503 3385 10.27
0.5698 0.6090 3401 10.22
0.6277 0.6647 3300 9.83
0.6837 0.7176 3090 9.12
0.7379 0.7680 2792 8.18
0.7904 0.8160 2382 6.92
0.8412 0.8617 1916 5.52
0.8906 0.9054 1381 3.95
0.9384 0.9471 806 2.29
0.9848 0.9870 197 0.554
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Table 4

Heats of mixing of R123a - ETFE at 200°F and 300 psia

Experimental Data

A1l Heats -are Exothermic

Composition (R123a)

Heat of mixing, -HM

mole fraction

weight fraction

0.0263
0.1033
0.1895
0.2949
" 0.3840
0.4481
0.5100
0.5698
0.6277
' 0.6837
0.7379
0.7904
0.8412
0.8906
0.9384
0.9848

0.0308
0.1193
0.2156
0.3297

0.4230

0.4884
0.5503
0.6090
0.6647
0.7176
0.7680
0.8160
- 0.8617

0.9054

0.9471
0.9870
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J/mole

169
978
1568
2171
2617
2802
2927
2949
2860
2696
2420
2105
1663
1209
724
183

Btu/1b

0.556
3.18
5.02
6.83
8.11
8.59
8.88
8.86

- 8.52

7.96
7.08
6.11
4.79
3.46
2.06
0.515



Table 5
Heats of mixing of R123a - ETFE at 300°F and 300 psia
Experimental Data

A1l Heats are Exothermic

Composition (R123a) Heats of Mixing, 4"

mole fraction weight fraction J/mole Btu/1b
0.1033 0.1193 679 2.20
0.1774 0.2023 1179 3.78
0.2488 0.2803 1573 4.98
0.3176 0.3537 1860 5.83
0.3840 0.4230" 2158 6.69
0.4481 0.4884 2351 7.21
0.5100 0.5503 2440 7.41
0.5698 0.6090 2462 7.40
0.6277 : 0.6647 2433 7.25
0.6837 0.7176 2323 . 6.86
0.7379 0.7680 2120 6.21
0.7904 0.8160 1901 5.52
0.8412 0.8617 1568 4,52
0.8906 0.9054 1206 3.45
0.9384 0.9471 712 2.02
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Table 6

Coefficients and Standard Deviation for Least-Squares
Representation of the Heat of Mixing by
Equation (1) for R123a - ETFE System

Temperature

°F CO Cl kl kz g
100 -15441.4 . -0.53712 0.22137 0.21832
150 -13462.2 -3700.29 0.49899 0.21996
200 -11700.6 3557.62 -0.11136 0.09125
300 -9689.62 8292.38 -0.57980 -0.19874

M 1 m 2 n

H' = x(1-x) [ = C, (1-2x)7/(1 + £ k. (1-2x)")] Eq. 1

m=0 n=1
where x = mole fraction R123a
W = heat of mixing in J/mole
Cpnversion factors
0.43021

(x mole fraction) (

(HE J/mole) (

where

x1(152.944) +‘x2(130.071)

x, (152.944)

X (152.948) + x,(130.071)

)= (HE Btu/1b)

) = (x wt. fraction)

Xy = mole fraction R123a

Xy = mole fraction ETFE
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SECTION 2.0

THERMAL STABILITY OF R123a



STABILITY STUDIES

INTRODUCTION

The preceding report(l) details stability studies performed with
ETFE/R-133a in the presence of various metals and cements. Since questions
had arisen regarding the suitability of R-133a due to toxicity work was
refocused on replacing the fluorocarbon portion of the absorption pair with
a suitable candidate while leaving the absorber fluid portion, ETFE, intact.
Prime candidates were 1,1-dichloro 2,2,2-trifluoroethane (R-123) and
1,2-dichloro 1,2,2-trifluoroethane (R-123a).

This report details stability studies of ETFE/refrigerant absorber
pairs comparing these two candidates R-123 and R-123a to dichloro-
fluoroethane (R-21) and R-133a, materials which although rejected on other
grounds served as benchmark compounds for stability evaluation.

SUMMARY

The stability of ETFE/R123a and ETFE/R-123 (80/20) wt. % were assessed
relative to ETFE/R-21 and ETFE/R-133a where the following substances were
added to the fluid pairs.

a. aluminum/cold rolled steel couple + 1500 ppm TDP*.

b. aluminum + 1500 and 4500 ppm TDP.
c. cold rolled steel + 1500 ppm TDP.

d. brass + 1500 ppm TDP.
e. aluminum + 1% water + 1500 ppm TDP.

* triisodecylphosphite as stabilizer
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CONCLUSIONS

1. Overall ranking of the stability for these fluid pairs is as follows:
R-133axR-123a > R-21 > R-123. The stability of R123a/ETFE far exceeds
R-123/ETFE.

2. Cold rolled steel, while apparently not suitable for use in high tem-
perature portions of an absorption heat pump unit employing ETFE/R-123a
or ETFE/R-123, may be usable at temperatures which do not exceed 120°F.

3. At 350°F in the presence of aluminum, increasing the level of inhibitor
from 1500 ppm to 4500 ppm TDP does not appreciably increase the stabil-
ity of R-123a/ETFE or R-123/ETFE.

EXPERIMENTAL

Materials: Ethyl tetrahydrofurfuryl ether (ETFE) was distilled to a purity
of 99.5+%. R-123 (1,1-dichloro, 2,2,2-trifluoroethane), R-123a
(1,2-dichloro 1,2,2-trifluoroethane), R-21 (dichlorofluoroethane) and R-133a
(1-chloro 2,2,2-trifluoroethane) were 99+% pure and used without further

purification.

Equipment: Testing was performed in 8 inch heavy borosilicate glass stabil-
ity tubes. A Perkin Elmer 3920 flame ionization detector gas chromatograph
coupled to a Sigma 10 data analyzer was used for analysis of ETFE and the
fluorocarbons. A 13 foot 1/8" column which was packed with 3% Carbowax 20-M

on Chromasorb G-AW-DMCS was utilized in this instrument.

Thermal Stability Testing

Procedure: Metal sample rods were carefully clamped in a padded electric
drill and were consecutively polished with medium eﬁery, fine emery, and 500
grit silicone carbide paper. The polished sample was wiped with a wet soft
cloth, and rinsed with deionized water followed by reagent grade acetone.
The samples were baked overnight at 120°C and were stored under dry nitrogen
blanket until use.



Heavy wall Pyrex tubes 3/4" in diameter with nominal pressure rating of 550
psig were sealed at one end, joined to 9 mm tubing, and triple annealed.
The sample tube was cleaned by washing with nitric acid, followed by
rinsing with deionized water. The tubes were rinsed with reagent grade
acetone and dried overnight at 120-150°C. The tubes, while still warm,
were flushed with dry nitrogen and sealed with plastic plugs.

The sample rods were inserted into the tubes, sufficient ETFE was added by
means of a syringe and the contents evacuated on a vacuum line. The tube
was cooled with liquid nitrogen and the ETFE degassed with two freeze-pump-
thaw cycles. The appropriate amount of degassed fluorocarbon was then added
to the system. The tube was sealed off from the line and flame annealed
with a gas-oxygen torch while the contents were frozen with liquid nitrogen.
The tubes were placed vertically in capped iron pipes and heated in vented
ovens.

Periodically the tubes were viewed and color of solution and condition of
rods noted. This visual evaluation was used as previous experience had
shown that meaningful chemical analysis of samples was difficult after
noticable decompositon.

RESULTS

Unless otherwise specified all tests were run with 1500 ppm of the inhi-
bitor TDP.

A series of tests were performed to determine the stability of the can-
didate fluids ETFE/R123a and ETFE/R123 relative to ETFE/R-21, a material
which possessed good stability characteristics but was rejected due to
excessive toxicity. The comparative stability of these absorber pairs at
350°F without the presence of metals is listed in Table 2-1. Stability of
these pairs at 350°F in the presence of aluminum is listed in Table 2-2.
Table 2-3 shows the stability of these fluids as a function of temperature
in the presence of aluminum/cold rolled steel couple.
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Another series of tests were performed to determine the stability of the
candidate fluids ETFE/R-123a and ETFE/R-123 relative to ETFE/R-21 and
another fluid which possessed good stability properties, yet was rejected on
toxicity grounds, ETFE/R133a. As a baseline comparison the stability of ETFE
alone with and without metals is given in Table 2-4. Stability of these 4
pairs at 350°F without metals, with aluminum, with aluminum + 4500 ppm TDP,
with cold rolled steel, with brass and with aluminum + 1% water are listed
in Tables 2-5 to 2-10, respectively.

A study showing the stability at 300°F of ETFE/R-123 vs ETFE/R 21 at
1500, 3000 and 4500 ppm TDP are listed in Table 2-11.

DISCUSSION

Results in Table 2-4 show that at 350°F ETFE possesses a high degree of
stability by itself, in the presence of aluminum and with cold rolled steel.

It is apparent from Table 2-1 and 2-5 that addition of the refrigerant
to ETFE lowers the stability of the system. After 183 days at 350°F ETFE
alone has a pale yellow color whereas after this same time period ETFE/123a,
ETFE/21 and ETFE/133a are yellow, and ETFE/123 was charred after 140 days.

Comparing Tables 2-1 to 2-2 and Tables 2-5 to 2-6 it is apparent that at
350°F addition of aluminum to the fluid pair has little effect on 123a and
133a but further deteriorates the stability of R-21 and R-123. For example
in Table 2-6 after 183 days at 350°F, ETFE/123a and ETFE/133a remain yellow
whereas ETFE/21 and ETFE/123 are charred after 101 and 28 days, respec-
tively. As shown in Table 2-6 and 2-7 there is little difference in the
stability of these absorber pairs with the presence of 1500 or 4500 ppm of
the inhibitor TDP.

At 350°F the presence of cold rolled steel in these 4 fluid pairs
greatly deteriorates their stability. Results in Table 2-8 show that
ETFE/123a, ETFE/123, ETFE/21, and ETFE/133a were charred after 7, 1, 1 and
56 days, respectively.



Stability after 43 days at 350°F in the presence of aluminum + 1% water
is shown in Table 2-9,

Ranking of stability was:
ETFE/123a ETFE/21 ETFE/133a > ETFE/R123.

Stability after 43 days at 350°F in the presence of brass is shown in
Table 2-10. Ranking of stability was ETFE/133a siightly better than
ETFE/R123a which in turn are very much better than ETFE/123 and ETFE/21.
Table 2-3 compares the stability as a function of temperature for ETFE/123a,
ETFE/123 and ETFE/21 in the presence of aluminum/cold rolled steel couple.
At room temperature and 120°F all three absorption pairs possess a high
degree of stability. However at 350°F the 123a, 123 and 21 systems were
charred after 17, 1 and 5 days, respectively indicating the following order
of stability ETFE/123a > ETFE/21 > ETFE/123.

Table 2-9 shows the effect that lowering the temperature has on the sta-
bility of ETFE/123/A1 and ETFE/21/Al in the presence of 1500 ppm, 3000 ppm
and 4500 ppm TDP. Results show that addition of increased inhibitor does
improve the stability of the R-21 system and has little effect on
R-123/ETFE. In addition no charring was observed with R-123 in contrast to
the 350°F results in Tables 2-6 and 2-7.

Overall the stability of these 4 fluid pairs can be ranked as follows:
ETFE/133a ETFE/123a > ETFE/21 > ETFE/123.

COMPARISON OF LAB TESTS TO ACTUAL SERVICE

The use of the R133a/ETFE in actual service with the field trial units
offers a comparison of actual service to lab sealed tube tests. While exact
quantative comparisons are difficult, it is apparent that the sealed tube
tests must be considered very accelerated. The exact reason(s) are not
clear but it may be the relatively short residence time in the hot zone
(boiler) in an actual unit compared to continuous heating in the sealed tube
tests. This is a very important point to keep in mind, however, in using
sealed tube test for evaluations of stability.
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TABLE |

COMPARAYIVE STABILITY OF ETFE/R-123a, ETFE/R-123 and ETFE/R-21 AT 350°F WITHOUT PRESENCE OF METALS
: INHIBITOR - 1500 PPM TDP

OBSERVATIONS
REFRIGERANT 1 day 5 days 23 days 60 days 98 days 143 days 235 days 264 days 359 days
1232 solutlon clear| solution clear| solution pale | solution dark | solution dark | solution dark solution dark | sofution dark | soiution med.
ye!low yel low yellow yol low yellow yetllow amber
1232 solution clear| solutlon clear| solution paie | solutlon dark | solution dark | solution dark | solutfon dark | solution dark | solution med.
yellow yel low yellow yel low yo!llow ye!iow amber
123 solution pale | solution dark | solutlion dark | solution dark | solution dark | solution dark | sotutfon dark | solutfon dark [ sofution dark
yellow yellow brown brown brown brown brown and brown and brown and
thickenlng thickening thlickening
123 solution pale | solution dark | solution dark | solution dark | solution dark | solutlon dark | solution dark | solutlon dark | solutfon dark
yellow yeliow brown brown brown brown brown and brown and brown and
thickenling thickening thickenlng
21 solutlon clear| solution clear| solution pale | solution dark | solution dark | solution dark | solutlon dark | solution dark | solution med.
ye!low yellow vellow yellow yellow yellow amber
solution clear| solution clear| solution pate | solutlon derk | solution dark

21

yellow

yellow

yellow

solution dark
yeliow

solution dark
yel low

solutlion dark
yellow

solution med.
amber
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TABLE 11
COMPARAT IVE STABILITY OF ETFE/R-123a, ETFE/R-123, ETFE/R-21 at 350°F IN THE PRESENCE OF Al
INHIBITOR = 1500 PPM TDP
OBSERVAT [ONS
REFR|GERANT 1 day 5 days 34 deys 60 days 98 days 143 days 235 days 264 days 359 days
1 + ution clear| solution dark | solution dark | solution dark | solution dark | solutlon dark | solution dark | solution dark
238 solutlon clear | sol yollow brown-rod s brown- rod brown- rod brown- rod brown- rod brown- rod
plitted pitted pltted pltted pltted coated
123a solution clear} solutlon clear| solution derk | solution dark | solutlon derk | sofution dark | sotution dark | solution dark | solution dark
yellow brown-rod is brown~ rod brown- rod brown- rod brown- rod brown- rod
pitted pltted pltted pltted pitted coated
123a solution clear| solution clear| solution dark | solution derk | solution dark | solution dark | solution dark | solutlon dark | solution dark
yel low brown-rod Is brown- rod brown- rod brown~ rod brown- rod brown- rod
pltted plitted pitted plitted plitted coated
(4 D] .
123 solution med. | sotution derk | solution dark | solution dark | solution derk
yellow brown brown rods- brown-ppt. on | brown- |iquld
film on portion rods and tube | thickening ppt
In |iquid phasq on rod & tube
123 solution med. | solution dark " solution dark "
yo!llow brown brown-ppt. on
rods and tube
123 solution dark | solution dark " solution dark "
yollow brown brown-ppt. on
rods and tube
21 solution clear| solution pale | solution brown| solution brown| solution dark | solution dark | char- tubes
yellow brown- rod brown and removed from
coated In thickening- testing
Tlquid rod coated In
1iquid
21 solution clear| solution pale | solution brown| solution brown| solutlon dark " char- tubes
yel low brown~ rod removed from
coated in testing
Iiquld
21 solution clear| solution med. | solution dark | solution dark | solution dark " char- tubes
yellow brown brown- rod brown- rod removed from
coated coated In testing
Ilquid

(1) Test terminated after 111 days due to

charring of contents.
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TABLE (11

COMPARAT IVE STABILITY OF ETFE/R-123a ETFE/R-123 and ETFE/R-21 IN THE PRESENCE OF ALUMINUM/COLD ROLLED STEEL COUPLE

INHIBITOR - 1500 PPM TDP

OBSERVATIONS
REFR|IGERANT TEMPERATURE °C 1 day 5 days 23 days 60 days 98 days 143 deys 235 days 264 days 359 days
1232 RT solution clear solutlon clear | solution clear solution clear solution clear | solutfon clear solution clear solution clear solution clear
123a 12001 solutlion clear solutlon clear | sotution clear solutlion clear solutlon clear
1232 120€1) " " " " "
(2}
1238 350 very falnt solution brown | ==-eemeee | commcacen | rcmammme | ceaees cemcamenr | eeceees B .
yeliow
1232 350 " L e A R ettt B -— e B B
123 RT solutlon clear solution clear | solution clear solution clesr solutlon clear | solution clear solution clear sojutfon clear sofution clear
123 120(1) solution clear solution clear | solution clear sotution clear solution clear
123 1201 n " n " "
123 350 char test
terml nated
123 350 "
21 RT solution clear solutlon clear | solution clear sofution clear solution clear sofution clear solution clear sofution clear solution ¢leor
20 120t1) solution clear solutlon clear | solution clear sclution clear solutlion clear
21 1200 1)
21 350 solution dark char test = | meccmemae ] mmemmmen ] mmmmmmeee | mmammmcee | ceaw a———e | e e
ye!low terminated
21 350 " L I e B B el [ ——

(1) Tests at 120°F were run for 98 days.
(2) Test terminated after 17 days due to charring of contents.
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SECTION 3.0

R123a MUTAGENICITY EVALUATION



Evaluation of the Mutagenicity of Dichlorotrifluoroethane (Fluorocarbon 123a)
in Drosophila melanogaster

INTRODUCTION

The sex-linked recessive lethal (SLRL) test in Drosophila melanogaster
is well established as an efficient assay for mutagenesis in germ line
cells. These cells are the reproductive cells for which genetic changes are
not expressed in the individual who is exposed but may be expressed in

future generations.

Not only does this test use an intact organism, but the organism is
eukaryotic. This means that several fundamental properties of Drosophila
cells are the same as those of human cells but unlike those of bacterial
cells. Although Drosophila shares cellular and physiological charac-
teristics with humans, they are tiny and have a short life cycle. Because
of their size, hundreds can occupy a small container and .thousands of indi-
vidual mutation tests require only a modest space. An entire life cycle or
generation time takes only ten days at 25°C. Thus, a two-generation test
such as the SLRL test lasts only a few months.

In short, the SLRL test in Drosophila offers advantages over both the
short-term cellular tests and the expensive and time-consuming mammalian

tests.

R123a is to be used as a refrigerant. The principal route of human

exposure is anticipated to be through the air. Therefore, it was decided to

expose the Drosophila via inhalation. There is published evidence for the
mutagenicity of some Genetrons and related fluorinated hydrocarbon gases in
the Drosophila SLRL assay (Foltz and Fuerst, 1974).
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SUMMARY

R123a failed to induce sex-linked recessive lethal mutations in the

reproductive cells of Drosophila males at a frequency above that of negative
controls. No significant increases were found in any of the stages of the

~ development of reproductive cells., Males were exposed by inhalation to
about 30,000 ppm of genetron 123a for two hours. The assay was performed in
two runs, with both runs showing a lack of mutagenicity of R123a.

These negative results suggest that R123a does not pose a significant

genetic risk in an intact organism,
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MATERIALS AND METHODS

The mating scheme for the SLRL test is shown in Figure 1. The Oregon-R
and Muller 5 stocks were originally obtained from the Mid-America Drosophila
Stock Center and are now maintained in our laborétory. The Oregon-R stock

is called “"wild-type" to indicate that it is normal or nonmutant. The wild

type state of the Oregon-R X chromosome is indicated by "+" (Figure 1). The
Muller-5 stock has X chromosomes with two important features: 1) visible
mutations such that Muller-5 flies can readily be distinguished from normal,
and 2) chromosome changes, or aberrations which prevent recombination. The
visible mutations are white-apricot (wd) which causes a pale eye color, and
Bar (B) which causes a very narrow eye. The wild type Oregon-R flies have

red, round eyes. The chromosome aberrations block the normal occurrence of
recombination or interchange between X chromosomes. This is important
because otherwise, a new mutation could be moved to the Muller-5 chromosome
and go undetected. |

In the parental generation (P1), Oregon-R males were mated individually
to virgin Muller-5 females two days following treatment of the males. These
males fell into three groups: 1) R123a-treated, 2) negative control or
sham-treated, and 3) positive control or vinyl chloride-treated. Each
parental male was assigned a number, not only to keep track of which treat-

ment he was given, but also to group the tests as families of specific
males. '

After three days each male was transferred to new virgin Muller-5 females.
This is referred to as Mating 2, to distinguiéh it from the association of a
male with the first group of females (Mating 1). Four days after Mating 2,
each male was again transferred to new virgin Muller-5 females (Mating 3).
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The progeny of the parental mating are called the F1 generation. All Fl
daughters had a “+" X chromosome from their father and a Muller-5 X chromo-
some from their mother (Figure 1). Their eyes were red and intermediate in
size between normal and Bar. The F1 sons all got a Mulier-5 X chromosome
from their mother and a Y chromosome from their father. Their eyes were Bar
and pale, just like any Muller-5 individual. A number of F1 females were
mated for each parental male, but each was mated in a separate vial. They
were mated to their Muller-5 brothers, at least three males per female.

Each parental male, therefore, had a group of Fl1 tests from Mating 1, a
group from Mating 2, and a group from Mating 3, providing that he survived
and was fertile in each mating.

The tests were scored by looking at the F2 progeny. The four classes of
F2 progeny (Figure 1) were Muller-5 females (pale, Bar eyes), females of the
F1 type (red, intermediate eyes), Muller-5 males (pale, Bar eyes), and wild
type males (red, round eyes). If all four classes are present, the test was
scored as a non-lethal, If the normal class of males was absent, but the
other three classes present, the test was scored as a lethal. All lethals
were retested by mating 3 or 4 red, intermediate-eyed F2 females, each in a
separate vial, to at least three Muller-5 F2 males. Each retest was scored
as non-lethal or lethal by the same criterion as before; namely, the pre-

sence or absence of normal males.

The rationale for scoring recessive sex-linked lethals by the presence
or absence of wild type males is as follows. All cells in the wild type
Pl males are potentially exposed to the compound under study. In par-
ticular, the test asks whether any reproductive cells have had new recessive
lethals induced on the X chromosome. Each F1 female receives one X chromo-
some from one of her father's sperm (the + chromosome in Figure 1). Those
F1 females which receive a new lethal are unaffected since it is recessive.
Dominant lethal mutations fail to be detected by this test. An Fl1 female
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which carries a recessive lethal will transmit this X chromosome to half of
her sons and and a Muller-5 X chromosome to the other half (Figure 1).
Thus, surviving F2 males can only be Muller-5. An F1 female which does not
carry a recessive X-linked lethal will produce both classes of F2 males.

The entire experiment was performed in two runs, with the second run
serving to confirm the results of the first run and also to give a larger

total number of tests.

The numbers of mutations in the Genetron 123a-treated group and the
vinyl chloride-treated group were compared to the number in the negative
control group using the standard Kastenbaum - Bowman test (Kastenbaum and
Bowman, 1970). Any comparisons which were significant at the 0.05 level
were also tested at the 0,01 level.

The flies were exposed to the R123a and vinyl chloride in gaseous
phase. The methods of inhalation are given in the inhalation section of

this report.
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RESULTS

The survival and fertility of the treated males are shown in Table 1.
Although there was considerable attrition by Mating 3, a sufficient number
of treated males remained in all three groups of the first run. In the
second run a large number of the viny]l chloride-treated males died in the

'exposure chamber. This was compounded by a poor batch of medium in Mating 3.
Consequently, there was a deficiency of vinyl chloride-treated males and
negative control males in Mating 3 of the second run (Table 1).

Compensation was made in the next generation by mating more F1 females for
each treated male in these groups. '

The lethal frequencies for the R123a group were quite consistent,
between the two runs, if Mating 3 of the second run is corrected for the
occurrence of two clusters (Table 2). The Mating 3 frequencies are then
4/1366=0.29% for the first run and 3/988=0.30% for the second run. These

clusters are discussed in detail in the "Discussion" section.

Summed Genetron 123a frequencies for the two runs were compared with
negative control summed frequencies for each mating. There are no signifi-
cant differences at the 0.05 level by the Kastenbaum - Bowman test. Since
no single mating shows a significantly altered frequency, the lethals can
also be summed over the three matings (Table 2). Total lethal frequency
corrected for the clusters (25/7093) also shows no significant difference at
the 0.05 level from the control frequency (18/5990).

The R123a frequencies were also compared to those of the accumulated
historical negative controls. The summed data for three independent SLRL
assays, including the present R123a assay, are 16/7053 (0.23%) for Mating 1,
12/5917 (0.20%) for Mating 2, 12/4053 (0.30%) for Mating 3, and 40/17,023
(0.23%) for the total of all three matings. There are no significant
(p<0.05) differences between these frequencies and the R123a .frequencies
from Table 2.
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The positive control data show that vinyl chloride is mutagenic (Téb]é 2).
Compared to current negative control frequencies, the frequency for Mating 1
summed over the two runs is significant at the p<0.01 level and the fre-
quency for Mating 2 summed over the two runs is significant at the p<0.05
1eve1. Although the frequency for Mating 3 is elevated, the difference is

not significant because of the small numbers.
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DISCUSSION

Clusters

A cluster arises from a single mutation in a premeiotic cell which is
then multiplied through cell division to produce several lethal-bearing
sperm. The purpose of the extensive bookkeeping system which identifies
each lethal test as one of a family, stemming from a single-treated parental
male, is to identify clusters of lethals. Scoring these as several lethal
mutations may give the appearance of a high mutation frequency, resulting in

a false positive,

There were no clusters of lethals for the negative control. Twelve
treated males produced single lethal tests and three treated males produced

two lethal tests each (Table 2). The vinyl chloride group produced 13
singles, 3 doubles, one triple, and one quintuple. The quintuple could

represent a cluster, but however one wishes to treat these five lethals, it
is clear that vinyl chloride is a mutagen. 1In Table 2 all 5 lethals are

counted in determining frequencies.

The R123a group produced 21 singles, one double, one quadruple, and one
quintuple. Since the lethals are expected to follow a Poisson distribution,
the quadruple and quintuple are likely to be clusters. All lethals in both
sets appeared in the same mating. In Table 2, all of the lethals are enu-
merated, but the percent lethals for Mating 3 and for the total lethals is
calculated by counting these two sets of lethals as clusters and scoring
each as only one lethal. 1In the following section, it will be shown that

this 1is not critical to the conclusions.



Evaluation of R123a Mutagenicity

The reason for transferring each treated male through three matings is
to sample cells which were in different stages of spermatogenesis at the
time of treatment. It is known that chemical mutagens have variable effects

~on different cell stages. Those cells which were the most mature at the

time of treatment will be the first to be used as sperm in Mating 1. Cells
which were in an earlier stage will take longer to mature and will be used
as sperm later. The time span of the three matings used in these tests

include sperm, spermatids, spermatocytes, and spermatogonia.

The present assays have shown no significant elevation of lethal muta-
tion frequencies induced by Genetron 123a. This is true for each mating and
the total lethals, compared to current negative control results and to
historical negative control results.

A possible problem area is Mating 3. If the two sets of 4 and 5 lethals
were not considered to be clusters, as they were in the previous section,
then the lethal frequency for the Genetron 123a group would be 14/2361
(0.59%) instead of 7/2354 (0.30%). However, even this higher frequency is
not significantly elevated over current negative control or historical nega-
tive control frequencies by the Kastenbaum - Bowman test. Thus, the conclu-
sion that Genetron 123a is nonmutagenic under these test conditions does not
rely on correctly classifying these two sets of lethals as clusters or
nonclusters.

Lethal Retests

Each lethal was retested by mating three or four F2 females individually
and scoring the F3 progeny (see Materials and Methods). In the great
majority of cases the retests unambiguously confirmed the existence of a
lethal mutation. However, there was one case among the 7100 Genetron 123a

3-9



tests and two among the 5990 negative control tests in which either: 1) one
or two wild type males appeared in an otherwise apparently lethal test, or
2) the lethal retests disagreed with one or two confirming lethality and one
or two showing nonlethality. The former type is called a semi-lethal muta-
tion to indicate that it kills most of the males who carry it but permits an
'occasional survivor. These survivors are often abnormal. The latter type
is called a mosaic lethal mutation to indicate that the F1 female produced
eggs of two types; those with the lethal mutation and those without. For
the SLRL assay, only unambiguous lethal tests are scored as lethals.
Therefore, none of the semi-lethal or mosaic-lethal mutations was included

in Table 2 or the analysis.

Final Considerations

The concentration of 30,000 ppm of Genetron 123a was selected, based on
the range finding data. It is possible that a higher concentration and/or a
longer exposure time would have revealed a mutagenic effect of Genetron
123a. However, 30,000 ppm or 3% is already such a high concentration that
there appears to be little need for concern about human exposure.
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FIGURE 1

MATING SCHEME FOR THE SEX-LINKED RECESSIVE LETHAL TEST

P1 + male X "wd B females
wd B

Oregon-R1 Muller-52

F1 + female X wd B males

wad B

F2 wd B + wd B +
wd B wd B
females females males males

1. Oregon-R is a normal or wild-type stock, as indicated by the symbol
"+", The eyes are-round and red.

2. Muller-5 is a mutant stock with narrow, pale eyes. The "wd" represents
white-apricot or pale eyes and "B" represents Bar or narrow eyes.
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TABLE 1

PARENTAL CROSSES

Mating 1

Mating 2

Mating 3

Number of No. Treated Males No. Treated Males No. Treated Males
Treatment Treated Males Mated Fertile Mated Fertile Mated Fertile
Negative Control
Expt 1 241 200 179 156 88 68 35
Expt 2 326 207 117 134 _69 51 _9
Sum. 567 407 296 290 157 119 43
Genetron 123a
Expt 1 409 204 174 180 115 80 46
Expt 2 341 201 147 155 105 _55 24
Sum 750 405 321 335 220 135 70
Vinyl Chloride
Expt 1 172 100 91 88 51 38 16
Expt 2 _225 VAN V) 3 10 5 _2
Sum 397 117 105 101 61 43 18
TOTALS 1714 929 722 726 438 297 131
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TABLE 2

SUMMARY OF SEX-LINKED RECESSIVE LETHALS

Number Lethal Tests
Experiment ~ per Mating1 Total Lethal Total Lethals
Number 1 2 3 Tests s2 Multiples3 Total % Lethals

Negative Control

1 1/1203 3/935 5/1183 3321 5 2(2) 9 0.27
2 4/1419 4/1024 1/226 2669 7 1(2) 9 0.34
Sum 5/2622 7/1959 6/1409 5990 12 3(2) 18 0.30
% Lethals 0.19 0.36 0.43
o
Genetron 123a -
o™
1 5/1213 3/931 4/1366 3510 12 12 0.34
2 6/1509 4/1086 10/995 3590 9 1{2), 1(4), 1(5) 20 0.36%
Sum 11/2722 772017 14/2361 7100 21 1(2), 1(4),'1(5) 32 0.354
% Lethals 0.40 0.35 0.304
Vinyl Chloride
1 7/513 4/446  4/492 1451 9 3(2) 15 1.03
2 6/481 5/336 1/132 949 4 1(3), 1(5) 12 1.26
Sum 13/994 9/782 5/624 2400 13 3(2), 1(3), 1(5) 27 1.13

% Lethals 1.31 1.15 0.80

1 Expressed as number of lethal tests over total tests.
Single lethal in progeny of one male.
More than one lethal in progeny of one male. Number of multiples (size of mu1t1p1e)
Corrected for two clusters, one of 5 lethals and one of 4 lethals.
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INHALATION SUPPLEMENT

Introduction

In conjunction with the Genetic Toxicology Section, the Inhalation
Section initiated a two part mutagenic assay using Genetron 123a. In these
assays, Drosophila melanogaster males are exposed to the test chemical as a

vapor. The grandsons of these males are scored for sex-linked recessive
lethal mutations.

SUMMARY: First Run

409 Drosophila males were exposed to a time weighted average con-
centration of 29,300 ppm of Genetron 123a for two hours and 241 Drosophila
males were exposed to a control atmosphere of air for two hours. As a posi-
tive control, 172 Drosophila males were exposed to a time weighted average
concentration of 9,600 ppm vinyl chloride for 48 hours. Following exposure,
all flies were anesthetized, transferred to transport containers and
returned to the Genetic Toxicology group for disposition.

SUMMARY: Second Run

The second run was performed just as the first run except for the
following: 1) 341, 326, and 225 Drosophila males were exposed in the
genetron 123a test group, negative control group, and positive control
group, respectively, 2) the time weighted average concentration of Genetron
123a was 27,900 ppm, and the time weighted average concentration of vinyl
chloride was 8,600 ppm.
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RESULTS

Preliminary range-finding exposures each using approximately 200
Drosophila melanogaster were conducted at concentrations of 10,000, 60,000,
and 100,000 ppm of R123a. The nominal exposure concentration of 30,000 ppm
was selected as the approximate LCgg. 409 flies in the first run and 341
 flies in the second run were exposed to the nominal concentration of 30,000

ppm for two hours. The Genetron 123a concentration remained stable
throughout the exposures with a time weighted average of 29,300 ppm in the
first run and a time weighted average of 27,900 ppm in the second run.

The two positive control exposures to vinyl chloride were performed in a
static system. In the first run, using 172 flies, the time weighted average
concentration was 9,600 ppm. In the second run, using 225 flies, the time
weighted average concentration was 8,600 ppm. Two negative control expo-
sures with 241 and 326 flies using laboratory air were performed. These
exposures were done with the same exposure system as the Genetron 123a and

positive control groups (Fig. 1).

Five grab samples were taken when venting the vinyl chloride into the
hood. These éamp]es wéfe drawn from the hood effiuent on the building's roof
by filling an evacuated 500 mL gas sampling bottle and then analyzing its
contents. No sample showed a concentration of more than 0.3 ppm of vinyl

chloride.

3-16



(N

SECTION 4.0
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INTRODUCTION

When R-133a was found to be unacceptable for use in absorption'heat pumps
for residential and some commercial applications due to the potential toxiclty
problem, a number of alternative refrigerants were considered. These included:
R-22, R-152a, R-142b, R-123 and R-123a. Analysis of probable performance and
equipment design requirements showed the low pressure refrigerants, R-123 and
R-123a, to have the most promise with a minimum of new hardware development.
Their low toxicity, and low vapor pressure and high solubility, from which low
pumping power would accrue, were key factors in the decision. The high
solubility and low vapor pressure were expected to reduce the pumping power
required to half that for R-133a/ETFE. Initial stability tests indicated that

R-123a was more stable than its isomer R-123, but due to the limited

~availability of R-123a, much of the testing was done with R-123.

This part of the program was concerned with testing the R-123/ETFE and
R-123a/ETFE in an operating unit of two to three ton capacity to qualify the
fluids and to develop the component and system designs ‘to the performance

expected. The hardware was improved and developed using R-123/ETFE until R-123a

became available. Then the fluids were exchanged and final tests were run with

that refrigerant.



STATUS AT THE BEGINNING OF THE PROGRAM

Absorption heat pump units using R-133a/ETFE as the working fluids had
been deveioped to the point of meating the pefformance objectives, and six early
design units were on a fileld test and life test trial in outdoor installatioas
when the toxlcity concerns with R-133a were encountered. ETFE had been shown
to have no toxicalogical problems. The development of R-133a/ETFE prototype
models, compacted to approximately a one meter cube size, was also underway.
The reduction in size was being accomplished by development of extruded aluminum
finned shapes to multiply the heat and mass transfer area in an available
space.

In the search for replacements for R-133a, the low pressure refrigerants,
R-123 and R-123a were found to have important advantages. The toxicalogical
tests were favorable and measurements of the vapor pressure of solutions in
ETFE showe& them to be more soluble than R~133a. The lower vapor pressures
would also be helpful in reducing the pumping power, but larger cross sections
for vapor flow would be required. Enthalpy data for the individual components
was available but data for the solutions was not. There was reason to believe
that good éstimates could be made on the basis of the R-133a/ETFE enthalpy
data. It was concluded that preliminary performance calculations should be
made with the available data to provide preliminary heat and mass transfer
quantities on which the designs of the heat pump components could be based.

Relative to the R-133a/ETFE test units, an R—123/ETFEv-unit would require
larger cross sections 1in the precooler, condenser, and some connecting tubes.

A pump to operate at the lower flow rates and reduced pressure lifts would also

be reuqired. It was not evident whether important modificat,ions might be
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required in other components; the vapor cross section areas in the evaporator,
absorber and generator appeared to be adequate. Because there was an early
breadboard test unit available that had been designed for R-133a/ETFE, it was
'd'ecided to mo‘dify that unit for the low pressure fluids rather than build up

a new test unit in its entirety.



OBJECTIVES

OVERALL PROGRAM OBJECTIVES

The objectives included carrying out an analysis of the absorption cycle

using the R-123/ETFE and R-123a/ETFE pairs to determine the performance to be
expected and the component changes that might be necessary. The solubility
data, heat of vaporization and vapor pressures had already established that
a smaller pump would be needed and that the condenser and precooler would have
to be modified. Modifications were also foreseen for the flow control valves
for the refrigerant and weak solution.

A test and development program on the breadboard unit was to be used to

develop any components that did not match the needs of the R-123 or R-123a/ETFE

pair. The components and the system were to be modified or improved as needed
until the performance objectives of the R-133a/ETFE fluids, a COP of 1.25 in
a 47°ambient and 1.0 in a 5° ambient, were met. If possible within the time
and funding of the project, the program was to be continued to the point of
building a unit equivalent to the R-133a/ETFE meter cubed (M3) unit.

Sub-objectives for the components were as follows.

SOLUTION PUMP
The solution pump was to be modified to reduce its capacity and pressure
rise in order to reduce the pumping power requirements and the quantity of vapor
being pumped with the solution. The turbine wheel and the raceway design would
be modified and developed to meet an objective of 200 watts power input to the

motor at a 2.5 gal/min flow at a 30 psi pressure rise.



REFRIGERANT FLOW CONTROL

Due to lower heats of vaporization, the refrigerant flow rate would be

10%-12% higher, and the lower pressures would reduce the pressure differential

to about half that of R-133a. Because the operating pressures would be so low,

the objective was a valve redesign, with changes in the power element,'its
charge, the spring forces, and in the valve body and discharge connections.
As before, the performance objective was for the refrigerant control valve to
maintain refrigerant over all of the evaporator surface under all conditions

of operation and outdoor ambient temperatures.

WEAK LIQUID FLOW CONTROL VALVE
Due to higher solubilities, tﬁe weak liquid flow rates for R-123/ETFE and
R-123a/ETFE would be lower than those of R-133a/ETFE. In addition, the change
in flow rates between high and low evaporator temperature conditions would also
differ from that of R-133a/ETFE. The objective was to attempt to develop a
weak solution flow control valve actuated by low side pressure to match the

flows required for best unit performance at all outdoor ambient conditions.

CONDINSER
Due to the lower pressure, and refrigerant flow rate, the vapor volume

flowing into and through the condenser would be about double that of R-133a.

" The pressure drop through the condenser used with R-133a would be excessive

with R-123 and R-123a. A new condenser design suited to the lower pressure

refrigerants was therefore developed.
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PRECOOLER
The volumetric flow of vapor through the precooler is also about double
that of R-133a, at a low side pressure of about one-sixth of an atmosphere.

Little or no pressure drop can be tolerated. Therefore, a precooler of large

diameter with heat transfer surfaces suited to the more rarified vapor was to

be developed.

OTHER COMPONENTS

Redesigns of other components were to be undertaken only if found

necessary.



THEORETICAL PERFORMANCE ANALYSIS OF R-123 AND R-123A COMPARED TO R-133A

INTRODUCTION

Prior to hardware testing of the low pressure fluids, a theoretical
performance analysis of R-123 and R-123a was performed. This analysis was
compared to a set of test data for the R-133a/ETFE heat pump syétem. Since
this analysis was performed at the beginning of the program, before detailed
fluid property work had been done, only preliminary
pressure-temperature-~composition and enthalpy data were available for the
R-123/ETFE and R-123a/ETFE systems. Consequently, the theoretical performance
analysis for these fluids can be thought of as a first estimate of the potential

performance in the correct hardware.

PERFORMANCE ANALYSIS

A standard absorber—-heat—exchanger cycle was chosen for the performance
analysis. Two evaporator temperatures, 40°F and O°F, were considered.
Calculations were madg of the heat flows into and out of each component, as
well as the thermal duty of the major components. An estimate of the COP for
heating and cooling was obtained. These calculations were performed for
R-123/ETFE and R-123a/ETFE. Equivalent calculations for R-133a/ETFE and actual
results from a test unit with R-133a/ETFE were used asva basis of comparison.

Cycle calculation of this type require a st;rting point, or set of
assumptions, on which the calculation will be based. The following is a list
of the major assumptions, or fixed conditions, for the theo;etical performance

analysis calculations:



TABLE 1

ASSUMED QUANTITIES FOR PERFORMANCE ANALYSIS

1. Evaporating Temperature.

2. Condensing Temperature.

3. Minimum Coolant Temperature.

4. Generator Peak Temperature.

5. Temperature of Liquid Refrigerant Leaving Condenser.

6. Desired Cooling Capacity.

7. Amount of Weak Liquid Cooling Through the Analyzer.

8. Minimum Absorption Temperature.

Starting with these quantities, heat and material balances were performed

on a component-by~component basis for R-123, R-123a, and R-133a systems under

a variety of conditions. Table 2 contains the results of these calculations.

The last column in Table 2 represents an actual run of R-133a/ETFE in a test

unit, at conditions close to those assumed, for comparison with the calculated
performance of the same pair. As can be seen, there is fairly good agreement
between the actual data taken from the test unit and the R-133a theoretical
calculation. Based on that agreement the calculated results for R-123 and
R~-123a can be expected to also be close to the actual performance in the proper
hardware. Further inspection of Table 2 shows that the performance of R-123
and R—123§ at a 40°F evaporator should be at least as good or even better than
that of R-133a with ETFE. The results at a 0°F evaporator are also very good,
with the theoretical results for R-123 and R-123a exceeding the measured
state-of-the—art performance of R~133a in hardware. Based on these
calculations, it was decided that rather than build a new test unit, a unit
built for R-133a/ETFE should be modified to run with R-123/ETFE. As soon as

R-123a became available, the test unit would be recharged to run the R-123a/ETFE

pair.



TABLE 2 THEORETICAL PERFORMANCE ANALYSIS OF LOW PRESSURE REFRIGERANTS

| R133a
R133a Test Unic 3
R123 R123a Calc Run 3
Number 1 2 3 4 5 6 7 8 9 -
T Evap, °F 40 40 - 0 0 40 40 40 0 40 | 4&2.1
Q@ T Cond, °F 120 120 120 120 120 120 120 120 120 118
= T Coolant, °F 95 95 95 95 95 95 95 95 95 95.1
= T Abs, °F 105 105 110 105 110 110 105 105 110 105.5
=} T Refrig from Cond, °F 110 110 112 110 112 112 110 110 112 111
S T Gen, °F 350 302 350 350 300 300 300 350 350 330
Cooling Cap, Btuh 36000 36000 18000 18000 36000 36000 36000 18000 36000 33524
Cooling through Analyzer, °F 100 100 75 100 100 100 100 100 100 90.5
za| X Weak, Wt. Praction .03 .15 .03 .03 .14 .14 .14 -0317 -075 -0951
25| X Rich, Wt. Praction . .50 .50 .26 .279 47 47 .50 .2743 .35 .3880
VWO RP, 1bs Weak/lbs Ref.’ 1.0638 | 1.4286 3.2174 2.8956 1.606 1.606 1.389 2.991 2.3636 2.089
Heat of Vaporization, Btu/lb° 65 | 65 65 65 65 65 66 68 74.77 74
| Z&| Ref. Flow, lb/hr - ° 554 554 271 277 554 554 546 265 482 454
S| Weak Flow, 1b/hr 590 792 891 802 890 890 758 793 1138 955
Rich Flow, 1b/hr 1144 1346 1168 1079 1444 1444 1304 1058 1620 1409
a Q into Evap in Ref, Btuh 18891 18891 9612 9446 19340 19340 18788 9119 20382 18804
< Q Load, Btuh 36000 36000 18000 18000 36000 36000 36000 18000 36000 33524
[ Q to Absorber, Btuh 54891 54891 27612 27446 55340 55340 54788 27119 56382 52329
T Q Load from Evap, Btuh -.54891 54891 27612 27446 55340 55340 54788 27119 56382 52934
@ Q into Abs. in Weak, Btuh 50687 61784 76546 68900 69990 67899 57828 66081 96184 78940
S Q from Abs. fn Rich, Btuh 62096 73061 73093 68829 77037 77037 68251 65427 * | 105235 90627
Q Q into Coolant, Btuh 43482 43614 31065 27517 48293 46202 44365 27773 47331 38680
Q given up by Weak, Btuh 17942 4491 38830 24389 4218 6309 5374 26050 34299 23244
W Q in entering Rich, Btuh 66569 78324 78256 73577 82741 82741 73324 70071 112331 96714
= Q 1in leaving Rich, Btuh 84511 82815 117086 97966 86959 89050 78698 96121 146630 119958
Q to Condenser, Btuh 63211 63211 32575 31606 60312 60312 63012 30141 63508 63156
Q to Coolant, Btuh 44320 44320 22963 22160 43672 43672 44224 9119 43126 44279
= Q to Reflux, Btuh 3000 3000 3000 3000 3000 3000 3000 21022 3000 2799
5 Q to Rectifier, Btuh 4473 5263 5163 4748 5704 5704 5073 4645 7096 6087
& Q to Weak, Btuh 68629 66275 115376 93289 74208 74208 63202 92131 130483 103341
z Q into Gen. in Feed, Btuh 84511 82815 117086 97966 86959 89050 78698 96121 146630 119958
< Q from Burner, Btuh 54802 54934 39028 34677 58965 56874 55589 33795 57457 55425
Input, 75% Efficiency, Btuh 73069 73245 52037 46236 78620 75832 74119 45061 76609 71819
Total Heat Out 90802 90934 57028 52677 - 94965 92874 91589 51795 93457 85758
COP, Cooling 0.493 0.492 0.346 0.389 0.458 0.475 0.486 0.399 0.470 0.467
COP, Heating 1.243 1.242 1.096 1.139 1.208 1.225 1.236 1.149 1.220 1.20
Cooling Cap-based 72000 Btuh Input | 35473 35389 24905 28030 32969 34181 34971 28761 33834 33608
Heating Cap-based 72000 Btuh Input 89474 89424 78905 82030 86969 88181 88971 82760 87834 85974
LHE Duty, Btuh 17942 4491 38830 24389 4218 6309 5374 26050 34299 23244
_ AHE Duty, Btuh 30510 35898 30216 32294 33602 33602 | 32248 29412 41504 38790
Analyzer Duty, Btuh 32185 39640 36870 43749 44527 44527 37922 42759 63421 47101
NOTATION:
T = Temperature RP = Relative Pumping COP = Coefficient of Performance
X = Liquid Composition Q = Heat Quantity LHE = Liquid Heat Exchanger

AHE = Absorber Heat Exchanger



TEST UNIT DEVELOPMENT WITH R-123/ETFE

INTRODUCTION

Since the R-123/ETFE fluid pair was expected to be similar to R-133a/ETFE
except for the operating pressures ana concentrations, and an early test unit
built for R-133a/ETFE was available, it was decided to modify that unit for
the R~123/ETFE testing. This test unit had undergone preliminary testing with
R-133a/ETFE, but no component development or updating had been done.
Consequently, the unit was not a state-of-the-art R-133a unit.

Several component modifications had to be made before a low pressure
refrigerant could be used in the test unit. The precooler cross—section was
enlarged to accommodate the large ‘increase in vapor volume. In the condenser
the flow passages for the condensing vapor and the coolant stream were reversed
in order to increase the cross sectional area on the vapor side. The cooling
water thenupassed through what once was the vapor passage, and the vapor flowed
through what had been the water passage. Although the pressure drop across
the water side was increased, the vapor side received the e;tra cross sectional
area requlired. The solution pump was replaced with one of lower capacity in
order to bétter match the lower flow rates of the R-123/ETFE system. The
generator reflux section was 1lncreased in size in order to assure sufficient
vapor puvlity for efficient operation. In additfon to these hardware changes,
the system was thoroughly drained and flushed with ETFE in order to remove all

traces of R-133a before charging the unit with fresh ETFE and R-123.

4-10



PRELIMINARY PERFORMANCE COMPARISON OF R-123/FETFE WITH R-133A/ETFE

- The test unit was designated Test Unit 3. Only a limited amount of
R-133a/ETFE performance data had been obtained on it, and that data wés not
up to R-1334/ETFE performance levels in other test units, so it was of limited
value in evaluating the potentlal of the R-123/ETFE working fluid combination.

The first tests of R—123/ETFE in Test Unlt 3 were at reducéd inputs and
somewhat low peak boiler temperatures. In Figure 1, these first tests are
compared to the results with R-133a/ETFE. R-133a/ETFE has performed to the
"Objective” }ine in other units, but had operated only to the circled points
in this unit. The inputs for those R-133a/ETFE points varied from 60,000 Btuh
to 72,000 Btuh, while the inputs for the R-123/ETFE tests were all about 50,000
Btuh. The test results of Figure 1 thus indicated a potential for the
absorption pair R-123/ETFE to perform as well as R-133a/ETFE, and possibly
better with optimized hardware.

The infént of the low pressure refrigerant program was to assemble hardware
closely approaching that of the M3 R-133a/ETFE units. A component-by-component
hardware analysis and modification was therefore begun on the basis of the

results plotted in Figure 1.
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GENERATOR DEVELOPMENT

The most critical components affecting the performance of the sealed system
are the generator and absorber. Consequently, these require tﬁebmost
development effort. The generator must have enough heat and mass transfer
surfaces to provide refrigerant vapor at the required quantity and purity to
the cbndenser. It must also remove sensible heat from the weak liquid in the
apalyzer coil and equilibrate the liquid and vapor streams below the feed
point. Due to the increased vapor volume to be handled with low pressure
refrigerants and the 40-inch overall height limitation, several generator
concepts were tried with varying degrees of success.

The generator design used on the preliminary tests of Figure 1 was
generator design 422-1. This generator was the same design that was used in
the R-133a/ETFE field trial; it is a "tall” design utilizing only slightly
enhanced heat and mass traﬁsfer surfaces. Figure 2 shows this generator
design. This particular generator, having been used with the R-133a/ETFE fluid
system, served for the overall performance comparisons of the two refrigerants
as described in the prgvious section. Modifications were made to the rectifier
and reflux sections of the generator for use with R-123. Testing with that
modified generator was carried out while other'g,enerator concepts were being
considered for use with R-123/ETFE, concepts which would meet the 40-inch
overall height limitation.

Since the heat inputs to the generator in the R-133a/ETFE tests had varied
so widely, a basis of comparison of generator operation was set up for the
preliminary R-123/ETFE tests reported in Figure 1. The loadé for the analyzer,
rectifier and reflux were all normalized with respect to the input; that is,

they were all expressed as fractions of the input. These values were then
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compared to the theoretical values from Table 2 columns 2 and 9 and expressed
as a percent of theoretical. Table 3 summarizes these results over a range

of evaporator temperatures for both refrigerants.:

TABLE 3

R-133a/ETFE COMPARED TO R-123/ETFE IN GENERATOR DESIGN 422-1

R-133a/ETFE R-123 /ETFE
Analyzer Load, actual
Input 714 416
% of Theoretical 86% 77%
Analyzer Approach to
Rich Liquid Inlet, (°F) 30.2 25.7
Rectifier Load, actual
Input .122 .038
% of Theoretical 132% 53%
Reflux Load, actual
Input .044 .097
% of Theoretical 1127 237%
Condenser Inlet 187.1 185.4
Temperature, (°F)
Weak Liquid Cooling 82.8 45.6

Through the Analyzer, (°F)

It is obvious from these results that the analyzer coil for both systems
could use improvement. The rectifier coil was too small for the R-123/ETFE
system while the reflux coil was too large. This disparity is quite apparent
in the percent of theoretical numbers. Both these coils are different from
the ones used in the R-133a/ETFE tests, so a direct comparison is not possible.

Since the analyzer coils in both sets of data are the same size (they are the
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same coil), one might conclude that simultaneous heat and mass transfer in the
R-123/ETFE system is more difficult than in the R-133a/ETFE system because the
normalized analyzer load is a smaller fraction of the theoretical in the
R-123/ETFE system. These calculations were used in the designs of subsequent
generators.

The next generator tried on the R-123/ETFE system was a twin columns
concept, with extrusions for analyzer, rectifier, and reflux sections. This
generator used an updated boiler section design also. A drawing of this
generator can be found in Figure 3. The most persistent problem experienced
with this generator was flooding. Several modifications were made to the
original design before the flooding problem was solved. During the interim,
a vapor/liquid separation chamber was added, between the generator and the
condenser in order to remove entrained liquid found in the vapor going to the
condenser. Modificatlions were also made to the rich liquid distributors and
the vapor gubes at the top of the generator assembly. These modifications
solved ‘the flooding problems, and it was possible to operate at steady state
to inputs up to 72,000 Btuh. However, the performance of this generator was
worse than that of tall generator # 422-1. The analyzer approach to rich liquid
inlet temperatures averaged 31.3°F, while the analyzer load divided by the input
averaged 0.335 both poorer than generator 422-1. Generator design 422-1 was
re-installed on Test Unit 3 for testing of other components while another
generator was being designed and built.

The next generator tested with R-123/ETFE was per design.422-13. A drawing
of this generator can be found in Figure 4. An enlarged vertical and horizoatal
analyzer section, consisting of two different extrusions, was incorporated into

this design. In order to meet the 40-inch overall height objective, the
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rectifier and reflux sections had to be contained in a separate pressure vessel
alongside the vertical analyzer section. Beneath the rectifier and reflux
coils, a mesh packing material was added to promote vapor/liquid equilibrium.
The storage chamber/horizontal analyzer was somewhat lengthened when compared
to the previous two designs, but the overall height (including burner) was kept
within the 40 inch objective.

The performance of this generator was satisfactory over the range of
evaporator temperatures. When coupled with the other component developments,
the generator met the COP objectives at 60,000 Btuh input. The analyzer
approach to rich liquid inlet temperature averaged 24.6 °F over quite a range
of evaporator temperatures. This approach was better than the approach in the
tall, 422-1 design generator. Moreldetailed information concerning total system
performance 1s contained in the following sections.

Any discussion of generator development must include vapor purity. The
design and effectiveness of the rectifier and reflux sections are critical with
respect to the amount of absorbent carried over to the condenser and the

operation of the evaporator and precooler.

Unfortunately, the R-123 available had significant amounts of R-113 in
it as an impurity. Gas chromatographic analysis of solutions from Test Unit
#3 during operation showed varying amounts of R-113 in the refrigerant, weak
1liquid, and rich liquid. Typically, the amount of R-113 would be 1.9% by weight
in the liquid refrigerant, and 0.37% and 0.78% by weight in the weak and rich
liquids, respectively. While the percentagaes of R-113 are not large, the
difference in boiling points between R-123 and R-113 widened the evaporation
temperature range, seriously affecting the performance of the evaporator. These

percentages also clouded the determinations of the purity of the vapor leaving

4-19



the generator; consequently, a final optimization of the rectifier and reflux
sections was not performed. It was left for later work with R-123a which would
be considerably purer than the R~123. The results of gas chromatography
investigations with R-123a are contained in a later section of this report

beginning on page 4-49.
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ABSORBER DEVELOPMENT

When the working fluids in Test Unit No. 3 were changed from R-133a/ETFE,
to R-123/ETFE, the absorber on the unit was of an early, flat extrusion,
spiral-wound type. That type of absorber had proved very difficult to assemble
consistently and had not been continued. Therefore, absorbers from the
extrusion development program for the Rf133a/ETFE system were instélled at the
first opportunity. An extensive amount of testing with these advanced absorber
concepts had been done on Test Unit No. 1 using R-133a/ETFE; therefore, there
were data avallable for detailed comparisons.

Absorber design 411-19 represented the aluminum extrusion, R-133a/ETFE
absorber at the beginning of the R-123/ETFE program. Figure 5 is a drawing
of this absorber type. This ;bsorber had alternating water-cooled and
solution—cooled sections and a proprietary surface configuration which enhanced
the heat and mass transfer characteristics of the absorbing film. The
performance of these absorbers was evaluated by calculating the overall heat
transfer coefficient for each of the four sections (two water-cooled and two

solution-cooled). ;

At the start, having only early and uncertain data, the overall heat
transfer coefficient for each section was calculated on the basis of one major
assumpfion: that the temperature change of the absorbing fluid was proportional
to the heat evolved in each section. By using this assumption and knowing the
fluid inlet and outlet temperatures in the absorber, and the heat evolved in
each section, intermediate solution temperatures were calculated. The overall
heat transfer coefficient of each section was based on temperatures obtained
from this calculated temperature difference and the projected area of the

absorption surface, without taking into consideration any of the surface
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augmentation due to the ;xtrusion design. These calculations then yield an
estimate of the overall heat transfer coefficient for the absorber. Although
there is considerable variation in the heat transfer coefficieat from section
to section, this technique allows various designs to be compared. Table 4
compares the overall heat transfer coefficient for R-133a/ETFE to the
coefficient for R-123/ETFE for the same absorber. This absorber was run on
Test Unit No. 1 with R-133a/ETFE and then removed and run on Test Unit No. 3
with R-123/ETFE.
TABLE 4

ABSORBER PERFORMANCE COMPARISON

TEST UNIT NO. 1 ABSORBER 411-19 R-133a/ETFE
Weak Liquid Overall Heat Transfer Coefficient
Flow Rate . Btu/hr/ft2/°F
1b/hr Section & Section 3 Section 2 Section 1 Average
1093 59 58 37 107 65
1093 68 69 37 104 70
1148 70 71 37 106 71
914 66 67 32 91 64
1258 72 73 40 111 74
1038 69 78 35 99 70
1024 70 74 36 106 72
1024 70 74 38 107 72
914 67 67 31 : 92 64
1038 ' 69 73 38 99 70
1245 73 71 35 94 68
1451 81 80 38 97 74
1451 81 78 37 94 72
1038 69 73 38 107 72
Water Cooled Average = 86 Solution Colled Average = 53 Overall Average = 70
TEST UNIT NO. 3 ABSORBER 411-19 R-123/ETFE
Weak Liquid . Overall Heat Transfer Coefficient
Flow Rate Btu/hr/£ft2/°F
1b/hr Section 4 Section 3 Section 2 Section 1 Average
741 47.5 46.5 24,2 87.6 51.4
571 41.4 47.1 20.0 77.1 46.4
1024 50.9 38.2 13.5 94.6 49,3
1228 44.6 27.9 © 14,2 94.9 45.4

Water Cooled Average = 64.2 Solution Cooled Average = 32.0 Overall Average = 48.1
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It is apparent, by inspection of these results, that on the same absorption
surface, the R-123/ETFE system did not perform as well as the R-133a/ETFE
system. This fact, along with the fact that the same generator design did not
do as well with R-123/ETFE, indicated that there were significant heat transfer
differences between the two fluid systems.

A more fundamental look at the forced convection heat transfer
characteristics of the two systems led to the conclusion that, on the same
hardware, the forced convection heat transfer coefficients for the R-123/ETFE
system would be expected to be lower than for the R-133a/ETFE system. The
reasons for this were: the lower mass flow rate, lower thermal conductivity,
and lower heat capacity of R-123/ETFE solutions. The flow rate, conductivity
and heat capacity of the solutiéns were expected to be lower because the
solubility of R-123 in ETFE is greater than that of R-133a in ETFE at comparable
conditions. That higher solubility would result in lowered relative pumping,
and would alter the thermophysical properties because the conductivity and heat
capacity of the fluorocarbons are lower than those of ETFE.

In general, the need for better heat and mass transfer in the absorber
for the R-123/ETFE éystem was obvious. A step-wise process of modification
and eventual re—design of the absorber was therefore carried out. Since
extrusion development was beyond the scope of this project, the extrusions which
were developed for R-133a/ETFE were used in different configurations.

In response to the need for better heat and mass transfer, modifications
were made to Test Unit No. 3 in order to increase the area for heat transfer
and enhance mass transfer in the absorber as outlined in Figure 6. An extra
liquid-l1iquid heat exchanger was added to the system, and an adiabatic packed

chamber was added above the absorber. The absorber was made entirely
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water-cooled so that the rich solution pumped from the absorber would flow
through the secondary liquid heat exchanger, then to the rectifier and on to
the primary liquid heat exchanger before entering the generator. The weak
liquid, on leaving the generator analyzer coil would flow to the primary liquid
heat exchanger, then through the secondary liquid heat exchanger. The
sub-cooled weak liquid would then enter the adiabatic equilibrium cﬁamber above
the absorber. 1In that chamber, the weak 1liquid would absorb vapor and have
its temperature increased adiabatically. The equilibrium chamber consisted
of a nine~inch diameter shell approximately 24 inches tall, packed with four
layers of aluminum wire mesh packing as indicated in Figure 6. Each layer was

approximately 4.25 inches tall.

The performance of Test Unié No. 3 with these changes is listed in Table
5. The data represent inputs at 60,000 Btuh in the first three columns and
72,000 Btuh in the other three and evaporator temperatures of approximately
40, 20, and O°F.

The change in the overall heat transfer coefficient of the absorber is
of the most interest. Since all sections were water—cooled, a useful basis
of comparison is the overall heat transfer coefficient of the water—cooled
sections of previous absorber configurations. As listed earlier, for Test Unit
No. 1, using R-133a/ETFE in absorber design 411-19, the average overall heat
transfer coefficient for the water—-cooled sections was 86 Btu/hr/sq ft/°F for
a series of tests. For Test Unit No. 3 with the same absorber design and
flow patterm, but with R-123/ETFE the overall heat transfer coefficient was
64.2 Btu/hr/sq ft/°F for the water cooled sections. For the new configuration
represented by Figure 6, the average overall heat transfer coefficient for a
series of tests with R—123/ETFE was 64.8 Btu/hr sq ft/°F. This value is very
close to the average of the water-cooled sections of the previous

configuration. Since all sections were water—cooled, this
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TEST UNIT NO. 3 -

TABLE 5

PERFORMANCE WITH FIRST ABSORBER MODIFICATION

‘Tesf;Number 1
Evaporagbr‘ .
Temperature ..°F 40.7
COP - Heating 1.203
COP - Cooling 436
Input (B;ﬁh) 61147.
Weak Liguid

Flow Rate (1b/hr) 779.
Cooling Water

Temperature In °F 95.2
Cooling Water

Temperature OQut °F 127.2
Generator Temp °F  270.2
Minimum Absorption
Temperature °F 105.2

Absorber Approach
to Inlet, Cooling
Water Temperature °F 9.9

Primary LHE UA

(Btu/hr/°F) 1276.
Secondary LHE UA
(Btu/hr/°F) 1153.
Analyzer Load

Input X 100, % 41.9
Under Heating of
Rich Liquid to
Generator, °F 25.0

21.6
1.132
.373

60178.

955.

95.2

125.5

290.4

103.7

8.3

1415.

1326.

49.4

21.3

-100 39.0 19.5
.971 1.100 1.020
.253 .381 .305
60579. 71784. 71471.
945. 771. 999.
95.6 95.6 97.8
125.5 130.0 129.4
330.9 228.7 310.6
101.8 105.5 105.9
6.1 9.8 8.0
1424, 1307. 1507.
1407. 1184, 1438.
50.0 40.2 47.9
4.0 21.5 15.4

-0.4
.920
.234

71115.

859.

94.9

124.9

338.8

100.8

5.8

1362.

1309.

41.0

Overheated



overall average is higher than the previous overall average of 48.1 of the
combination of solution-cooled and water—cooled sections.

In addition to the overall heat transfer coefficient, the temperature of
approach between the cooling water inlet to the absorber and rich solution
outlet is an indication of how well the absorber is performing. For the
completely water—cooled absorber, this approach averaged about 8.0°F for a
series of tests; this compares to an average of 16.6°F for the previous absorber
configuration of alternating water—cooled and solution—cooled sections. This
particular configuration had a better approach for two reasons. One was that
all the absorber surface was water—-cooled, and the second that the added liquid
heat exchanger and equilibrium chamber eliminated the possibility of weak liquid
flashing as it entered the absorber;

The equilibrium chamber operated satisfactorily, enriching the subcooled
weak liquid and increasing its temperature so that a 125°F outlet water
temperature was easily attainable. Table 6 summarizes the operation of the
equilibrium chamber.

TABLE 6

EQUILIBRIUM CHAMBER OPERATION

Weak Liquid Inlet
Temperature, °F 111.8 116.7 124.,2 112.6 120.4 123.5

Equilibrium Chamber
Outlet Temperature, °F  140.0 136.4 137.6 143.6 141.2 139.1

Evaporator
Temperature, °F 40.7 21.6 -1.0 39.0 19.5 -0.4

Weak Liquid
Concentration, Wt. Frac* .2555 .1876 .0725 L2147 .1503 .0500

Eq. Chamber Outlet
Concentration, Wt. Frac .3256 . 2454 .1504 .3024 .2237 .1459

Absorber Outlet )
Concentration Wt. Frac .4894 .3770 .2701 4767 .3616 2737

* Weight Fraction



The performance of the modified unit at 60,000 Btuh input was improved
over the previous configuration; however, there was need for further improvement
in the absorber. The most obvious shortcoming of the Qater-cooled absofber,
even with the additional liquid heat exchanger, was that the amount of heat
returned to the rich liquid stream was too small. That was evidenced by the
under heating of the rich liquid entering the generator. |

The next modification to the absorber was to change one of the water—-cooled
sections back to solution-cooled in order to increase the heating of the rich
liquid. Figure 7 is a block diagram of that system. The performance of Test
Unit No. 3 with this change is given in Table 7. This table covers evaporator
temperatures from O to 40°F and inputs of approximately 60,000 and 72,000 Btuh.

In most cases, the performanée of the unit was improved over the previous
modification, especially at the higher heat input. The underheating of the
rich liquid going to the generator had been decreased considerably. This better
recuperation of heat led to better performance for this modification.

Using the information gained from these series of modifications and tests,
a final absorber was designed for the R-123/ETFE system. This absorber utilized
extrusions developed for the R-133a/ETFE system, as well as wire mesh packing
to facilitate mass transfer between the phases. Since no new extrusions were
developed for the R;123/ETFE system, it was not possible to meet the 40-inch
overall height limitation with the available extrusions and packing material.
A drawing of this absorber can be found in Figure 8. This absorber deéign
incorporates packing in between heat transfer sections and more solution—cooled
surface area. This absorber was built and installed on Test Unit No. 3; it

is designated design 411-25.
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TEST UNIT NO. 3 -

TABLE 7

PERF ORMANCE WITH SECOND AB SORB ER MODIF ICATION

Test Number L)
Evaporator

Temperature °F 38.5
COP - Heating 1.134
COP - Cooling .403
Input (Btuh) 70425,

Weak Liquid
Flow Rate (1b/hr) 758.

Cooling Water
Temperature In, °F  95.3

Cooling Water
Température Out, °F 128.7

Generator Temp °F 290.5

Minimum Absorption
Temperature °F 104.1

Absorber Approach
to Inlet, Hot Water
Temperature °F 8.7

Secondary LHE UA
(Btu/hr/°F) 1340.

Analyzer Load, 7%
Input 39.8

Underheating of
Rich Liquid to
Generator °F 17.3

19.4
1.081
.389

72215.

949,

94.9

128.2

318.5

102.9

7.9

1496.

44.9

12.3

-0.5
.939
214

72662,

1066.

95.3

125.4

349.3

100.0

4.6

1352.

49.9

40.0
1.223
<432

60412,

751.

94.8

125.2

271.8

102.8

7.9

1327.

42.0

Overheated 11.2

20.0
1.121
.364

60792,

918.

95.4

125.4

299.3

102.8

7.3

1428.

49.6

0.2

0.0
1.011
.259

60544,
995.
95.1

125.2

330.8

100.5

5.3

1579.

52.2

Overheated
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A block diagram of Test Unit No. 3 with absorber 411-25 is shown in Figure
9. The performance of the unit over a range of evaporator temperatures is shown

in Figure 10. The performance remained substantially the same as that of the

last configuration, but only a limited amount of testing was done because other

components became available for installation and test at that time.

A new generator (design 422-13), a new evaporator (design 410—46), and
new precooler (design 470-14) were installed on Test Unit No. 3 along with
absorber 411-25. Details of the generator construction are given in a previous
section. Discussions of the evaporator and precooler design are found in later
gsections of this report.

Figure 11 is a block diagram of Test Unit No. 3 with these updated
components. The performance of4these components all in some way affect the
performance of the absorber and, consequently, overall system performance.
Detailed data on individual component performance could not be takeq at this
point. System pefformance was therefore used to measure the progress of
component development. The performance of Test Unit No. 3 at 60,000 Btuh input

over a range of evaporator temperatures for these components is given in Figure

'12. These data met the performance objective at 60,000 Btuh input at a 20°F

evaporator and came close at the 40°F and O°F temperatures. No further changes
were made to the absorber.

Since extrusion development was beyond the scope of the program, the
40-inch overall height limitation was not met by the absorber. However, the
performance of the absorber was such that it did not limit the development of
the other components. At this point in the absorber deveiopment, a quantity
of R-123a sufficient to charge Test Unit No. 3 became available, and the testing

with R-123/ETFE was stopped.
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LIQUID HEAT EXCHANGER PERFQORMANCE

After the preliminary tests with R-123/ETFE in Test Unit No. 3, a new
liquid heat exchanger (LHE) was installed in unit #3 for comparison purposes.
An extrusion had been developed for use as the liquid heat exchanger of the
R-133a/ETFE system. It had been successfully employed on Test Unit No. 1 and
on the M3 production prototype units, both with R-133a. An identical liquid
heat exchanger was built and installed on Test Unit No. 3 for use with
R-123/ETFE. Figure 13 contains a cross sectional view of the extrusion
(extrusion 621-11-1) and a view of the assembled liquid heat exchanger.

Heat transfer in the LHE was compared for the two refrigerant/absorbent

systems. Both liquid heat exchangers consisted of 25 feet of extrusion

#621-11-1. The effective area of heat transfer surface was difficult to
calculate, but the UA values were calculated and plotted against weak liquid
flow rate in order to compare the two systems. Figure 14 presents these results
for both R-133a/ETFE and R-123/ETFE. For equal weak liquid flow rates the UA
product is seen to be greater for the R-133a/ETFE system. There is no data
for the R-133a/ETFE system at very low weak liquid flow rates where
extrapolation might indicate the R-123/ETFE system might be better. As
indicated earlier, part of the reason for the lower heat transfer of the
R-123/ETFE system is thought to be due to the slightly different thermophysical

properties of the R-123/ETFE solutions when compared to R-133a/ETFE solutions.

CONDENSER DEVELOPMENT
The use of low pressure refrigerants required an immediate change in the
condenser in order to eliminate what would be an excessive pressure drop on

the vapor side of the condenser. The immediate solution for this problem was
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to reverse the vapor and coolant passages on the R-133a condenser and use it
for R-123. This provided an acceptable pressure drop on the vapor side, but

the coolant side pressure drop was excessive; therefore, two coolant pumps in

series were required. This particular condenser was made from a 20-foot length

of extrusion (die design #42543-T) wrapped in a spiral.

The long-term solution to this problem was to design an extrusion which
could be used for a condenser with low pressure refrigerants without excessive
pressure drop. Such an extrusion was designed as a variation of the previous

condenser extrusion design. Bases for the calculations were as follows:

1. Refrigerant vapor, R-123
Temperature entering condenser, 160°F
Pressure, 30 psia
Flow, 580 1bs/hr
2. Coolant, 40%Z aqueous ethylene glycol
Average temperature 115°F
Density, 65 lbs/cu.ft.
Viscosity, 1.5 cp
Flow, 3000 1bs/hr
Table 8 contains the results of these calculations for proposed extrusion design
# 431-27.

The vapor side pressure drop per foot was calculated at intervals along
the length of the extrusion. These values were plotted against the length of
the extrusion, and the total pressure drop was determined by graphical
integration. The pressure drop came out to be 2.32 psi. In actual practice,
the liquid refrigerant has been leaving the condenser appreciably sub-cooled,
which means that condensing must have been completed in less than the 20 foot

length. Therefore, the total pressure drop would then be less than the 2.32

psi estimated.



TABLE 8

CONDENSER EXTRUSION DESIGN DATA

PROPOSED EXTRUSION
DESIGN # 431-27

EXTRUSION LENGTH, FT. 20
Surface Area, sq. ft. ' 24,7
Cross Sectional Area, sq. in. 0.600
VAPOR Equivalent Diameter, in. 0.1622
SIDE Entrance Vapor Velocity, ft/sec. 58
Reynolds Number 60,000
Entrance Pressure Drop psi/ft. 0.33
Surface Area, sq. ft. 54.7
Cross Sectional Area, sq. in. 1.315
COOLANT Equivalent Diameter, in. : .1604
SIDE Coolant Velocity, ft./sec. 1.4
Reynolds Number 1206
Total Pressure Drop, psi 1.1

Figure 15 contains a drawing of the proposed extrusion design and condenser
assembly. This condenser design was not carried through to the construction

of a die for making the extrusion. This was beyond the scope of the program.
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EVAPORATOR/PRECOOLER DEVELOPMENT

Since the R-123, as received, contained approximately 2.8% by weight R-113,
which is a higher—-boiling refrigerant, it was difficult to access the
performance of the evaporator/precooler combination. The presence of the R-113
increased the evaporating temperature of the liquid refrigerant throughout the
evaporator, but increasingly toward the bottom of the evaporator, and entering
the precooler. Consequently, the load on the precooler was artificially
increased. A further effect of this impurity on the system was to force an
increase in the chilled water inlet temperature in order to evaporate more of
the refrigerant in the evaporator. Other than this impurity effect, there were

no other problems with the evaporator.

As the performance of the system as a whole was improved, the quantity
of refrigerant generated was increased. The pressure drop of the liquid
refrigerant through the precooler became excessive at these higher flow rates.
A new precooler was designed and built for the system. This design incorporated
two, parallel, helically-wound coils for flow of the condensed refrigerant,
and an enlarged shell cross—-sectional area for reduced pressure drop on the
vapor side.

At the.same time, as the precooler was being built, a new evaporator was
constructed for use with Test Unit No. 3 with R-123/ETFE. This evaporator
design was taken from the advanced production prototype program for
R-133a/ETFE. It is a spirally-wrapped extrusion with the refrigerant
evaporating on the shell side and chilled water on the tube side. The extrusion
development program is discussed in another volume. Figure 16 contains a view

of the evaporator/precooler combination.
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These two components were installed on Test Unit No. 3, and the unit was
run under varying evaporator temperatures. Both the evaporator and precooler
performed well under all test conditiomns. More detailed test results are

contained in the following section.

FINAL STATUS AND PERFORMANCE OF TEST UNIT NO.3 WITH R123/ETFE

As component developments became available, they were installed on Test
Unit No. 3 for trial. Eventually all major components were updated. One of
the major objectives of the program was to improve the baseline performance
and viability of the absorption heat pump system through the use of low pressure
refrigerants. The purpose of the component development phase was to support
this objective. Consequently, individual components were tested and improved,
but the final criteria by which they were judged was overall system
performance. Performance in the heating mode was the primary indicator of
system improvement. Water temperatures were held to 95°F inlet and a minimum
of 125°F outlet. The final system configuration can be found in Figure 17.
These components were operated over a series of evaporator temperatures in the
heating mode. Figure 18 is a graph representing the performance of this
hardware dufing the tests.

As can be seen from Figure 18, the performance of the system at 60,000
Btuh input comes close to meeting the performance objective. At this point
in the program, R-123a became available, and testing with R-123 was stopped.

Figure 18 represents the final results achieved with the R-123/ETFE pair.
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TEST AND DEVELOPMENT WITH R-123A/ETFE

INTRODUCTION

As soon as sufficient quantities of R-123a became available, the R-123/ETFE
working fluids were discharged from Test Unit No. 3. The unit was flushed with
fresh ETFE and recharged with R-123a and ETFE. Those components which could
not easily be flushed while on the unit were removed and drained and flushed .
with ETFE and then re-installed on the unit.

The reason for the choice of R-123a was one of long-term stability. Tests
conducted on the tﬁo refrigerants, R-123 and R-123a, indicated that R-123a was
superior to R-123 in terms of s;ability. Experimentally the preference for
R-123a related to purity. There are only small differences in thermophysical

properties between the two refrigerants.

REFRIGERANT PURITY

As mentioned earlier in this report, refrigerant R-123 contained 2.87% R-113
as an impurity. The presence of R-113 masked the performance of the
rectifier/reflux sections of the generator and of the .evaporator/precooler
combinatioh, as well broadening the evaporation temperature range. Since the
purity of the R-123a was greater than 99% by weight, the performance of the
components and system could be assessed more accurately.

After Test Unit No. 3 was re-charged with R-123a/ETFE, the refrigerant
purity leaving the condenser was measured for several runs with a gas
chromatograph.. This purity was compared to the purity ob;ained from the
pressure—temperature—-composition equation in the computer. Table 9 contains

the results of this investigation.



TABLE 9

REFRIGERANT PURITY

EVAPORATOR INPUT G.C. REFRIGERANT COMPUTER REFRIGERANT
TEMPERATURE (°F)  (BTUH) CONCENTRATION (WT.%) CONCENTRATION (WT. %)
21.3 72,849 96.66 96. 64
39.8 72,364 99.35 99,20
40.4 60,722 99. 30 98.97

Two conclusions can be drawn from these results. The first is that the
computer equation for finding refrigerant concentrations from temperature and
pressure adequately represents the actual concentrations in an operating unit.

The second is that the refrigerant purity at lower evaporator temperatures was

too low. This was checked for several other low evaporator temperature runs
by means of condenser inlet temperature and high side pressure and found to
be true in general. The absorber vapor inlet temperature for these runs was
also low, which serves to substantiate the conclusion. This problem was

addressed by component modification which is discussed later in this report.

PERFORMANCE

Test Unit No. 3 was run through a series of tests in order to document
the performance of R-123a/ETFE. The hardware configuration was identical to
that in Figure 17. Heating mode COP is plotted versus evaporatbr temperature
in Figure 19. The performance of R-123a/ETFE is nearly identical to that of
R-123/ETFE in the same hardware. There appears to be a possible negative effect
of the lower refrigerant purity at the O°F conditions.

In order to improve vapor purity at low evaporator temperatures, the rich

liquid circuiting was changed so that cooler rich liquid would flow through
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the rectifier. This change can be seen in Figure 20. Other than this
circuiting change, the unit was the same as in Figure 17.

By putting cooler rich liquid through the rectifier, the load on the
rectifier increased, and the vapor purity increased also. At a O°F evaporator
temperature and 60,000 Btuh input, the vapor purity, measured by temperature
and pressure, was 97.47%, somewhat better. More testing was done up to 40°F
evaporating temperatures, and the vapor composition increased to over 99Z%.
Absorber vapor inlet temperatures were increased over the previous tests, and
the chilled water approach to evaporator inlet temperature improved also.

Another benefit éf the changed rich liquid circuiting was a slight increase

in performance over the entire evaporator temperature range. This was due to

better heat recuperation in the rich liquid. The performance of the unit with
this modification can be found in Figure 21. The performance of the unit in
the heating mode meets or exceeds the goal over most of the evaporator
temperature range.

More detailed information concerning the performance of Test Unit No. 3
with R-123a/ETFE can be found in Table 10. The data contained in Table 10 cover
some of the points contained in Figure 21 over an evaporator temperature range
from 40°F to 0°F. Some of the highlights of this data include, the close
approach between the absorber rich liquid outlet and the cooling water inlet
temperature, the consistently high absorber vapor inlet temperature, and the
ability to achieve a close approach between the evaporator temperature and the
chilled water outlet temperature. The flue efficienéy and insulation
effectiveness average about 807 for this series of tests. Thils indicates
efficlent combustion and sufficlient insulation playing an important part in
achieving the performance objective. Higher COP's would have been expected

at the high flue efficiency indicating there 1s room for improvement in the

thermodynamic cycle.
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TEST UNIT NO. 3 PERFOTMANCE WIH R-123a/ETFE

TABLE 10
Test Number 56 57 58 52 53 54 43 44 45 48 50 51
COP Heating 1.262 1.258 1.266 1.241 1.232 1.253 1.159 1.172 1.162 .993 .995 1.016
COP Cooling , ha8 443 .452 .420 435 . 440 .360 .366 .357 .221 .218 .218
Evaporator Temperature (°F) 39.8 40.2 40.0 32.1 35.0 36.5 20.8 20.8 20.0 .07 -0.3 0.2
Flue Efficiency and ' '
Insulation Effectiveness (%) | 81.4 81.5 81.4 82.0 79.8 81.3 79.9 80.5 80.5 77.2 77.8 79.8
Weak Liquid Flow Rate
(1b/hr) . 832 714 919 842 853 776 1042 1042 1093 1201 1180 1221
Refrigerant Flow Rate . ’
(1b/hr) 419 419 413 396 405 410 338 338 335 210 210 213
Cooling Water IN 95.4 94.9 95.2 94.8 95.7 95.1 95.5 95.9 95.0 95.4 95.6 95.1
Temperature (°F) ouT 126.6 126.0 126.0 125.6 126.3 126.2 127.3 127.7 126.5 128.4 127.9 126.8
Pressure HIGH 30.0 29.5 30.0 29.2 29.5 29.5 28.7 29.0 28.8 27.5 26.7 26.5
(psia) LOW 5.0 5.3 5.2 4.2 4.5 4.7 3.1 34 3.2 1.8 1.8 1.8
Input (Btuh) 61569 61569 60560 61398 61398 61398 59877 59836 60380 59650 59790 60039
Absorber Rich Liquid
Outlet Temperature (°F) 103.6 103.4 103.9 102.9 103.8 103.2 102.7 103.2 102.1 101.2 101.4 100.7
Vapor Purity (Wt.X) 99.3 99.1 99.4 99.0 99,1 99.1 98.9 98.8 98.9 97.7 97.4 97.5
Absorber Vapor
Inlet Temperature (°F) 94.1 92.4 95.8 91.5 92.6 92.0 90.4 90.9 89.5 81.0 81.3 80.0
Chilled Watér Approach To : V
Evaporator Temperature (°F) 4.0 3.6 4.5 11.9 8.6 7.0 19.0 17.6 13.4 8.0 9.9 6.2




The performance at 72,000 Btuh input was not as good as the performance
at 60,000 Btuh. This would seem to say that even more heat and mass transfer
area 1s required before full output can be expected from the system. All
components, except the absorber; meet the 40 inch overall height limitation.
More development 1s required before the absorber will be able to meet the height

limitation.

OTHER RELATED WORK

FLOW CONTROL VALVES

Refrigerant Thermostatic Expansion Valve Design

Due to the immediate availability of R-123, the design>of a refrigerant
flow control valve was undertaken for this refrigerant. R-123a was not received
till late in the program so no design was formulated for R-123a. The properties
of the two refrigerants are so similar that only small changes are anticipated
in the valve design. Thg purpose of the refrigerant flow control valve is to
maintain a flow of refrigerant that will keep the evaporator surface
(refrigerant side) substantially fully utilized but not over-supplied.

In the case of compression systems, this purpose is accomplished by means
of a thermostatic expansion valve. (TEV) Such a valve is shown schematically
in Figure 22. The flow of refrigerant is from the condenser at pressdre P1,
through the valve, and to the evaporator at pressure P2. A diaphragm at the
top serves to control the position of the valve plate as a function of: the
pressure P2, below the diaphragm; the pressure P3, above the diaphragm; and
the spring force F. The pressure P3 above the diaphragm is supplied by the

vaporizable liquid charge in the bulb. This bulb is located at the exit end



FROM __ -
CONDENSER ' 4

Figure 22

BULB
DIAPHRAGM
7zl
/7Z Z1 PUSH RODS
Z; —INTERNAL VENT
f . ORIFICE |
N ’ VALVE SEAT
; T |
/ — f
: /
d /1
1
2 —™EVAPORATOR

'\SUPERHEAT ADJUSTING
SCREW

Thermostatic Exponsioh Valve



of the evaporator. If not enough refrigerant is being supplied to the coil,
superheated vapor will warm the control bulb; the increase in pressure P3 will
tend to open the valve. If too much refriger’ant is being supplied, liquid
refrigerant will cool the control bulb; the decrease in P3 will tend to close
the valve. Thus, by a proper setting of the spring force, one carn maintain
the degree of superheat desired-—thus, the term "constant superheat valve."

The application of the TEV to an absorption system is not quite so simple.
In the case of the compression system, the refrigerant 1is pure and has a
definite boiling point at the evaporator pressure; the control bulb senses
either the cold temrperature of the liquid refrigerant or a warmer temperature

corresponding to superheated vapor. In the case of the absorption system, the

refrigerant is not pure but contains small amounts of the absorbent. As the
refrigerant flows through the length of the evaporator, the refrigerant
evaporates, but very little of the absorbent evaporates. Consequently, the
boiling point will rise as the concentration of absorbent rises. This effect
is significant throughout the evaporator but becomes quite large near the exit.
The boiling points of the refrigerant solution as increasing amounts of the
refrigerant evaporate are plotted in Figures 23 and 24. These boiling points
are plotted for different degrees of purity of refrigerant entering the
evaporator, and for evaporator temperatures of 40°F and 0°F, respectively.
There is always liquid leaving the evaporator, so the control bulb senses a
liquid temperature which changes rather slowly as the amount of refrigerant
evaporation changes, rather than a rapid change from the cold temperature of
evaporating liquid refrigerant to the warm temperature of superheated vapor.
Consequently, the pressure changes above the diaphragm are lower in magnitude

and occur more gradually than in the case of the compression system. Although
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we continue to call the temperature difference between the inlet and outlet
evaporator temperatures "superheat"”, the term 1s really a misnomer.

In order to hold the total temperature difference between the evaporator

~and air being cooled to a reasonable value, it is desirable to keep the

superheat as low as possible. On the other hand, the selection of the degree
of superheat must take 1nto.account the purity of the ?efrigerant. A study
of the curves of Figure 23 will show that, for any given refrigerant purity,
the amount of refrigerant that must pass through 'the evaporator unevaporated
will increase as the degree of superheat decreases. For any given air
temperature, the evaporator temperature can increase as the degree of superheat
is decreased; the higher evaporator temperature will enable the system to have
a higher capacity. However, as the degree of superheat decreases, the amount
of unevaporated refrigerant leaving the evaporator increases, and this loss
reduces system capacity. So the selection of the degree of superheat at which
to operate is a factor in maximizing unit capacity.

Actually, the loss caused by the unevaporated refrigerant leaving the

evaporator is not as serious as indicated because the precooler reclaims the

major portion of the refrigerating capacity of the "purge 1liquid”, the term
given to tﬁis stream of unevaporated liquid leaving the evaporator. The ability
of the precooler to reclaim the refrigerating capacity of the purge liquid is
not unlimited. It {is limifed by the heat content of the refrigerant condensate
coming from the condenser. Since the sensible heat caéacity for the
fluorochloro—carbon refrigerants is relatively high cémparedfto the latent heat
of evaporation, the precooler capacity can be rather high.

Observations of breadboard unit operation led to the arbitrary decision

that the degree of superheat should be below 10°F for a 40°F evaporator and



below 4°F for a O°F evaporator; design calculations given subsequently are based
on these numbers.

The choice of a 1liquid for the control bulb is critical. 1In order to keep
the spring force reasonably low, the selected liquid must not have a vapor
pressure appreciably higher than that of the refrigerant. 1In order to keep
the valve always under positive control, the vapor pressure of the bulb liquid
must not go below the evaporator pressure at the lowest superheat setting.
For the superheat ranges selected above, filling the bulb with the refrigerant
used in the system resulted in attainable spring forces. |

The design of a TEV requires the calculation of the orifice size, spring

rate and valve motion for a given superheat, evaporator temperature and
refrigerant flow rate. The orifice discharge coefficient was determined
experimentally for a range of valve plate settings, and an average value was
used. The application of a comercially available TEV to absorption systems
thus requires the choice of the proper refrigerant for the control bulb, the
spring with the correct spring rate, and the orifice size. For a given orifice
size and control bulb charge, the choice of spring will determine the superheat
at the two extremes of evaporator temperature. These calculations were made
for a commércially available valve, a Sporlan model Y-821. The spring rates
required are presented graphically in Figure 25.

From this graph, one-can select the spring needed to produce various
combinations of superheat at the two extreme evaporator teméeratures. For
example, if one desires to operate with a superheat Af 7° at a 40°F evaporator
and a superheat of 2.5° at a O°F evaporator, he would locate a point on the
2.5° ordinate halfway between the 6° and 8° lines and read a spring rate of

28.5 1bs. per 1/10" on the abscissa.
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Earlier in this report, it was pointed out that the application of the
TEV to the compression system differs from the application to the absorption
system in that the refrigerant in the compreséion system is pure, whereas the
vrefrigerant in the absorption system contains an appreciable amount of the
absorbent. The presence of the absorbent raises the boiling point near the
exit of the evaporator and, in effect, forces the absorption system to operate
with relatively low values of "superheat”, thus making the valve action more
critical.
There are other differences:

1. Compression systems contain a lubricant so that the sliding parts of

the TEV are not completely unlubricated, whereas the TEV in the absorption

q,éystem\is completely unlubricated. This lack of lubrication makes friction

AY
a more significant problenm.

To reduce friction between the sliding parts, such parts have been coated
with Teflon or made from graphite. These moving parts are the push—pins and
the pin-carrier, the upper end of which is the valve plate. 1In one design,
the push-pins and the pin-carrier were coated with Teflon. In a second design,
the guide holes around the push-pins were fitted with graphite bushings, and
the pin—cérrier was made from graphite. No discernable difference in operation
was noted, but there might be some question as to the life of the Teflon
coating. .

2. Most compression systems such as air conditioners, food.coolers, etc.,
use refrigerants such as R-21, R-22, R-502, etc. fhese refrigerants operate
at quite high pressures compared to R-123, and the rates of change of pressure
with temperature are high. For example, the Ap/At values at O0°F are as

follows:



Refrigerant Ap/At psi/F
12 0.514
22 0.826
123 0.060

This low rate of change of pressure with temperature coupled with the low
superheats required makeg it difficult to build a valve with the required
response. The elimination of friction becomes more:important.

Another problem that has been found is stiffness and/or uneven movement
of the diaphragm. For example, the power heads, made up by Sporlan fbr the
Y-821 valves for use with R-133a were charged with R-21. The pressures for

R-21 at 70°F and 32°F are as follows:

Temgerature Psia
70 23.16
32 10.34

Thus, if the head is removed from the valve and exposed to atmospheric
pressure, and the bulb is cooled from 70°F to 32°F, the diaphragm should move
from one extreme to the other. This test was made on a number of heads with
the following results:

1. S§me diaphragms moved through the total stroke.

2. Some heads moved through part of the stroke; the remainder of the
stroke required a nudge.

3. A few heads showed no motion until the diaphragm was pushed, and then
the diaphragm moved through the stroke all at once.

4. 1In nearly all cases, there was a clicking noise as the diaphragm moved
through its stroke. This sound indicated that the diaphragm was
"oil-canning"” in going from one extreme to the other.

This irregular response to relatively large pressure changes would play

havoc with responses to small pressure changes such as are encountered in trying



to control superheat to a few degrees. Earlier in this program, irregular valve
operation was blamed entirely on friction between the moving parts. It is
likely that the poor valve operation was also caused by the irregular diaphragm
response. The irregular response is stated by the manufaéturer to be due to
the warping effects of welding the diaphragm to the housing. Those effects
are large at the low pressures being used, as contrasted to the pressures of
R-22 and R-12 for which the valves are designed.

One way by which irregular diaphragm response, oil-canning, etc., can be
eliminated is by substituting a bellows for the diaphragm. Friction can be
eliminated by eliminating sliding parts. With these thoughts in mind, a TEV
was designed that should overcome previous difficulties. This frictionless
valve is shown in Figure 26. To eliminate irregular diaphragm motion, a bellows
was substituted for the diaphragm. To eliminate friction between the push-pins
and the guide holes, the pins are mounted rigidly in a block attached to the
top of thevbellows, and the holes through which the pins move are large enough
that there is no contact with the pins. To eliminate friction between the
pin-carrier and the valve body, the pin—cafrier is replaced by a perforated
Tefon diagram. The valve plate is attached to the diagram which holds the valve
plate centered but allows up-and-down motion.

A metal bellows having an active area of 3.63 square inches was selected
for this design. The design calculations were repeated, and thg results are
given in Figure 27. This design should provide acceptable éontrol for the
R-123/ETFE sjstem. The design should be modified‘for réfrigerant R-123a,

however. The valve could not be built within this program.
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Weak Liquid Expansion Valve

The purpose of the weak liquid control valve in an absorption refrigeration

system is to control the flow of absorbent solution to the absorber. The

driving force on the solution is the pressure difference between the generator
and the absorber. The generator pressure varies as a function of condenser
temperature and the amount of refrigerant flowing. The refrigerant flow at
a 40°F evaporator 1is about twice thét found at a 0°F evaporator. The absorber
pressure is a function of the evaporator temperaturé. There is also a pressure
drop through the liquid heat exchanger, filter, and connecting lines.
Consequently, the pressure available at the control valve varies widely, being
least at the O°F condition and increasing as the evaporator temperature
increases.

Since the rich liquid concentration decreases as the evaporator temperature
decreases, the relative circulation, defined as the weight of weak liquid
circulated per unit weight of refrigerant supplied to the evaporator, must
increase. Thus, the greater weak liquid flow is required whén the available
pressure drop across the valve is the leastj therefore, the valve must adjust
accordingly.

An examination of the data taken on Test Unit No. 3 charged with R-123/ETFE

resulted in the following conditions as being typical of the requirements.

TABLE 11

WEAK LIQUID CONTROL VALVE REQUIREMENTS

EVAPORATOR ~ PRESSURE AHEAD ABSORBER PRESSURE DROP WEAK LIQUID
TEMP. (°F) OF CONTROL (PSIA) PRESSURE (PSIA) ACROSS VALVE (PSI) FLOW (LB/HR)
40 25 5.80 19.20 900
0 15 1.98 13.02 1400



These figures represent a more or less average situation. It's not
necessary to have exact values since the flow at any condition can be adjusted
‘by the adjustment screw, and the flow ratio can be controlled by spring
selection.

The basic valve design devised in the R-133a/ETFE program 1s that of an
"automatic expansion valve” used in the refrigeration industry to maintain a
constant evaporator pressure. Such é valve is depicted schematicaily in Figure
28. A diaphragm serves to make the valve sensitive to pressure; in this case,
the space above the diaphragm is open to the atmosphere (assumed to be at a
constant pressure), and the space below the diaphragm is subjected to low-side
pressure (i.e. absorber pressure). Thus, as the absorber pressure decreases,
the valve will tend to open, which is the required direction of operation, i.e.
more flow at lower evaporator temperatures. The rate at which the valve opens
is determined by the net spring rate. The spring forces and spring rates may
be calculated by equating the upward and downward forces; at the control point
these two forces must be equal.

The nature of the orifice in this control valve is somewhat unique;
actually, there are two orifices in series. The first is a circular opening
(the port against which the valve plate moves) which has a fixed diameter.
It constitutes a resistance to flow and reduces the pressure available at the
control orifice. The control of flow is actually accomplished by the second
orifice, which is the cylindrical space between the port and valve plate. The
area of this orifice is varied by moving the valve plate foward or away from
the port. It was assumed that such a cylindrical orifice would follow the

general equation:



SO SSSNNNNNY

VENT

SPRING- |

1, OIAPHRAGM

PUSH-ROD

INTERNAL
VENT

- SPRING -2

P) —a -
INLET /
PRESSURE
| Y
SR
NN
N\ /LR
N LN
NS
P ==— F‘2=' \! Q
Do
PRESSU
NS
Figure 28 = Weak Liquid Ex'ponsion Valve



V = ¢/ 2gh

Where V = velocity (ft/sec)
C = orifice coefficient
g = gravitational constant (ft/secZ)
h = head (ft)

To check this assumption, an orifice of this design was set up so that
the opeﬁing, t, could be precisely varied. Flow rates and pressures at various
t settings were measured, and valués for C were calculated. It was found that
C varied from about 0.7 to 0.9 over a range of t values. However, in the
relatively narrow range under consideration for weak liquid flows, the value
for C was fairly coastant at 0.82. Consequently, this value of C for the

cylindrical orifice was used in all subsequent calculations. As a result, the

orifice area can be expressed in terms of t for a fixed diameter, and t is .
directly the up—and-down motion of the valve plate assembly which, in turn,
is the motion which the springs must accommodate.

The calculation procedure is as follows; for both evaporator extremes,
the pressure drop through the fixed orifice 1is calculated, which in turn yields
the pressure drop to be dissipated by the variable orifice. The opening t is
calculated‘from the motion required. Once the motion and orifice pressure drops
ére known for both extremes, a diaphragm size is chosen, and the net spring
rate required is calcula;ed. If the net spring rate 1is reasonable, the next
step is to select a pair of springs such that the difference in spring rates
corresponds closely to the calculated value.

These calculations were carried out for the R—123/ETFE system. A valve
was designed, the orifices sized, and the net spring rates were calculated.
This gontrol valve was not built or tested, but, the design is quite similar

to the weak liquid expansion valves already in use on the R-133a/ETFE systems.



SOLUTION PUMP

The development of the hermetic regenerative—turbine pump for use with

'R-133a/ETFE has been detailed in Report No. 83-5, titled Development of a

Residential Gas Fired Absorption Heat Pump, and will not‘be repeated here.
That pump was developed to slightly better performance than the objectives of
400 watts power input to the motor while pumping 3.5 gpm (1800 1b/hr) of
R-133a/ETFE solution through a pressure rise of 50 psi. Pumps were also
operated to 50,000 hours of continuous run and 230,000 to 240,000 cycles of
on-off operation without significant wear.

The R-123a/ETFE pair, due to the better solubility characteristics and
lower vapor pressure of R-123a, required a solution flow of only 2.5 gpm (1300
1b/hr) and a pressure rise of 30 psi for a comparable 3 ton unit. The
theoretical pumping power was therefore some 43% of that for R-133a/ETFE.

While the specific speed for the R-123a/ETFE pump is higher than for
R-133a/ETFE, it is still low, about 240. The regenerative—turbine pump type
thus remained a good choice, and was picked for modification and development

to the new fluid pair. The power input objective was set at 200 watts, 50%

of the objective for R-133a/ETFE, because the efficiencies of pumps and motors
both tend to drop as the sizes are reduced. |

A regenerative—turbine pump was designed for the 1300 1b/hr flow, 30 psi
pressure rise and 200 watt power input, using the design concepts developed
in the R-133a/ETFE program. The turbine wheel diameter was reduced 15%, to
2.3 inches, and the blades and raceway adjusted in proportion. A 1/4 hp PSC
motor of 65% - 7OZ.efficiency over the operating range was obtained from Emerson

Motors. The blades and raceway were then adjusted experimentally till wattages



in the 195-200 range were being obtained. Final modifications then produced
a performance of 181 watts at 1390 1b/hr flow at a 30 psi pressure rise. The

performance curves are shown in Figure 29. Table 12 lists the test data over

a range of conditions.

TABLE 12

PERFORMANCE OF SOLUTION PUMP FOR R-123a/ETFE

PRESSURE FLOW RATE WATTS MOTOR & PUMP " APPROXIMATE PUMP
EFFICIENCY EFFICIENCY

PSI LB/HR yA

20 1690 170 17.3 26.2
30 1390 181 20.0 30.4
40 1140 200 19.8 30.1
50 890 219 17.7 26.8
60 640 235 14.2 21.5

The performance objectives were considered achieved at that point and the
pump development was stopped. No life testing of the R-123a/ETFE pump had been
planned. These pumps should have even less wear than was found during the life
test of the R~133a/ETFE pumps; a number of wear improvements had been made since
those life test pumps were built and started in operation in 1976. On the
efficiency side, it appears probable that additional development can improve

the pump efficiency. A power input of 150 watts would seem a suitable

objective.
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CONCLUSIONS

The overall viability and the baseline per:formance of the absorption heat
pump system was improved through the utilization of a non-toxic low pressure
refrigerant. Refrigerant R-123a was chosen as the preferred low pressure
refrigefant for use with the absorbent ETFE. Due to availability, the isomer
R-123 was used for the majority of the development and testing. It was found
that the pair R-123/ETFE should be capable of performing as well as
R-133a/ETFE. After a series of hardware developments, the pair R-123a/ETFE
was made to perform slightly better than the R—123/ETFE pair. The heating mode
performance goals were met at somewhat reduced inputs on the test unit.

The heat and mass transfer coefficients of the R-123/ETFE and R-123a/ETFE
pairs were found to be lower than those of R-133a/ETFE. Larger surface areas
were found necessary in the generator, absorber and liquid heat exchanger.
It has become evident that absorption heat pump hardware must be designed
specifically for the refrigerant/absorbent pair to be used. Even though the
low pressure refrigerants (R-123 and R-123a‘) were very similar chemically to
their modgrate pres‘sure counterpart (R-133a), there was .enough difference in
the thermophysical properties of the solutions to require significant changes

in hardware in order to achieve similar levels of performance.
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Annual Performance and Cost Analysis

SUMMARY

This task is an extension of the work previously performed under a sub-
contract by United Technologies Research Center, the results of which were
presented in Volume IV of the interim report. The basic data regarding
house, weather and system characteristics were developed as part of this
earlier work and used again as the basis for this task.

The primary objective of this task was to identify the performance and
cost levels at which an absorption heat pump system will compete with
existing and future conventional heating and cooling systems. The criterion
used as a basis for comparison was annualized life cycle cost (ALCC). ALCC
takes into consideration all costs incurred over the lifetime of the system
and assigns them an economic value based on the timing of the cost. These
economic costs are then spread evenly over the lifetime of the system and
discounted appropriately. The resulting mumber gives a good indication of
the true economic average annual costs of owning and operating the system.

The systems chosen for comparison with the absorption heat pump were the
etectric heat pump and the gas furnace/electric air conditioner combination.
Two levels of technology were examined. The first level, classified as
1985 technology, is comprised of the prototype performance level absorption
heat pump and efficient current versions of the electric heat pump and
furnace/AC combination. The second level classified as 1990 technology, is
comprised of the advanced development absorption heat pump and "advanced"

current versions of the electric heat pump and furnace/AC combination.

Comparisons of all systems were based on the energy requirements of a
standard reference house in seven selected cities. Characteristics of the
reference house and details regarding the weather in each of the cities can
be found in Volume IV of the interim report. Calculations were made to
determine the total annual gas and electricity usage for each system in each
city and the cost associated with this usage was computed using local gas
and electric prices.
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ALCC was computed for both the elctric heat pump and furnace/AC. The
ALCC of these systems was then compared to a range of ALCC values computed
as a function of manufacturing cost for the absorption heat pump for each
city and for both technology levels. This comparison yields a break-even
manufacturing cost which the absorption heat pump must meet in order to
equal or better the ALCC of the two competing systems. In addition to these
base case scenarios a number of sensitivity analyses were performed to
determine what equipment modifications or marketing considerations would be
advantageous.

Résults of the analysis lead to the following conclusions which are all

based on ALCC comparisons:

(1) The absorption heat pump is competitive with or superior to the
electric heat pump in 4 of 7 cities using 1985 technology and 5 of 7
cities using 1990 technology.

(2) The absorption heat pump is competitive with or superior to the gas
furnace/electric AC combination in only 2 of 7 cities using 1985
technology and 6 of 7 cities using 1990 technology.

(3) In only one city examined, New York, is the absorption heat pump
competitive with or superior to both competing systems using 1985
technology. Using 1990 technology, the absorption heat pump is also
competitive in Madison, Omaha, Nashville, and Fresno.

(4) The two most important factors in determining the competitive
standing of the absorption heat pump in a particular market area are
the heating to cooling load ratio and the electric to gas price
ratio. The two factors must be taken in combination but generally
each must have a value of 3 or greater.
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(5) Of the eight different scenarios examined as part of the sensitivity

(6)

analysis, the greatest impact was obtained by adding the domestic
hot water heating load to the base load. For this scenario, the
average breakeven manufacturing cost increased by 50% over the base
case. However, this scenario was only a first approximation of
the domestic hot water option and costs not considered here may
reduce its calculated advantage.

Because the addition of hot water heating capability adds an entire
new set of technical and marketing problems, the best method of
increasing the potential market areas of the absorption heat pump is
to accelerate the development of the advanced ébsorption heat pump
technology. When the advanced (1990) technology for the absorption
heat pump was compared to the 1985 technology of the competing
systems, the average breakeven manufacturing cost increased by 45%
and five of the seven cities became competitive market areas.
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INTRODUCTION

An important ingredient in the overall absorption heat pump development
program is an assessment of the market potential for the product. While
there are many variables that go in to any estimate of future sales, the
economic benefits which would be realized by thé owner of an absorption heat
pump is obviously an important one. Successful commercialization of the gas
fired absorption heat pump depends largely on its ability to operate more
efficiently and economically than other alternative heating/cooling systems
while not imposing too great a first cost premium. Additionally, the market
areas where the absorption heat pump can compete successfully must consti-
tute a market large enough to support the required pusiness investment.

The analysis performed as part of this task focused exclusively on the
economic comparison of a homeowner using an absorption heat pump to heat and

cool his home versus using an alternative heating/cooling system. The
objectives of this task were as follows: To determine

1) how well the absorption heat pump fared in an economic comparision

with competing systems;

2) what levels of cost and performance are required to make the absorp-

tion heat pump competitive;

3) which general geographic areas represent potential future markets

for the absorption heat pump; and

4) what possible technical improvements and/or changes in market con-
ditions would enhance the potential market for the absorption heat

pump.

This analysis is a follow-up to work performed previously under a sub-
contract by United Technologies Research Center (UTRC) and reported in
Volume IV of the interim report. The same basic data which was used in the
UTRC analysis regarding weather, reference house characteristics, and system
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specifications was used in this analysis as well. This analysis focuses
solely on the economic comparision, however, and incorporates some more
recent data and some different assumptions., This analysis is also aimed at
identifying levels of cost and performance required to make the absorption

heat pump competitive.
GENERAL APPROACH

The approach used in this analysis was designed to simulate the purchase
decision of the homeowner to the greatest extent possible. It was assumed
that the homeowner would desire heating and cooling and therefore require a
system that would do both. Also, local weather conditions and gas and
electric prices were used in order to more closely simulate real conditions
in a real place as opposed to average conditions in a place that doesn't

exist.

City Selection

There were seven cities selected for this analysis: New York, Nashville,
Fresno, Fort Worth, Madison, Medford and Omaha. They were selected to pro-
vide a range of climatic and geographic conditions and good size potential
markets as well. These cities also had good weather data available. See
Volume IV of the interim report for more details regarding weather condition

for each of these cities.

System Alternatives

In addition to the absorption heat pump (AHP), the two other systems
examined were the gas furnace/central electric air conditioner combination
(Furn/AC) and the electric heat pump (EHP). Two levels of technology were
used. The first level, designated as 1985 techno]ogy; consists of the AHP
operating at current (1982) production prototype specifications compared
against efficient models currently available for the Furn/ACvand the EHP,
The second 1eve1'of technology, designated 1990 technology, consists of the



advanced development absorption heat pump and advanced versions of currently
available efficient models for the Furn/AC and the EHP. Basic performance
specifications for all the systems are shown in Table 1.

Use of the designations 1985 and 1990 for the two technology levels does
not mean to imply that the technology used in each comparison will not be
available until the respective year designated. These two years were used
only as convenient reference points to compare technology at the time of
likely commercialization of the AHP (1985) and future advanced technology
(1990). .

Reference House

Computation of building loads depends not only on the weather but
obviously also on the building itself. For this analysis an 1800 ft2 ranch
style home was used as the reference house in all cities for all scenarios.
See Volume IV of the interim report for more specifics regarding the charac-

teristics of the house.

Annual Energy Consumption

Energy consumption for each of the respective systems was calculated
using the bin method. For each city, the total house load, the instan-
taneous house load, and the hours for each bin were calculated. A sizing
factor, calculated to match the house load with the appliance capacity, was
assigned to each system. Gas and electric usage were then computed for each

system as follows.

Absorption Heat Pump - For each temperature bin, the AHP capacity was com-
pared to the instantaneous house load and a cycling factor was determined.
The cycling factor was taken from the curve shown in Figure 1, The cycling
factor for each bin was then multiplied times the COP for each bin to deter-
mine the net COP for each bin. The AHP COP is given in Fiqures 2, 3, 4
along with the respective capacities. Gas consumption is then calculated by




dividing the total load in each bin by the respective net COP and summing to
calculate annual usage. At the same time, hours of operation are calculated
by dividing the total load in each bin by the respective capacity. Hours of
operation are then summed and multiplied by the power required to determine
the electrical usage.

Gas Furnace - It was assumed that the gas furnace operated at a net COP

equal to 100% of the rated efficiency at all temperature levels with a
constant capacity. Gas consumption was therefore calculated by simply
dividing the total annual heating load by the COP. Similarly, hours of
operation were calculated by dividing the total annual heating load by the
capacity. Electrical usage was then computed by multiplying the hours of
operation times the power required. ‘

Electric Air Conditioner - A cycling factor for each cooling bin was deter-

mined by comparing the capacity for each bin with the respective instan-
taneous load. See Volume IV of the interim report for a curve showing the
cycling performance of the AC and the EHP. Electrical usage is then com-
puted by .dividing the load in each bin by the EER times the cycling factor
for each bin.

Electric Heat Pump - As with the absorption heat pump and the air con-

ditioner, a cycling factor for each temperature bin was determined by com-
paring the instantaneous load in each bin to the capacity for each bin. In

the heating mode, any load that cannot be met with the heat pump capacity is
met with electric resistance heat having a COP of 1.0. The electrical usage

in the heating mode is then computed by dividing the total load in each bin
by the COP times the cycling factor for each bin and converting the BTU's to
KWH. Consumption in each bin is then summed to obtain annual consumption.
In the cooling mode, electrical usage is computed by dividing the load in
each bin by the EER times the cycling factor for each bin and summing.

Gas and electric consumption for each system in each city are given in
Tables 2 - 22.
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Annual Operating Cost

The annual operating cost for each system was calculated by multiplying
the amount of gas and electricity used by the respective price of each in
each year considered in each city. Base prices used for both gas and
electricity were actual 1980 prices in effect in each city. Table 23 lists
the base prices. Escalation rates for both the gas and electric price were
treated as variables in the computer program and could be input in any value
at run time by the user, For base case scenarios, an annual escalation rate
of 12% for gas and 10% for electric was used. The higher escalation rate
for gas is meant to account for the pending decontrol of natural gas prices
which is scheduled to will take place in 1985.

Annualized Life Cycle Cost

Annualized Tife cycle cost (ALCC) was chosen as the criterion for com-
parison. ALCC is a good measure because it takes into consideration all
cash outlays and their timing over the life of the project and makes the

comparison on a consistent basis. It also has the advantage of being able
to compare proj-ects of unequal lives. The formula for calculating ALCC is

given below.

d (1+d)t t AC,

_ Ci + 2o
ALCC = n=1

(1+d)t - 1 (1 +d)N
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where d = discount factor
t = project life
cj= installed cost
AC = annual operating cost

ALCC was calculated using the annual operatfng cost computed as
explained above and the installed cost for each system as listed below.

Table 21

Installed Purchase Cost
(1980 $)

1985 Technology 1990 Technology

Gas Furnace /AC 2716 3280

Electric Heat Pump 2958 4139

A general inflation rate of 8% was used to bring 1980 costs up to 1985 or
1990 installed costs.

The ALCC for the absorption heat pump was computed as a function of
manufacturing cost since obviously no actual manufacturing experience exists
and estimates as to the anticipated manufacturing cost of the AHP must be
assumed to incorporate some degree of inaccuracy. Computing ALCC as a func-
tion of manufacturing cost also has the advantage of establishing a cost
target for the AHP which it must meet to be competitive. A factor of 262.5%
was used to convert manufacturing cost to installed cost so as to provide a
consistent basis for comparison. ’



In the base case scenarios, the discount factor used to compute ALCC was
10%, the general inflation was 8% and it was assumed all systems examined

would have a life of 15 years.

DISCUSSION OF RESULTS

As explained earlier, ALCC was chosen as the criterion for comparing the
AHP to other systems. It is unlikely that a homeowner would do a complete
ALCC analysis prior to purchasing a heating and/or cooling system, however,
there is a growing trend for homeowners to consider all costs over the life
of the system, not just the purchase price. While not a perfect criterion,
no single one is, ALCC is used in this analysis to identify good market
areas and show the relative performance of the AHP.

~ In order for the AHP to be judged competitive in a particular market
area, it must be competitive when compared to all alternative systems. This
analysis focuses on the comparison with the gas furnace/AC and the electric
heat pump, which are judged to be the most widespread and most economical
systems in use. Aside from individual preferences for either gas or
electric appliances, it is assumed that a homeowner would purchase the most
economic system available, given a satisfactory level of performance.
Because the AHP is fired with gas, it obviously is only available where gas
lines are present. Since electricity is available everywhere, the AHP must
be competitive with both the gas furnace/AC and the electric heat pump in
order to attain significant market penetration. This is not the case with
an electric heat pump, as it has gained significant market share in areas

where gas is not available.

Base Case Scenarios

Results of the base case scenario for each of the seven cities are shown
graphically in Figures 5 - 18, Although the exact cost of manufacturing an
absorption heat pump is not known, a best-guess estimate would be about
$1800 in 1982 dollars. A realistic cost range would be $1500 - $2100, with
$1200 as an absolute minimum. For this analysis, manufacturing cost inclu-
des all manufacturing costs and burdens but no allowance for manufacturer's
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profit. Based on ALCC it was assumed that the AHP would be competitive in a
market if the breakeven manufacturing cost was $1500 or greater and superior
if the breakeven cost was $1800 or greater.

Upon examination of the graphs, one can see that using 1985 technology,
the AHP is only really competitive in New York. When 1990 technology is

introduced, the AHP becomes competitive in five cities: New York, Omaha,

Madison, Fresno, and Nashville. New York is an exceptionally good market
area because it has very high gas and electric prices. Since the AHP is the
most energy efficient system, the energy saved in New York adds up to

greater value than in other cities.

There are a couple of reasons why the AHP comparés well using 1990 tech-
nology. First of all, energy prices are higher in the 1990 time frame,
leading to greater savings with the AHP.

Also, since there is more "room" for improvement in the AHP advanced
design as compared to the others, the AHP makes a relatively greater jump in
efficiency in its advanced design than do the Furn/AC and the EHP.

One can easily see that based on ALCC the AHP is not competitive in Fort
Worth. This result was expected and can generally be applied to all loca-
tions in the southernmost third of the country. Because of the high cooling

and low heating requirements, the AHP does not compare well in southerly
locations. Only in a unique local area where gas prices and especially
electric prices are very high would the AHP be expected to have any more

than a minimal market share.

A good example of a local area with unique gas and electric prices is
Medford. Because it is in a relatively high heating, low cooling load
geographical area, Medford would be expected to be a good potentié] market
for the AHP. However, because Medford has the highest gas price and the
lowest electric price of any city tested, Medford emerges as an excellent
market for the electric heat pump. Here is an example of a market where the
AHP is superior to the Furn/AC but would not be expected to gain a signifi-
cant market penetration because of the economic advantage of the EHP.
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Sensitivity Analysis

Eight different scenarios were examined as part of the sensitivity ana-
lysis. The objective was to determine what, if any, changes could be made
in the product or the marketing strategy to increase the market penetration
of the AHP.

Domestic Hot Water - In this scenario, a load of 15 million BTU was added to
the total house load to account for the hot water heating requirements. It
was assumed that the AHP would meet the load at its rated COP, 1.25 or 1.5;
that the Furn/AC would meet the load with a gas water heater with a COP
equal to the COP of the furnace .81 or .86; and that the EHP would meet the
lToad with a standard resistance electric water heater with a COP of 1.0
(electric). No costs were added to the installed cost as it was assumed any
modifications to the AHP would be offset by the cost of the water heaters.
Results are shown in Figures 19 - 22. The breakeven manufacturing cost
increased by an average of 52% with 1985 technology and 40% with 1990 tech-
nology over the base case. Because of unknown technical factors such as the
matching of AHP capacity to water heating requirements, it is likely that
not all operating costs have been considered in this analysis. Also,
marketing of a complex appliance such as this creates a new set of problems

beyond those of an AHP alone. From an economic standpoint however, addition
of hot water heating capability seems to be an attractive option for the AHP
despite the technical and marketing problems involved.

Complete Modulation - Manufacturing an AHP with modulating output capabi-
lity offers the advantage of reduced cycling losses. In this scenario,
cycling losses for the AHP were eliminated completely to simulate a comple-
tely modulated system. While obviously an improvement, elimination of
cycling losses had only a minor effect on the breakeven manufacturing cost
of the AHP. From a product development standpoint then, it would make no
sense to make the initial cost of the unit very much higher by providing
complete modulation. Figure 23 shows the results for Omaha.
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Change in Thermostat Setting - The base case analysis assumed a thermostat

setting of 70/75. This scenario used a 65/78 setting. Although this para-
meter is controlled entirely by the homeowner, its impact on the performance
of the AHP should be known. 1In general, the overall effect was not large.

There was, however, a much greater positive impact versus the electric heat

pump than versus the Furn/AC.

Reduced Supply Air Temperature - It has been proposed that the AHP could
satisfactorily meet the house heating load by reducing the delivered air
temperature from 110°F to 95°F. This would have the net effect of
increasing the COP of the AHP. Compared to the base case (see Figure 24 for
one example) this scenario has only a minor effect on the breakeven manufac-
turing cost of the AHP. While this change might be .a low or no cost option
for the product, there may be marketing implications to making such a change
as well as some offsetting economic factors, like increased electrical load,

not considered here,

Change in Economic Parameters - A number of economic changes were tried
focusing mainly on gas and electric prices. Results indicate that, as
expected, higher gas prices make the AHP look better versus the Furn/AC, but
sometimes at the expense of the comparison with the EHP. The reverse is
true with higher electric prices. The AHP compares most favorably when

both gas and electric prices increase.

Early Advanced Technology - This scenario examined the possibil-ity of using
advanced AHP technology in the 1985 time frame. Compared with the base case

scenario, this scenario increases the breakdown manufacturing cost for the
AHP by an average of 44%. Figures 25 - 28 show the results from four
cities. In at least three cities, Madison, Omaha, and Nashville, the AHP
becomes competitive based on ALCC in 1985 with advanced technology where it
was not competitive before. This appears to be the best option of all the

scenarios investigated.
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Reduced Electrical Parasitics - This scenario examined the effect of
reducing the electrical load of the AHP by 20%. The effect on breakeven

manufacturing cost was relatively small. Any reduction in energy use is
obviously good, but this scenario indicates that it is a benefit that cannot

support a very large increase in cost.

Increased House Load - Because the base case analysis was performed on a
single reference house, this scenario examined the effect of increasing the
house load by 20%. This could be accomplished by either using a bigger
house or by having less insulation in the same house. The results of this
scenario were varied. In high heating, low cooling areas, the effect was
very positive (see Figures 29 - 30). However, the effect was much less
positive in areas with relatively high cooling loads. Apparently, the 20%
greater cooling load was a substantial disadvantage to the AHP.

Conclusions

As explained earlier, this analysis was based on ALCC. It is believed that
use of a different criterion for comparison, such as payback, would yield
similar conclusions. Absolute comparisons between systems in certain cities
may differ, but overall trends should be nearly identical, The results of
the base case analysis and the sensitivity analysis lead to the following

conclusion:

1) The absorption heat pump will find its primary market in northern
and central geographic areas where the heating load is 3 - 4 or more
times larger than the cooling load and where the cost of electricity
is at least 3 times the cost of gas on an equivalent BTU basis.

2) At present perfofmance ("1985 technology") and cost levels, com-
petition from alternative systems will most likely serve to keep the
AHP market share relatively low. Only one of the seven cities
tested proved to be a potential market. Its market would be a niche

market with relatively low volume sales levels.
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3)

4)

The best way for the absorption heat pump to achieve successful
widespread commercialization is to accelerate the advanced develop-
ment program and commercialize an advanced system ("1990
technology") in the 1985-87 time frame. Under these conditions,
five of the seven cities emerged as potential market areas.

Adding hot water heating capability to the AHP could make an attrac-
tive complimentary product to the AHP. Technical and marketing
issues may make this a difficult task, however, until the AHP is
established in the marketplace.
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System Performance Specifications

Table 1

Absorption Heat Pump
COP-heating (gas)
Capacity - heating
COP-cooling (gas)
Capacity-cooling

Electrical consumption

Gas Furnace

COP-heating (gas)
Electrical consumption

Capacity

Electric Air Conditioner

EER

Capacity

Electric Heat Pump

COP-heéting
Capacity~-heating
EER

Capacity-cooling

*House blower included

1985 Technology

1.25

90,000 BTUH
0.50

36,000 BTUH
1,275 W *

0.81
475 W *

105,000 BTUH

6.8 *
36,000 BTUH

2.75
38,000 BTUH
7.7 *

36,000 BTUH
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1990 Technology

1.50

83,000 BTUH
0.68

36,000 BTUH
1,100 W *

0.86
475 W *

105,000 BTUH

8.8 *
30,000 BTUH

3.10

30,000 BTUH
8.1 *
42,000 BTUH
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e =TT RN R EaTyy

7
&
=
£
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2
b
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- 0000
D000

» QOO0
« Q000
. 0000

Pl

IS 23,2

] 1 -;) ]

ELECTRIC LESED

W
Tl

J

A= DIt
ot

RSO B B (RN Y BN R

s e s S e
NG

RN DL DTS N

KaEsx

ot
- -~
Pale
'—
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fury
RN

>
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-
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fl
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ot n 1 .
27.4327
20, 209
e 259

L} /_"4/_."-

. Q00
283,288
(46087
D40 . Dbl
L P
1132.75%
. 000

« D00

. Q00

#1044 BTU
2605, 28 EWH
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BIN
wnse 1_ 0
0

+10
+15
420
+325
430
+35
+40)
“+4%
+500)
+55
Es)
+4£5
+70
+75
+320
+ =55
+20
+95
+100
+1 0%
+110

TOTAL ANNUAL ELECTRIC CONSUMETION IS 144679.4

Table 7

ELECTRIC HEAT FUMF - OMAHA
LOAD ELECTRIC tIZED

1.0661

e QW

1

|

|
T

—t
O -

NN

70
10,0884
10,0170
.7 1465
S.2017
2.5703
1.8l

. SO0

- OA1S

Nelelals)
SLT71E7

. 0000
. 0000

ADVANCED ELECTRIC HEAT FUMP - DMAHA

BIN
-10

-5
+0
.+.5
+10
+15
+20
+ 25

+320

TOTAL ANNUAL ELECTRIC CONSUMPTION Iz 13574608

LOAD ELECTRIC LMSED

-~
b

'’

{0
-SRI
S

~
b
w’l
3

L%
= -
00
=,

7
A

e
DXx
-

b

n

L0615
L Q000

. Q000

5-26



Table 8

ARBRSORFTION HEAT PUMP — MADISON
BIN LOAD GAS LISED ELECTRIC LSED

70,2467
24,720
L2 2D
SR L4230
127.4658

DAl R N
(RN

M bJe bl
Lo SR TR0k

+
B
N
N % [T - B (o ™~ .
TN P ST

+*
-

n

N

(Dl gl ol -3 AN

N e Rk

'r.lhz:_’n‘bn
Pl

Lot
DB ge O

D03
—

e ek et
N

++++
e s b
P

~
-
=
-
o)
=
-
o
']
-

15

S Ded % I - TY

kg BRI~

T
-]
QAR SO

ot
8 8 & 5 3z 3 §g w z = =z 12

AT AR
bl )
S )
i

S TE Ny Y g
o~
AN =~ BN

.,
I

IR

—_~

‘

PR 1

¥
1 34

L R~ A TN T

-y
-t i

-
!

f RN AXx 3y
et IS NJ I b et

IR O D

—-
"’
=4
"’
-

b
'’

B o

e NG
SR

By

Do o RN ]
(Fe e

by

G 3T O ﬁ o
i~

™ e
IR ~ RN Y]

; 1.74¢ i 7
+30 4., 04L02 VAR-YAC 121,299
+55 = S207 5.0 118,797
+20 I W) 1.62232 R
+75 Q2L OS24 1.31%
+1 00 . QOO0 » O000 . Q00

+105 . Q000 . 0000 OO0
+3110 « OQ00 L0000 . 000

TOTAL ANNUAL GAS CONSUMPTION IS 101,247 #1074 BTL
TUvAL ANNUAL ELECTRIC CONSUMPFTION IS 2377.45 KWH

ADVANCED ABZORFTION HEAT FUMF — MADRTSON
BIN LOAD GAS LISED ELECTRIC LESED

~10 2.5 205 AH1.135
-3 1.32346 1.2 2. 550
+0 2. 4862 L 5o =
+3 4.113=2 b 24,
+10 5.7203 4, % 114,
+15 Lo BS73 S5t 130,
+20 11.71532 V. 275 215,
425 13,5934 10,4521 243,
+320 14,2932 10. 1 253.133
+ 235 10,1250 7" 4 175, =
+40) Se 64320 4. 1540 . P
+45 4.104% e w245 P 10
+30) 2. 7650 2.7102 Pa bz
+55 2.0211 1.5284 2. 41
+460 7143 . 1 11.802
+L5 . 1243 P73 2. 0473
+70 « 0004 3 . 0O0A
+75 1.7482 2 7 . LS50
+20 4, 003 5. 2364 P15
+25 2.3307 S E 274
+20) RCH ¥ 1. =0, 555
+25 L0242 1.010

. Q00
< Q00

TOTAL ANNUAL GAS CONSUMPTION I3 83.9106 #10"46 BTU
TOTAL ANNUAL ELECTRIC CONSUMPTION IS 1957.74 EWH
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Table 9

GAS FURNACE/ELECTRIC A — MADISON
BIN LOAD GRS USED ELECTRIC WSED

-10 H. 1254 25,421
-5 1.462480 1%.247
+0) I8 TN e 24,004
+5 5.0727 41.174

+10 22 7. 2020 Se.25S

+15 o 2. 44602 S, LD
+0 71" 14,4424 117. 28

+25 = 1h4.781% 1324,

+720 = ! 17.7754 144,

+435 . 1250 12,5544 102,

+40 5. L8430 Lo EET S,

+45 4.,104% S.0677 41.

+50 3. 74650 4. H437 27 .

+55 2.0211 2,49 20. 2

+£&0 L7163 L3 To170

+E5 1243 . 1538 1.244

+70 L0004 L0004 . 004

+75 1.7433 » QOO0 242 866

+20 4,003 L0000 574,504
455 25207 . DO00 B7O, A

+20 EOCS B . Q000 113,707

+95 e . O0O00 3850

+100 . 0000 L 0000 . D00

+ 105 . Q000 . QOO0 . Q00

+110 L0000 . D000 . 000

TOTAL ANNUJAL GAS CONSUMPTION IS 110,518 #1046 BTLU
TOTAL ANNLIAL ELECTRIC CONSUMPTION I35 2208035346 FKWH

ATVANCED GAS FURNACE/ADVANCED ELECTRIC AC —~ MADIZON
BIN LOAD GAS LSED ELECTRIC LIZED

—-10 pan 2. 25,

-5 1. 1.5 13,

+0 2 2.8 24,

+5 4, 4.7 41,
+10 T T bR
+15 G 7. &,
+20) 11. 13,62 117.
+25 13.° 15,2062 125,
S 30 14.: 14,7421 147, !
+35 10.19° 11.2547 101. ]
+40 S.64730 L5617 4. 453
+45 4.10453 4.7731 41.050
+ 50 S 7ES0 4.,.377%2 BT . BB
+55 20211 2.25301 20,218
+40 163 LD 7.164
+65 . 12432 . 1445 1.243Z
+70 . QO04 L0000 . O04
+75 1.74332 . OO00 1oz, 2
+20 4., QL0 . 0000 435, 5
+25 2 7 . QOO0 277.7
-+ . & . QOO0 20, OO0
+25 Q252 - Q000 25
+100 . Q0000 . 0000 . 000

+105 . QOO0 . D000 . 000
+3110 . 0000 » QO00 L 000
TOTAL ANNUAL GAS CONSUMPTION IS 104,093 #1074 BTU
TOTAL ANNUAL ELECTRIC CONSUMPTION I35 1832.7% EWH
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Table 10

ELECTRIC HEAT PUMP — MADISON

BIN L.OATL ELECTRIC LISED
-10 P b L 720.10
—~ 1.32234 BES, T2
+0 2. 4862 DS, 26
+5 4,1138 1025.14
+10 85,9203 142622
+13 b, S3593 1472.12
+20 11.7153 2R25A.12
+29 12,5924 2223, 39
+30 14,2932 1202.12
+35 10,1950 1291.03
+40Q 5.6430 HIZL 50
+45 4,104z S507.1%
+50) 3.7650 462,93
+55 2.0211 246070
+4&0 7163 266
+4L5 12432 14,2
+70 L0004 « 04
+75 1.748%2 =217.74
+30 4,003 S11.40
-+ .S307 a2R.72
+20 2314 105, 24
+25 Q26T 2.2
+100 « D000 - 00
+310% . O0O00 . OO0
+110 . 0000 L. 00

TATAL ANNUAL ELECTRIC CONSUMFTION IS 1449201 EWH

ADVANCED ELERTRIC HEAT PUMP — MADISON
BIN LOAD ELECTRIC LSED

-10 2. 52392 T24 .33
-3 1.2226 269,41
+0) 2.4862 63,71
+5 4,.11323=2 1054, 53

+10 S.9203 1444 . 52

+15 H. 8523 14=%2, 48

+20 11.715%3 2278.327

+25 13.59324 2216.03

+30 14,2232 1202.97

+35 10. 1950 1213.3

+40 S. 6430 710.54

+45 4,10482 422,00

+350) 27650 391.52

+35 2.0211 212.23

+60 163 75.95

+ L5 « 1243 12. 66

+70 . 0004 .04

+7 % 1.7483 187.44

+80 4.0603 440,467

+ 05 2.58807 286.75
+30) 22316 D7 O

+55 Q262 224

+10Q0 . 0000 . Q0
+105 . 0000 . 00
+110 . 0000 : .00

TOTAL ANNUAL ELECTRIC CONSUMPTION IS 1464211.5 EWH
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BIN

Table 11

ABZORFTION HEAT PUMFP - FRESNO

LAD

GAS USED

ELECTRIC WUSED

-10 - Q000 « 0000 - Q00
-3 < OO00 « Q000 « OO0
+0 « 0000 . OO00 . Q00
+5 . OO0 « QOO0 - OO0

+10 . 0000 . 0000 . Q000

+15 . 0000 « D000 « 000

+20) . 0000 « 0000 « Q00

+25 1440 13214 2.750

+320 2. 1243 1.24620 40, 028

+35 5.4012 4.7713 PR D29

+40 71677 L ZEEQ 129,891

+45 2.73203 7. 6523 15646.440

+50 A 65T Lo 1224 112,252

+55 2. P50 2.7053 52,280

+A0O 7022 YA 12,252

+£645 L0394 0271 w21

+70 . 0000 L Q000 Ealalel

+75 AH711 1.3299 25.R

+E0 1.2351 DSEZ0 72.4%

+35 1.2077 2. 6388 73.584

+20) 2999 4.2422 a82.0%4

+95 1.462432 2.4588 72.804

+100 o FETE 2.2263 {4t OS54
+10% 1269 2197 &H.544
+110 « Q000 Q000 - Q00

TOTAL ANNLAL GAS CONSUMPTION IS 49,1933 #1074 BTU

TOTAL ANNUAL ELECTRIC CONSUMPTION IS 999,494 kKWH

ADVANCED ABSORFTION HEAT FUMF — FRESNOQ

BIN

LOAD

GAS USED

ELECTRIC

LU=ED

—-10 « OO0O . OO00 . 000
-5 . OOOO . 0000 « 000
+0) . 0000 . 0000 . 000
+5 elelele] . 0000 - 000

+10 « 0000 . OGO0 . Q00

+15 . OO00 < DO . 000

+20 - 0000 - 0000 alele

o +25 . 1440 L1102 2.5971

+30 Z2.1243 1.54472 20256

+3235 S5.4012 S ) . BR7

+4¢) 7.1677 5.278%9 121.390

+45 2.73032 fl 2628 144.420

+50 & 6551 4.7928 110,329

+55 2. 2656 2.2824 42,849

+&0 » 7032 «SB27 11.542

+4L5 . 0294 . 0203 o L85

+70 . 0000 . 0000 . OO0

+75 LH711 1.0284 22.423

+20 1.8351 DLT32ES tH2.541

+85 1.2077 2.7675 63,424

+20 2. Q9w 2.2724 Th.TE6

+95 1.46243 2.53212 L2.813
+100 RETE 1.46518 29,735
+105 « 1267 . 2315 S. 4646
+110 . Q000 . 0000 ulalel

TOTAL ANNUAL GAS CONSUMPTION IS 39,2494 #1074 BTL
TOTAL ANNUAL ELECTRIC CONSUMFTION IS 904.332 EWH
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Table 12

GAS FURNACE/ELECTRIC AL — FRESNO

+465
+70
+75
50
+=5
+20
+935
+100
+105
+110

TOTAL
TOTAL

EBIN

-10
-5
+0)
+.l:‘-l

+10

+15
+220
+25
+20
+25
+40
+45
+50
+55
+£0
+65
+70
+75
+50
+55
+%0)
+55
+100
+105
+110

LA

« OOO00
< QOO0
« 0000
L 0000

. OOO0
- 0000

't

P |
5. 4¢C
7.14
B3. 7305
LH, H5EY
2. HESA
L 70T
L O294
. 0000
BT
1.8351
1.8077
2. 099
1.4243
. PETE

LA TED
. 0000

ANNLAL GAZ CONSUMPTION

GAS UEEDR
« QOO0
. QOO0

S 0000
. 0000

S

. 0000
. 0000
. 0000

ELECTRIC LSED

. QOO0
L 000
. O00
. QOO0
. Q00
slels
. 000
2.070

d

o
™ -

o
v'
=

o Yo sk e
—-
1D

NSNITITS
b

1a

A
=
A
1
2

A RN N T 1]
000
i)

~
e’ o’

b

11
]

-
1Re;
Do Fii Lo N Y
-0

™

'’
—

-
0O
=
-

iy

224,442
176,873
24 . 5460

. Q00

IS5 41,9474 %1074 BT

ANNLAL ELECTRIC CONSUMPTION IS 2244.466 FKWH

ADVANCED GAS FURNACE/ADVANCED ELECTRIC AC — FRESNO

L.OAD

« QD00
« D000
Q000
. 0000
- 1440
2.1343
S.4012
7.1477
£8.7203
6. 6531
::: » 96'5&!
703
L0224
» QOO0
L6711

£351

GAS LISED

. DO0O0
» 0000
« QOO0
. Q000
. OO00
. OO0O0
- LETS
2.5299
L2805
2.3245
10,1515
7.78420
Z. 4424
L2174
« Q453
. 0000
. OO00
. DOOO
, QOO0
- QOO0

L 0000
. OO0
L 0000
- [91n18] (8]

ELECTRIC LISED

L Q00

NEICAON D
ol ::\'
~

4 s« »w g % o &z 8 % 3 s ®m % s w g @B
-
'’
o~

4
11
15
1=
14
&
1

T

»
SSANAAINNN

Qs NGNS LS
RN TR R NN -

y L
"

'’
Py
e’

T
Jd

"~

N
3 AN

I led i ANTL B
[P Ra]

2NP@
£

.

-~

L
=
'

TOTAL ANNLAL GAZ CONSUMPFTION IS 22,5276 #1076 RTU
TOTAL ANNUAL ELECTRIC CONSUMPTION IS 1272.41 KWH
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Table 13

ELECTRIC HEAT FPUMF - FRESNO
BIN LoAD ELECTRIC USED

-10 . O0O00 . OO0
-5 . DO00 00
+0Q . Q000 Q0
+5 « Q000 .00

+10 elalele] ale]

+15 « Q000 Q0
+20) . D000 « Q0

+25 . 1440 20,55
+30 =.1843 ot By 4728
+35 S5.4012 703.4%
+40 7.14677 Q6,03
+45 2.7303 1095.4%
+50) Ao 6521 =S27.15
+55 2. P50 264,07
+ 40 L 7O3E 85.17
+A5 L0294 4,55
+70 . 0000 .00
+7%5 711 29.40
+20 =il 251 .88
+35 1.23077 257.58
+20 P D7 S07.,. 8%
+25 1.46343 230026
+100 . PETE 154.1C
+105 « 1269 21.467
+110 < Q000 . 00

TOTAL ANNUAL ELECTRIC CONSUMFTION IS S627.21 EWH

ADVANCED ELECTRIC HEAT PUMP — FRESNO
BIN LOAD ELECTRIC USED

—-10 - QOO0 - Q0
-5 « 000 - Q0
+0O alalelal els)
+5 « Q000 .00

+10 . 0000 - OO0

+15 elalals) OO0

+20 elalels) Q0

+25 « 1440 17.44

+20) = 1843 284,09

+35 2.4012 716. 646

+40 7.14677 DEE LT

+4%5 8.7303 EL GRS

+50 & 4A581 703,28

+55 2 PESA 314.41

+4£0 7032 74.7%

+465 . Q3224 4,02

+70 alalels) .00

+75 w711 Q.36

+320 1.83251 29,321

+25 1.2077 36,07

+20 2,099 £ ]

+25 1.463243 29,34

+100 . PETE . 74
+105 « 1269 - O
+110 « 0000 . 00

TOTAL ANNUAL ELECTRIC CONSIIMFTION IS S521%2.92 EWH
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BIN

-10
-5
+0O
+5

+10

+15
+20
+2%5
+30
+40)
+ 4%
+50
+55
+£0
+a5
+70
+75
+20
+25
+20
+25
+100
+105
+110

TOTAL ANNLUAL

ARSORFTION HEAT

LOAD

. 0000
. D000
. D000
449
L T4
1S
. o4
tu 72

(R

Ao BSR4
S.&E21
. 1030
=2.0474
W B270
« Q5AA
« QOO0

_

Py

P

TOTAL ANNUAL ELECTRIC

EBEIN
-10

el
Q)
+5
+10
+15
+20
+25

R acT)
+35
+40
+45
+50
+55
-+ /:u C)
+45
+70
+75
+30
25
+20
+95
+1 00
+105
+110

TOTAL
TOTAL

ADVANCED

ANNIIAL
ANNLIAL. ELECTRIC

LOAD

FOD NN G D

»,
»

.50
5. 8198
5. AGED
ZEa11

S1097

« QOO0
« O000

GAS CONSUMPTION I3
CONSUMPTION IS

Table 14

PLUMFE — NASHVILLE

GAS USED

. 0000
L OO00
L0000
. QOO0
. 4745

(D L | .fl Al

p=y

b
!

ARZORFTION HEAT FLIMF

GAS LESED

bl RO ]

]

P Y- I

-~

"

3.1775
B.4343
£.477%
B 7524

Al

)
1732
- (;) (_:) (_:) O

. 0000
. 0000

{
3

ELECTRIC LEED

. 000
alale]
L0000
. Q00

7. 354
15574
A2
131 .54
144,189
120,555
104,124
To227
A = et
15, 23

1.0323

. 000

@], 2AE
240,47
24,202
114,553
S5.110

. 000

. 000

A, S35% #1104 RTU

1421.%1 KWH

- NASHVILLE
ELECTRIC USEDR

» (00

' h__" .,

-~
"’

R BEY

Eo T B R R TP A N NN 1]

1
15
15
i
!
7
&

SIS RILAOS P ko

s 0

e AT RN T . N NN Iy T
N

. Q00
. QOO0

GAZ CONSUMPTION IS S54.73214 #1074 RBTLU
CONSUMFTION IS

1335.82 KWH
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GA

.f
B LIkIRT =
ol Teli)]

[Ro38 i Lai]

o

4t b d

N
i

=1
440
+E5
+70
+75
+20
+25
420
+'95
+100
+1 05
+110

Table 15

S FLRNACE/ELECTRIC AC -

LDAD

. Q000
. Q000
G000
. D000

. 43249

e 1
. 1097
. 0000
. Q000
L D000

GAS UISED

elslnle]
. OO00
« OO0

AER)

B

—
-~

b TN

« OO0
. O0O00
. 0000
- Q000
. 0O00
. OO00
0000

L QOO0

NATHVILLE
ELECTRIC

. 000

-

e b RS O

s b f ] s

FiN

a0

-
!

X

L a])

L 000

L

4,052
A
=
s
Q.
7.
. 000

1I=ED

BTL
BOT7Y.5Y EWH

S0.628 #1074

CONSUMPTION IS
CONSUMPTION I3

GAS
ELECTRIC

TOTAL ANNLIAL
TOTAL ANNLAL

NASHVILLE
USED

ELECTRIC A -
ELECTRIC

FURNALCE /ATWVANCED
GAS LISEDR

HAS

L.OAD

ADVANCED
BIN

__.1(:—).

+105
+110

TOTAL ANNLUAL
TOTAL ANNUAL

. 0000
. Q000
elelels
. QOO0
. 43249
7426
1.1529
4, 2492
L 7285

e
2L, 5342

s Y (_' L a
4.1020

2. 2523
S.8192
S. 4282
2.5211

. 0000
slelelel

GAL

CONSUMPTION IS

L0000
. 0000
. 0000

. DO00
. 0000
- Q000D
« OO00
. 0000
. D000
« OO0
« 0000

47 . L3245

#10™ -{:-

SRl

ilelolel
R Legdh

R B i R L e O R A e
T

- i3 0
X0

ETL

ELECTRIC CONSUMPTION Iz 2441.% EWH
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Table 16

ELECTRIC HEAT FUMFP —~ NASHVILLE
BIN LAD ELECTRIC USED

) . Q000 . 00
S < OO00 . 00
.00

e (:)

+5
+10
+15
+20
+25
+320
+35
+40
+45
+50
+55
+ 60
+465
+70

O DO 0N e et

."")-‘-\,]r-s-. 0}

[y r.-._'l AN

+75 TED P
+50 Tl 23
G 770. ;‘
-+ ':-5/ (:) ZE: ._aEﬁ N E:
+S, 15.20

+ 100 §
+105 L OO0O00 L D0

+110 . 0000 .00

TOTAL ANNUAL ELECTRIC CONSUMPTION IS 7432457 KWH

ADVANCED ELECTRIC HEAT FUMF - NASHVILLE
RIN LA ELECTRIC LESED

-10 . 0000 . 00
-5 - Q000 - QO

+
3 D)

. DOO0 « OO0

4+ 53 « QOO0 . 00
+10 . 43249 101 .94
+15 78246 153
+20 1.152% 19% p
+25 4.,3492 524,20
+.30 Lo, 7229 274,71
+325 2,024 1121.27
+40 [P b i ) 213,42
+45F . 6621 &11.82
+50 4.,10320 {433,646
+55 =.0474 217.03
+40 L3270 29,02
+£45 - OShA H.73
470 . 0000 . 00
+75 22523 253.82
+E0 S 4 E75. 65
+25 S, HLEE2 L2190
20 2.5811 215,04
+55 . 1097 15,10

-~ -
b
o
~
'~r'
13
(&)
'’
-~
'~
—
'
o~
"’
=
-~
!
.
'

+105 . 0000 .00
+110 « Q000 . 00

[

>
fRx]
o
xT

TOTAL ANNUAL ELECTRIC CONSUMPTION IS 714
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Table 17

ABSORFTION HEAT PUMF — FORT WORTH

BIN

LOAD GAS LISEDR ELECTRIC WUEED

-10
+0
.,.5

+10

+15
+ 20
+—¢:

4”)

rr
NTE
_ﬂ

+4u
+45
+50
+55
+£0)
+65
+70
+75
+30
+=5
4+
+25
+100
+105
+110

TOTAL ANNLIAL GAS
ANNUIAL.

TOTAL

L

a
-

+++++++++
AL E N NN
MSNSNSAg

++
P
NS

+7()
+7:,l
+50
+55
+20
+25
+100
+105%
+110

TOTAL

ADVANCED

ANNUIAL
TOTAL ANNLUAL

. 0000
. OOC0
L 0000
. D000

OO

bt 4
4.,7343 q. 7
S.5412 4, =5 9
23.1084 2.8- =0
1.297% 1.82 oE
« 7460 .7L 1
. OS0s Q74
« 0000 « OO0
2.0 :

519
.

nln“
. 0000

LoAan

< O0O00
. 0000
» OO0

S STLE ST IR

. 0000
2.031%9

ELECTRIC

» QOO0

alalele)

. QOO0

« QOO0

S H060
W Q763
.7731

—t

5.
2.0

ABSORFTION HEAT FLUME

GAS LISED

. OO00
()()()()
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Table 18

GGAS FURNACE/ELECTRIC AC - FORT WORTH
BIN LOAD GAS LISED ELLECTRIC LSED

+100
+105
+110

. Q000
L QQO0
- QOO0
. Q000

AP

]
L Te il
L

. 010
L 00 Q0

Q000
« D000
. OO00
alalsle
LOP75
1.0324%
2,030
DL 6LT707
L 8071
5. 20LA

. Q000
L0000
. QOO0
L0000

L0000
. O000

. OO0
. 000
L Q00
IRelale)
« O00
1.244
14. 037
R2.724
=50.473

582,099

~—

Xty i)

et TN T

"

N

I ll—‘l

-
'’ i
- -
s
-~
-

J
b}

TOTAL ANNUAL GAS CONSUMPTION IS5 33,3461 #1074 ETU
TOTAL ANNUAL ELECTRIC CONSUMPTION IS 23513024 KWH

ADVANCED GAS FURNACE/ADVANCED ELECTRIC AC — FORT WORTH
BIN LOAD GAS LISED ELECTRIC USED

-10

J—

+0)
+5
+10
+15
+20
+25
+30
435
+40)
+45
+50)
+55
+£0
+£5
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+75
+50
+25
+70
+ 5
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+105
+110

QOO0
L Q000

0 7
Doy 7
-

ST TADS
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. 0000
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JC Ay ]
243227
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» QOO0
- QOO0

« QOO0

. O00

o

)
1
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] i

Bx)
~

OO

LI i
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= L0
e AP IO F - )

e DTG NYL

LN S N0 N0 )
O DO

0 s 0

-

fed
!

bod)
=,
-

~O0 D

&

b

L
JLad RN

GO O D

TOTAL ANNUAL GAS CDNSUMPfIDN IS5 21.4214 #1046 BTU
TOTAL ANNUAL ELECTRIC CONSLMPTION IS5 2772.54 KWH
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Table 19
FLECTRICZ HEAT FUMF — FORT WORTH
BIN - LoAn ELECTRIC USED
-10 ' » 0000 .00
-5 » Q000 « QO
+0 « Q000 .00
+5 . QOO0 - Q0
+10 . D000 . 00
+15 D72 13.70
+20 3293 124,45
+ 25 1.46921 222,39
+30 2.9733 392.488
+3235 S.1895 &LHES.01
+40) 44,7843 610,373
+45 S5.59412 700,325
+50 2.1084 28,05
+55 1.9975 245,89
+4H0) « 784460 90. 4=
+4£5 0205 9.3
+70 . Q000 .00
+7% 2.021%9 272.74
+E0) 5. 2525 709,332
-85 4,564 L22.44
+0) 3.4571 500. 21
+95 2.82468 425. 04
+100 . 23955 141.928
+105 L0108 1.82
+110 . Q000 ale)

TOTAL ANNUAL ELECTRIC CONSUMPTION IS &155.41 EWH

ADVANCED ELECTRIC HEAT FUMP — FORT WORTH

BIN L.2AD ELECTRIC USED
—-10 « QOO0 . 00
-5 « Q000 . Q0
+0) < OOO0 .00
+5 « Q000 00
+10 alalsle] . 00
+15 Q792 16.06
+20 L3298 128.4%
+25 1.464921 223,591
+30 2.9733 291,820
+35 S. 1893 695,85
+40) 4.7343 £20.71
445 S5.5412 A4, 15
+30 2.1024 220.51
+55 1.9975 212.4%
+40 « 7460 79.42
+45 . 03803 2.26
+70 - Q000 « Q0
+75 2.0812 242,45
+50 5.2525 &37.81
+3235 4,564 S975.53
+20 .4571 4350.04
+95 28263 405.77
+100 . 3958 124,21
+105 0103 1.68
+110 . 0000 .00

TOTAL ANNUIAL ELECTRIC CONSUMPTION IS S743.77 EWH
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AESORFTION HEAT FLUMP — MEDFORD
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Table 20

GAS LISEDR
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I Y R IREN TR
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I iy ]

ELECTRIC USED
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. Q00
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241, 295
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TOTAL ANNUJAL GAS CONSUMPTIOCN IS 64.7015 #1074 BTU
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ELECTRIC CONSLUMPTION IS 14640.%4 KWH



Table 21

GAS FLIRNACE/ELLECTRIC AL — MEDFORD
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Table 22

HEAT FLMP — MEDFORD

ELECTRIC WSED

.00
. Q0
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. Q0
.00

frat ot S

O e DO

= OO0 00S

s
N

RRNIAL
I

- MEDFORD
ELECTRIC USED

. 00
.00
00

CONSUMPTION IS £433.52 KWH
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New York
Madison
Medford
Omaha
Fresno
Nashville

Fort Worth

Table 23

Gas and Electric Prices

1980

GAS
($/100 BTU)

6.33
4.43
6.45
2.75
3.20

2.84
3.34

5-42

ELECTRIC

($/KWH)
0.103
0.044
0.030
0.033
0.044
0.047

0.031 .
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Figure 5

Absorption Heat Pump
ALCC vs. Manufacturing Cost

New York-1985
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Figure 6

Absorption Heat Pump
ALCC vs. Manufacturing Cost

New York-1990
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Figure 7

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Omaha-1985
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Figure 8

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Omaha-1990
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Figure 9

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1985
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Figure 10

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1990
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Figure 11 | | V

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Fresno-1985

5000 |-
4200 |~

Annualized 3400}
Life Cycle
Cost
(ALCC)
$

6¥-§

2600 -

ALCC - Electric Heat Pump

Furnace/AC

1000,: = Breakeven Manufacturing Cost for AHP
01: 1 ll P ' i 1 1 1 ]
0 600 1200 1800 2400 3000 3600 4200 4800 5400

AHP Manufacturing Cost
(1982 $)



05-§

Figure 12

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Fresno-1990
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Figure 13

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Nashville-1985
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Figure 14

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Nashville-1990
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Figure 15

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Fort Worth-1985
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Figure 16

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Fort Worth-1990
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Figure 17

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Medford-1985
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Figure 18

Absorption Heat Pump
ALCC vs. Manufacturing Cost
Medford-1990
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Figure 19

Absorption Heat Pump

ALCC vs. Manufacturing Cost

New York-1985
With Domestic Hot Water
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Figure 20

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1985
With Domestic Hot Water
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Figure 21

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Omaha-1990
With Domestic Hot Water

5000 |-

- ALCC- Electnc Heat Pump .
400 frir+eeeerer s ereeeee e :

Annualized 3400}

o Life Cycle
& Cost | ALCC - Furnace/AC
*© (ALCC) |
$ 2600 -
1800 -
Breakeven Manufacturing
<+— Cost for AHP —:
1000 i~ o
T ] | I 1 1 | [ I
0 600 1200 1800 2400 3000 3600 4200 4800 5400

AHP Manufacturing Cost
(1982 $)




09-9

5000 |-

4200 |-

Annualized 3400 p

Figure 22

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Nashville-1990
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Figure 23

Absorption Heat Pump
ALCC vs. Manufacturing Cost
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Figure 24

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1985
Reduced Supply Air Temperature
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Figure 25

Absorption Heat Pump
ALCC vs. Manufacturing Cost

New York-1985
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Figure 26

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Omaha-1985
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Figure 27

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1985
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Figure 28

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Nashville-1985

Early Advanced Technology
5000 |-
4200 |~
3400 -
2600 -
ALCC - Furnace/AC
» ALCC - Electric
ol | A B
Y
1000 |- ; Breakeven Manufacturing Cost
i : for A
ol— 1 4 11 iy , fotAWP, !

0 600 1200 1800 2400 3000 3600 4200 4800 5400

AHP Manufacturing Cost
(1982 $)



|

(9-G

l-----------------
Figure 29

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1985

increased House Load
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Figure 30

Absorption Heat Pump
ALCC vs. Manufacturing Cost

Madison-1990
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