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Abstract—Various methods for reducing the purchased, resource energy consumption of vapor-compres-
sion heal pumps in both heating and cooling modes ar¢ analyzed and compared to conventicnal
systems. The results are presented in detailed system analysis curves for the relevant range of major
design parameters. One of the methods studied is the application of a solar-powered, fuel-superheated
Rankine cycle incorporating a steam turbine. This cycle would drive the heat pump in the cooling
mode. Fuel-fired, it would drive the heat pump in the heating mode, with system performance augp-

mented by utilizing the waste heat from the cycle, as well as by solar encrgy.
In the cooling mode, resource energy savings of 50-60%; are obtained, In the heating mode, resource

cnerpy use is reduced 3 1o 4 fold.

Heat pumps  Solar energy
assisted heat pumps

Rankine cycles

INTRODUCTION

The fact that a part of the heat delivered to the build-
ing by a heat pump comes lrom cooling a “free” heat
source such as outdoor air, water or soil, usually
resufts in lower purchased resource encrgy copsump-
tion than that incurred by other, conventionally used
systems for heating buildings {(cf. [1-3]). The term
“resource energy”™ used throughout this study defines
the available energy of fuel before any subsequent
energy conversion, and serves as an jmproved basis
for comparing dissimilar forms of energy, such as
electrical and thermal. For example, in considering
electrical energy, the associated resource energy is
that available in the original fuel used to produce
that quantity of electrical energy, taking into con-
sideration the tosses of generation, (ransmission, and
distribution.

Heat pumps are incorporated into a single system
with year-around, pollution-free and safe operation.
The present fuel shortage and the increasing cost of
energy thus make heat pumps viable and possibly
superior 1o other systems, particularly when both
winter heating and summer cooling are needed. It is
expected therefore that heat pumps will constitute an
increasing portion of the heating and air conditioning
equipment in use.

Further reductions in purchased energy consump-
tion by heat pumps during the heating period are
possible because of their ability to utilize low-temper-
ature energy {at the evaporator coil) and convert it
to higher temperature energy suitable for heating.
Possible sources of low-temperature energy are the
waste heat [rom power and processing plants, as well

Solar heating and cooling
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as heat generated by equipment and lighting directly
in the building. Proper design and judicious utiliza-
tion of such heat can result in substantial energy sav-
ings during the healing period [4, 5]. Another signifi-
cant source of such energy is the sun.

Application of solar energy to augment the per-
formance of heat pumps has been under consideration
for a long time [6, 7], with actual instailations achicv-
ing energy cost savings of 70-75% [8, 91. Solar energy
collected at sufficiently high temperatures, during
periods of adequately high insolation and ambient
temperature can be used to heat the building directly.
When the ambient conditions cause the solar collec-
tor fluid to drop below ca. 35°C, the heat collected
is used to heat the heat pump evaporator, Solar heat
collection at lower collector temperatures is more effi-
cient, or alternatively, the collection of the same
amount of heat would reguire a collector which is
either simpler ol smaller, and thus less expensive.

An addilional purchased-energy saving in the oper-
ation of the heat pump can be obtained by driving
its compressor by a thermal engine, where the engine
cycle fluid is heated by solar energy. A large varicty
of metheds for the production of mechanical power
from solar energy were proposed and demonstrated
in the past [10-13]. While high collection tempera-
tures result in better cycle cfficiency, they reguire
expensive solar concentrators which are also very sen-
sitive to the intensity and direction of the solar radi-
ation. Flat plate solar collectors provide lower collec-
tion temperatures, usually 80-110°C at most, but are
cheaper and make use of both the diffluse and direct
components of radiation. Resulting lrom extensive
performance studies of flat plate solar collectors [[4],



12 LIOR:
two of the most viable designs are considered here:
a double-glazed collector with a flat-klack absorber,
and a single-glazed collector with a selective-black
absorber. For driving air conditioners or heat pumps,
some of the most promising power generation
schernes at present ufilize Rankine cycles employing
reciprocating engines [15], rotary epngines[16,17],
and turbines {18-22].

Comparatively, turbines exhibit simple construc-
tion, small [riction losses, no lubricant required in
cycle fluid, low maintenance and high reliability, low
neise and vibrations, easy regulation, and small size
with large expansion 1o condenser pressure and tem-
perature. Their major disadvantages are that pre-
sently available off-the-shelf small turbines have low
efficiency (below 50%), and somewhat higher cost. In-
itial specific studies on small turbines driven by low
temperature solar cnergy have emphasized low tur-
bine cost without too much concern for effi-
ciency [23, 24]. More recently, high efficiency (70-80%
isentropic). units using organic fluids have been built
and operated [19, 21, 22], and a steam turbine of simi-
lar efficiency was being developed [20). Proper design
and mass production techniques seem to be at present
at the point where cost of such high-efficiency tur-
bines can be reduced sufficiently to compete very

_favorably with other iypes of engines. Based on the
preliminary results [16], the rotary engine seems also
to’ have significant potential for application in such
systems, particularly for smaller size units.

While organic fluids in Rankine cycles have some
advantages over water, such as higher molecular
weight and possibly positive slopes of temperature vs
eniropy at the vapor-mixture saturation line, they
also may have serious disadvantages, such as instabi-
lity, toxicity, lamimability, low thermal conductivity,
corrosivencss and higher cost. They also have low
specific energy and usually cannot be easily super-
heated io increase the poteptial enthalpy drop
between prespecified pressure limits. Superheating the
relatively low-temperature steamn emerging from the
solar collector by another source of energy, such as
a fuel-fired superheater, wonld inerease the cycle effi-
ciency with relatively small consumption of fuel, as
proposed by Tabor [25] and others[20, 26], and as
analyzed and conceptually developed by the
author [27]. Also, the developtment of small steam
turbines can draw upon the larger amount of experi-
ence available with this type of turbine, as compared
to organic—fluid Rankine cvcles which are to some
extent still in the exploratory stage.

During the heating season, the application of a
thermal engine to drive the heat pump has the added
advantage of being able to utilize its waste heat
{jacket cooling and exhaust) to augment the output
of the heat pump, either by applying the energy di-
rectly to the butlding or to the heat-pump evaporator.

So far, most of the research effort in solar comfort
cooling and refrigeration has been directed to absorp-
tion systems [9, 28-307. The consistently low coeffi-
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cients of performance obtained with such units snd
the predomiuance .of the more efficient vapor com-
pression units in the present markel, indicates that
vapor compression heat pumps may be a viable alter-
native to absorption systems.

. The application of thermal storage and of opera-
tional policies varying from off-peak to comtinuous

‘operation reduces the purchased-energy consumption

further, makes it possible to use a smaller heat pump
and levels the load both on the heat pump and the
utility. Load leveling reduces energy-wasteful tran-
sients as well as utility load peaking, which is costly
and results in power shortages, particularly during
peak hot weather periods. Recent studies [31] of air
conditioning combined with low temperature thermal
storage show that a reduction of 509, in compressor
size and in peak power requirement, and 6% in total
energy use is obtained for a continwousty operating
system, as compared to conventional air conditioning
systems. High temperature storage is needed for the
heating period and for the operation of the solar-
powered thermal engine (when applicable).

The following study concerns itself primanly with
encrgy savings in scveral systems. A decision on
choosing the best system would be based also on a
cost analysis as well as on social and other con-
siderations.

THE SOLAR STEAM TURBINE

The combined solar-powered, (fuel-superheated
{SPFS) Rankine cycle heat pump is shown in Fig.
1. The Rankine cycle employs superheat by external
fuel, a regenerator and an economizer.

The description of the cycle on the enthalpy-
entropy Mollier diagram is shown in Fig. 2.

Some of the major results of the interactively com-
puterized thermodynamic analysis are displayed in
Figs. 3-5. Terms not defined in the text and assumed
values of parameters are given in the Nomenclature
at the end of the paper. The major conclusions of
the analysis are:

(A). The cycle efficiency n, increases almost linearly
with the isentropic efficiency of the wrbine, . For
example, a high efficiency turbine with np = 75%,
results in system performance improvement of 7094
at 0°C superheat, and 5637 at 550°C superheat, over
an off-the-shell small turbine which usually has a
maximal efficiency of 45%; in this range (for 98°C col-
lector temperature, 37°C condenser).

(B). Alsp as expected, superheat improves the cycle
efficiency. Under the same conditions, r,. of the tur-
bine with 75% isentropic effictency is 767 larger when
the steam is superheated by 550°C than for the case
of no superheat, this by adding only ea. 23% non-
solar energy (the superheater fuel).

Since wet steam is damaging to the turbine and
lowers its performance significantly, the degree .of
minimal superheat necessary to have a “dry”™ turbine
has been calculated and is shown in Fig. 4. For the
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Fig. 1. Solar-powered, fuel-superheated (SPFS) steam Rankine cycle driven heat pump: system diagram.
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Fig. 2. Solar powered, fuel-superheated (SPFS) Rankine
cycle Mollier diagram.

above case it amounts to 120°C, and it improves the
cycle efficiency by 7% with the requirement of ca.
8% external fuel cnergy. Since the energy added to
the superheater is compensated here by similar im-
provement in performance, it may even be beneficial
to superheat the turbine at least sufficiently to reach
dry exhaust conditions, in order to achieve longer life
and higher reliability, Higher superheats would pro-
vide even higher benefits in system performance.

{C) A lower condensation temperature that could
be achieved by improved methods for condenser cool-
ing, improves the cycle efficiency by 15% when reduc-
ing the condensing temperature from 47 to 37°C for
the above example with 550°C superheat. At the same
time, the fuel ratio increases by 8%. Most noteworthy
from observation of Figs. 4 and 5 is the fact that
the efficiency of the proposed solar Ranpkine steam
cycle with fuel-fired superheat is approximately twice
that of the presently existing organic Rankine cycles
which use no superheat, with a fuel consumption of
only 20% of the total energy used.

30 T T T T T T T T

Fig. 3. SPFS Rankine cycle efficiency n, as a function
of turhine isentropic efficienicy »y. T, = 98°C,
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Fig 4. SPFS Rankine cycle efficiency np and fuel ratio

4, as a function of superheat T,,,, for various solar ecollec-

tor temperatures (T,) and condensing temperatures (T,
nr = 5%

THE COOLING MODE

Solar energy utilization lor summer cooling is par-
ticularly attractive due to the comcidence of high in-
solation and ambient temperature with high cooling
load. Heat flow in the solar Rankine cycle-heat pump
system during the cooling period is shown in Fig.
6. As mentioned previously, cold storage is proposed
to be utilized to improve the performance of the sys-
tem and decrease the size of the compressor, In loca-
tions where sufficient differences exist between day

3o T T T T T T T T T
Tsup =550°C
Tr=75%

Tpe=30°C
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Fig. 5. SPFS Rankine cycle efficiency n,. as a function
of solar collector temperature, compared to existing
organic fluid Rankine cycle systems.
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Fig. 6. Heat flow diagram of SPFS steam turbine driven
heat pump system during cooling period.

and night temperatures, with clear night sky, the solar
collectors may be used to dissipate overnight the con-
denser heat of the heat pump and power cycle that
was accumulated during the day. This makes possible
the creation of a heat sink which is at lower tempera-
ture than the daily ambient, thus improving the per-
formance of both heat pump and power cycle.

To calculate the petformance of the system, the
Coeflicient-of-Performance of the heat pump, as well
as the relations between the temperatures of the heat
pump condenser, evaporator, cutside ambient and in-
side of cooled space were modeled after the recom-
mendations in the ASHRAE Handbook [32]:

T, + 273.15
COP), = 0.5 ——— 1
T = 218 + 0.76T, 2
T, =T + 0.14T, — 21.4. 4

The temperature of the air conditioned space, Ty,
was taken to be 78°F (25.6°C). Figures 7 and 8§ show

20 T T T T g

Q T T =
0 200
Towp. °C
Fig. 7. SPFS system coefficient of cooling, (COP),, as a
function of superheat, Ty, 1y = 75%.

400 500
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Ta,°C
Fig. 8. Cooling system performance.

the system coeflicient of performance for cooling,
(COP),, (stil! excluding any consideration of solar col-
lector efficiency), as a [unction of superheat T,,, and
ambient temperature T, respectively. Particularly
noteworthy is the fact that the effect of reducing the
condensing temperature on the (COP), is much
larger than that on the n,. This results from the in-
fluence of T, on both power cycle and heat pump
performance. For example, decreasing T, from 37 to
27°C for T, =98°C and T,,, = 550°C, increases
(COP), by 74%,. The practical fuel ratio #F takes into
account the non-ideal efficiency of the superheater,
Myups assumed here 1o be 85%. Figure & also shows
fo» the percentile resource energy saving, as compared
to a conventional electric drive.
{1/[0.3(COP)]} — {E/[(E, + EJ,COP)]}

N = sl ) 100
fet 1/0.3(COP),

0.3
= |15 = ].100, )
(1 + EJ/JE/m, |

where the resource-cnergy efficiency of electrical
power at the point of consumption is taken 1o be
30%. The obtained savings are close 10 60%,

To analyze the performance of the total system,
including solar collectors, the simplified formulas pro-
posed by Hottel and Woertz [33] were used, with the
coefficients extrapolated according to [34]. Thus, the
efficiency of the solar collector is:

E(— T. —T,

Hee = — |aT — R —
e = 7 1% n 1

1 2n+ f— 1
= 2k ey
€ £

— n

The total coefficient of performance of the system for
cooling is therefore:

Ew+(COP),
‘_COP].-;_:@: = M ' (6)

Eq n
(=+5)

where Ey is the turbipe shaft work delivered 10 the
heat pump.

To allow determination of the payback period refa-
tive to added system cost, a criterion, »,, which deter-
mines the resource energy savings per square meter
of solar collector area, was derived. The collector area
has been chosen as the normalizing parameter due
to the fact that it constitutes the major part of the
cost of the system.

1. E Mo ) .
Na = F‘I"‘.\‘:I [éj} - }' ( 03 JJ (7J

§

Finally, to be able to estimate the collector area
needed for a specific application, this area per ton of
cooling (3516.8 W), 4, is computed:

3516.8

A= ~ e
+ 1)COP) [

(E//E,

(8)

The major results for a double-glazed, flat black
collector and a single-glazed selective black collector
are presented in Figs. 9-11. s, asymptotically flattens
out at superheats above ca. 350°C. The single-glazed
selective black collector is shown to perform betier
than the double-glazed Aat-black one.

Increasing the temperature of the collector im-
proves the cfficiency of the power cycle, but it de-
creases the efficiency of the solar collector. This be-
havior is expressed in the maxima of the performance
curves shown in Fig. 9. The maxima for the double-
glazed collector are for about 85 < T, < 100°C

and for the singleglazed somewhat higher,
95 < T £ 115
THE HEATING MODE

Some of the major schemes for heating, outlined
in Fig, 12, are described and compared. For the com-
parison of resource cnergy consumption by the
various schemes, the heat load was caleulated using
the degree-day method. The method is probably not
accurate enough for actual HVAC design, but can
be useful for comparative purposes. The hourly heat-
ing load E; is

E, = E465 — T) )

(T — T
where E, is the hourly load under design conditions,
T, the average ambient temperature maintained in the
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Fig. 9. Total system performance as a fanction of solar
collector temperature.

building by the heating system (chosen here to be
21°C), and T, the ambient temperature at the design
point. Since the example in Section 5 considers a
building in Manhattan, New York, T,y = —10°C. The
temperatures in equation (9) are all in °F.

To perform a preliminary, building-independent
analysis, equation (9) can be rewritten as

E; = C(65 — T) = G, AT, (10)

where
E,

o= T an

CbE

and
AT =65— T, (12)

Referring to the system numbers in Fig 12, the
analysis follows:

Electric resistance heating
The resource energy required, E is simply
C,AT

E =
0.3

(13)

and the specific, building-independent, resource energy
Egis
E AT

Ey=—

C. 03 (4
e. et

shown as line 4 in Fig. 13.

Fuel-fired heating

The efficiency of the lurnace is taken to be 60%.
Thus,
AT

Ey=_—

06" (13)

Electric-driven heat pump, with auxiliary electric
resistance heaters

Up to the design point, the resistance heaters are
1ot in operation and thus,

AT
0.3(COP),"
where (COP)y s the coefficient of performance of the
heat pump, for heating. Based on the recommendation

in the ASHRAE Handbook [32], (COPly can be
estimated as

Ey (16)

73.
(COP)y = 05 Tt 2315

T.~T an
Equation (17} does not, however, seem lo take the
detrimental effect of evaporator-defrosting into
account, and it has been corrected here on the basis
of heat pump manufacturers’ catalog data. The
smooth solid and dashed line for {COP), in Fig. 13
is based on equation (17), while the solid line contains
the correction for defrosting.

Also from the ASHRAE Handbook [32]

Two=Tw + 0671 T, + 21.34 (18)
T.=0743T, —9.57. (19)

For temperatures below the design point, electrical
resistance heaters augment the heating and,

E. — JATL1 ~ (COP)y]
" (COP)g,

Equations {16) and (20) are shown as line C in Fig.
13. The dashed tine C; represents the heat pump per-
formance without defrosting or elecinc resistance
heaters.

+ AT} /0.3. (20)
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Fig. 10. Total system performance as a function of superkeat.

Entirely solar heating

The specific solar collector area Ay, needed to
satisfy the entire heat load is shown in Fig. 13. The
collector temperature is 37°C, possibly the lowest
practicably acceptable, Using equation (5) for n,,

A AT

A = —=—,
U6 nd

21
where A is the total required collector area.

As shall also be discussed, heating entirely by solar
means reguires prohibitively large collector areas. The
areas calculated here serve, however, as a good basis
for comparison and as an upper limit which is of
interest in the design of such systems.

Fuel-assisted solar heating

This is the most papular scheme contemplated at

present (cf. [35, 36]).

5. = AT - A,,h!f

i 06

For I = 500 W/m? and T, = 37°C, E,, was investi-

gated for collector areas of 5 and 259 from that

required at the design temperature of —10°C. From
Fig. 13:

(22)

2

m
0.0SAJM = 000602 \TJ?U_C—}
and
m!
0254, = 0.03] “WO—C.
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Fig. 11. Total system performance as a function of ambient temperature.

Eg for the 5 and 25% collector areas are shown
as lines K and L, respectively, in Fig, 13,

Electric-driven heat pump with solar heating

Here, the building is heated partially by the heat
pump and partially by solar collectors. Down to the
design point,

_ AT — Ayln,,
T 03(Cop),
For temperatures below the design point, electrical

resistance heaters angment the performance of the heat
pump, and

(23)

)._‘.H =

AT (1 — (COP)y)

. AT
+ -~
(COP)yy
0.3

Msed <
Anfl:r]k, + — {1 - 'f(uop]n):l

(COP)yq

0.3

24)

Curve D shows Eg for 005 Ay, and curve H shows
EH for 0.25 A.IM‘

Electric-driven heat pump with solar assistance to eva-
porator

Applying solar heat 1o the heat pump evaporator
has two principal advantages: It makes lower tem-
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Fig. 12. Heating schemes analyzed in this study.

(ST.: Thermal Storage; H.P.: Heat Pump; R.C.:

Rankine Cycle).

perature solar collector operation possible, thus im-
proving its efficiency, and improves the performance
of the heat pump by increasing its (COP)y at low
ambient temperatures, by eliminating frosting of the
evaporator (when the temperature is maintained
above freezing) and by stabilizing its operation
through the maintenance of a constant evaporator
temperature. While the analysis shows that in general
the application of solar heat directly to the building
is more efficient, it is possible thai the solar heated
fluid should be switched to the heat pump cvaporator
when ambient conditions do not provide for efficient
direct solar heating (cf. [3]). Heating the evaporator
at a lower temperature, the same collector area pro-
vided for direct heating at a higher temperature may
be sufficient to maintain the evaporator ambient
above [reezing.

Ey is calcvlated by equations (16) and (20) with
(COP)z = (COP)yy = 32 for T, = 12°C. It is shown
as curve F in Fig. 13

The specific collector area required in this case can
be easily seen to be

_ ATL! — IACOP),]

Iy &)

Ag

‘ AT + ATy
I+ 1,((COP)yy — 1)
’ Ey= ——i "2 7

approximately hall of that required for direct solar
heating under the above conditions,

Fuel-fired Rankine-cycle driven heat pump

In this scheme, the Rankine cycle condenser dis-
charges heat to the building, thus adding to the
energy delivered by the heat pump. The exhaust gases

. are used to defrost the heat pump evaporator. The

Rankine cycle used is the one described in the second
Section, operating at Ty = 98°C and T, = 550°C,
with py = 757 and resulting »,. = 18.5%. The com-
bustion efficiency of the Rankine cycle bailer is taken
as n, = 0%,

Down to the design temperature

AT
nll + )lip([((-Ol))” -l

(26)

Ey =

Below the design temperature, the system is aug-
mented by a fuel-fired furnace, and

0.6 o 1
- [1 + 1, ((COP)y — 1)]
e ™7 7

— 27
0.6 @)
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Equations (26) and (27) are displayed as curve E in
Fig. 13.

Fuel-fired Rankine-cycle driven heat pump with solar
heating

The same Rankine eycle proposed in the second
Section and. analyzed for solar cooling, can be used
for heating. In most geographic locations it would,
however, be more effective to use the existing solar
collectors to heat the building directly, assisting their
performance with the fuel-fired Rankine-cycle driven
heat pump.
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Fig. 13. Total system performance for heating. The solar collector is 2-pane, flat-black.

Down to the design temperature,
AT — Agln.
1 [(COPYy — 1] + 1
Below the design point, the system is augmented by
a fuel-fired furnace, and

1 ATy = Agltey
Eg=—<AT + - — :
" 0.6{ t 1 7 [(COP)y, — 1]
06
X [— — 1 = 5, {(COP), — IJ] = Anfrr,;}-

[
29
Curve G shows Ey for 0.054y,, and curve J shows E,,
rOr 0.251‘{"‘.

(28)
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Table 1. Monthly and apnual resource energy consumption for heating, in 10* MW-h 30-story office building in New

York
Rankine Ranking cycle Rankine ¢ycle

Heating Fuel + cyele Heat pump  Solar-assisted heat pump Fuet +  Heat pump heat pump

system Fuel 5% solar  Heatl pumgp . Beal pump  + 5% sclar heat pomp 4+ 5% solar 25% solar 4+ 25% solar  + 25% solar

Fig. 12

Curve B K c E b F G L H K
Sep 052 033 Q.30 030 020 030 020 002 001 001
Oct 0z 229 1.87 1.81 1.45 AN ] 128 04) 032 025
Nev .56 8§47 508 468 437 T 467 ER) 242 191 146
Do 12.29 1213 0.54 B35 867 82 744 643 536 417
Jan 15.67 14.52 11.44 958 10.55 .77 804 S.00 T06 553
Feb 12.52 11.44 203 .89 522 783 T £.52 514 A%
Mar 1162 1044 £.20 9 T3z 1.26 6.3% 518 410 114
Apr 555 4,59 359 3At 2.5% 341 LET 1.18 052 o7
May 190 135 LI3 i1 0.82 Lt 081 012 o0 0.07
Annual TL66 63,57 50.19 44.7% 44,56 44,44 IRRE 3168 2490

A COMPARATIVE EXAMPLE OF RESOQURCE
ENERGY CONSUMPTION

. The comparative analysis of resource-energy con-
sumption is performed on a high-rise office building
in Manhattan, New York. While the hourly weather,
insolation and load data would be needed for design
purposes, the example treated here utilizes the fre-
quency of occurrence of temperatures during each
month, as provided by the U.S. Air Force
Manual [37]. The average insolation during daytime
is taken to be 500 W/m®. Since hour-by-hour calcula-
tions are not performed, the effect of energy storage
is not considered.

The office building has 30 stories, floor area/story
{ = roof area) of 1860 m?, height/story of 3.7 m, wall
area of 20,100 m? and 30% window area, The heat
transfer coefficients are (in W/m? KY U, =12,
Uen = 125, Unindow = 64, Upoer = 0.5, Occupancy
is 5 days a week, Shr a day, by 3000 persons.
Total ventilation is 71 m?/s, reduced to 10% of this
value for unoccupied periods. The temperature during
occupied periods is maintained at 21°C, reduced to
15°C during unoccupied ones. It is assumed that 50%,
of the process and lighting heat is reusable. Based
on this, C, for the occupied period, C,, = 94.2 kW/°C
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Fig. 14. Annual resource-energy Consumption for heat-

ing—30 story office building in New York (the letters on

the abscissa carrespond to the systems in Fig, 12. Abbre-
viations: H.P.: Heat Pump: R.C.: Rankine Cycle)
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and for the period when it is vacant, C,, = 70.3
kW/°C,

The monthly and annual resource energy consump-
tions for the heating period are summarized in Table
1. The annual results are also displayed in Fig. 14
It can be seen that significant savings can be obtained
by the application of sclar energy and by the utiliza-
tion of heat pumps and Rankine cycle drives.

Based on Fig. 13, and a C, of 94 kW/°C, the collec-
tor arca required for entire heating of the building,
based on the design point of —10°C, is ca. 11,700 m°.
Assuming availability of solar radiation for 6h and
heat storage capacity of 3 days, the total required
collector area would, as expected, be prohibitively
large, in excess of 100,000 m?. The foregoing calcula-
tions were therefore based on much smaller collector
areas, compatible with available rooftop and wall
space. The solar energy needs, therefore, to be aug-
mented by an additional heat source always.

A simple approximation can be made of the com-
patibility of solar collector area requirements for
cooling and heating. The design heating load of this
building is 3 MW. Following [6], the cooling loading
for the same building in the New York area would
be ca. 2/3 of the heating load, .e. 2 MW, From Fig.
11, it can be seen that the collector area required
is co. 5600 m7, slightly larger than the area of one
side of the building. Together with the available roof
arca, the building itsell would be sufficient for mount-
ing the collectors. Compared to the area needed for
heating shown above, up to ¢a. 0.5 Ay, would thus
be available for solar energy utilization.

CONCLUSIONS

A Rankine cycle utilizing solar energy as the pri-
mary source and superheated by an auxiliary fuel
source has efficiencies which are about double that
of comparable Rankine cycles without auxiliary
superheat, this at the expense of only ca. 20-30%, ad-
ditional fuel energy. The cycle is well suited for driv-
ing vapor compression heat pumps for heating and
cooling.
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In cooling it offers a 50-60%, resource energy saving
as compared to a conventional electric-driven system.
It is noteworthy that a recent study [38], found that
the solar assisted Rankine cycle described here is also
economically superior to other solar cooling systems.

As compared with conventional furnace heating,
total resource energy consumption can be reduced 3
to 4 fold by employing partial solar heating assisted
by a furnace, by a heat pump, or, best of all, by the
Rankine-cycle driven heat pump.
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NOMENCLATURE

(In¢luding values of some of the parameters used in this

study}

A Solar collector area, in m?, needed to
provide one ton of cooling

Ay Specific solar ¢ollector area for heat-
ing, equation (21)

¢ 0.19 — 0.00078 5, in equation (5)

C, Equation (11)

(COP), Heat pump coefficient of performance
for cooling

(COP), Heat pump coefficient of performance
for heating

(COP),. System coefficient of performance for
cooling, excluding solar collector

(COP),e tor Qrverall system coefficient of perform-
ance [or cooling, including solar col-
lector efficiency

E Resource energy, evaluated before
conversion

E, Electrical energy

E, Fuel (combustion) energy {= hs-hy
for superheater)

Ey E/Cy

L Solar enetgy supplied to Rankine
cycle { = hy-ha)

Ew Shalt work delivered by turbine .

S 0.76 for wind velocity of 10 m.p.h. in
equation (5}

F Solar collector efficiency factor, equa-
tion (15)

h Enthalpy

h,, Heat transfer coefficient on external
surface of solar collector = 1 4 03w
{Btw/h {t*F), in equation (5)

I Insolation, W/m?

n Number of glass panes on coliector

T, Ambient temperature

y 1 Temperature ol cooled  space

= 25.6°C)

Ton Temperature of heated space
(= 21°C)

T Temperature of fluid in heat pump
condeqser

T, Temperature of fluid in heat pump
evaparalor

The Temperature of fuid in power-cycle
condenser

T Temperature of Auid in solzr collector

LIOR: SOLAR ENERGY AND THE STEAM RANKINE CYCLE

T Degrees of superheat

W Wind velocity, m.p.h.

3 Absorplivity of solar  collector
absorber (= (.93)

B Angle of inclination of solar collector,
degrees from horizontal (= 45°)

AT Degree-day temperature difference =
65— T, °F

€ Emissivity of solar collector absorber
{ = 0.95 for flat-black, = 0.1 for selec-
tive black)

£, Emissivity of solar collector glass
(=038

e Equaticn (7)

e Combustion efficiency of the Rankine
cycle boiler ( = 0.7)
Fuel rati s

N uel ratio E+E,

* Practical fuel ratio = Einy

’f‘ ‘ :,f-.rﬁ'n-p] + E;

g Efficiency of economizer (=0.85)

Ha Equation {4)

O Mechanical efficiency of lurbine
=098}

M Efficiency of pump in Rankire cycle
(=0.8) '

Mo Rankine cycle efficiency
_ (hs = he)tm o

hs — he + (hy — By} + (fy — B}

e Efficiency of regenerator { = 0.85)

e Solar collector efficiency

Neup Efficiency of saperheater ( = 0.85)

" Isentropic efficiency of turbine

a The Stelan-Boltzman constant

T Transmittance of solar collector glass
( = 091 single pane; = 0.82 double
pane)

Subscripts d refers to load design conditions
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