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ABSTRACT

Heat pump systems which utilize both solar
anergy and energy withdrawn from the ground are
analyzed using a simplified procedure which optimizes
the solar scorage. tamperature on a monthly basis.
Four ways of introducing collected solar energy to
the system are optimized and compared. These include
use of actively collected thermal input to. the heat
nump; use of collected solar energy to heat the load
directly (two different ways); and use of a passive
option to reduce the effective heating load.

NOMENCLATURE

collector area, al

ground neat transfer coefficient, &J/hr-°C-a
coefficient of performance

number of °C-days

anergy, WJ

collector heat removal factor

number of hours with sun

{nsolation rate, kJ/hr-m<

number of days in month

incremental haat loss, kJ

incident insolation per unit area of
tilted surface, %J/m

temperature,®K

heat loss coefficient, kJ/hr-2C-az2
collector heat loss factor, kJ/hr=2C-a?
absorber plate absorptivity

fraction of Carnot efficiency
collector efficiency

effective glazing transmissivity

[e)
-]

I
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Subscripts

a ambient ) .
c collected (energy)

*Jork performed under the auspices of the Active
Solar Heating and Cooling Divisica, United States
Department of Snergy, Contract No. DE-AC02-7600016.

3 COP parameter {temperature)
£ far-field
g ground-source (energy)
load
m maxinum
P purchased
s solar-source (energy)
s day-night swing (temperature)
X ground-source (temperature)

INTRODUCTION

The objective of this study was to evaluate the
desirabiliry of adding solar energy input to heat
pump systems which use the ground as their primary
heat source for space and water heating and heat
sink for cooling. Four ways of collecting and using
solar energy in such systems were identified:

1. Actively collected solar energy and heat
removed from the ground are both used as sources of
thermal energy to the heat punmp.

2. Actively collected solar energy is
delivered directly to the building load, with the
ground coupled heat pump as backup.

3. Actively collected solar energy preheats
the return air stream from the building, and the
heat pump raises the air temperature further (if
necessary) to the value required for comfort.

4. Solar energy collected via direct-gain
passive design i{s used to reduce the building load
required to be met by the ground couplad heat puap.

In each of the three active solar options' the
heat pump produces hot water to the extenct that
solar energy i{s inadequate. In the passive option
all of the hot water is produced via the heat pump.

The study was undertaken for three cities
(Atlanta, New York, and Madison) providing a range
of heating season environments from mild to severe.
Since. the collectors are not used for cooling in the’

. systems under consideration, cooling performance is

independent of rhe collector type and it was
therefore not necessary to include cooling in the

model in order to compare ditfferent collectors and



operating modes. It was assumed, however, that
reject heat from air conditioning was used to heat
water during the cooling season, which was taken to
equal three months in New York and five months in
Atlaata. In Madison a heating—only heat pump was
assumed. ' .
In the three modes which involve active solar
subsysteas the solar energy is stored in an insulated
tank, rather than in the ground, and the ground is
used solely as a heat source and sink rather than as
a storage element. The ground coupling heat
exchanger configuration chosen - a horizoatal plane
serpentine coil of buried plastic pipe - is partic-~
ularly suited for use as a source or sink but is not
capable of long-term energy storage (1). Therefore

it should be carefully noted that the results of this -

paper apply only to such systems and not to systems
in which in~ground storage i3 attempted.

APPROACH

The approach taken in this study has been
reported previously (2). It was desired to develop
an analytical model of ground coupled solar heat pump
systems which could be uged to compare the solar
operating modes described above. Two desirable char-
acteristics have been identified for such an ap-
proach. They are:

1. The approach should be simple emough so that
all of the assumptions used in the study can be
stated explicitly in a paper of moderate length.

2. The approach must be capable of optimizing
each operating mode, so that there will be no need co
worry that one mode performed better than another
nerely because its operating parameters were cloger
to their optimum values.

For each of the active solar options, the opti~
mum storage temperature was found, for each month,
via a computer search over the entire allowed range
of temperatures. This procedure, strictly speaking,
agsumes a constant storage temperature throughout any
nonth, and it further assumes that this storage
teuperature is subject to control. Practically, the
constant storage temperature is {ntended to represent
the effect of an oscillating storage temperature
which cyeles above and below the assumed constaat
temperature. Since the result of the computer search
{s an optimum storage temperature, excursions from
this value will represent suboptimal operation and to
this extent the actual performance of the solar
system will be somewhat poorer thanm predicted.

Losses from storage are neglected, as is the pumping
power needed to pags fluid through the collectors.
The inlet cemperature to the collector subsystem and
the inlet temperature to the heat pump are both
assumed equal to the (uniform) storage temperature.
Collector and heat pump performance are expressed in
terms of these inlet temperatures. Thus there is
only one quantity, the storage temperature, which
needs to be varied in the optimization process, for
any given collector area and ground coupling heat
exchanger size. Coatrollability of the storage temp~
erature in practice can be effectad be controlling,
on a monthly basis, the minimum storage temperature
below which the system turns to the ground as the
alternate heat source. 3y setting this minimum the
right amount telow the optiamum, the average storage
temperature during any month can be tuned to equal
the optimum.

[P

COMPONENT MODELING

Active Collector

Collector performance is modeled via the usual
Hottel-Whillier straight-line graph of efficiency vs
(T - T,)/I, where T.is the collector imlet temper-
ature, T, is the ambient temperature, and I 1s the
insolation rate. The performaace curve is Tepre-
sented by two parameters, the vertical and horiz~
ontal intercepts of the collactor efficlency curve.
The vertical intercept i3 equal fo Fpra, where R 1s
the collector heat removal factor, T is the
effective glazing transmigsivity, and a is the
absorber plate absorptivity, while the horizontal
intercept i3 equal to ta/UL, where Uy, {3 the
collector heat loss factor (3).

Two collector types were studied. The first,
called in this paper the “high performance col-
lector”, 1s characterized by a vertical intercept
Fpta of 0.7 and a horizoatal intercept ra/UL aqual
to 0.04 9C-hr-n?/kJ. This corresponds approximately
to a single glazed collector with a selective
surface absorber. The second collector, called here
the "heat pump collector”, is characterized by Ppra
= 0.7 and ta/U, = 0.02°C-hr-n?/kJ. This corresponds
approximately to a trickle-type collector such as
the Thomason Solaris™ or to a single~glazed
extruded plastic collector such as the FAFCO T
which is being marketed for use with heat pumps.

The intensity of the insolation striking the
collector during daylight hours i3 taken to be a
random variable with a constant probability density
for insolation values between O and I,. That
portion of received insolation falling with inten-
sity greater than (T - T,)/(ta/Up) can be partially
collected with  efficiency increasing with increasing
I. The lower-intensity {nsolation is lost
completely. It can be shown (see Appendix) that
under these assumptions the total energy that can be
collected at temperature T is given by

2
Ty~
o = SAE‘Rm< > 1)
Tg-Ta

where S is the received insolation on a unit area of
collector, A is the collector area, and T, i{s the
maximum stagnation temperature T, + I w/Ug.

In order to test the adequacy of (l) to repre=
sent the operation of the collectors, comparisons
were made for each of the three cities of monthly
and annual solar fractions computed using (1) with
those obtained using f-chart (4,5). For this com—
parison a collector operating EE;peraCute of 40°C
was assumed in (1), and I, was set equal to 3410
kJ/a%-hr. Collector tilt was set at latitude plus
19°. Results of the comparison are shown in Tables
1 through 3 for the high performance collector. For
the heat pump collector the degree of agreement
between (1) and f-chart was comparable to that seen
in Tables 1 through 3, execpt for Madison where (1)
gave yearly solar fractions about 25% below those of
f-chart.

Pagsive Collector

It was degired to compare a simple passive
design option, such as direct gain, with the active
options for use with ground coupling. A simple
model was constructed of a direct-gain system with




Table 1

Comparison of Solar Fractions (f) Obtained Using Eq. 1 with Those of f=-chart (f*).
Location: Madison, Wisconsin

Month Heating & Insolation Average: A= 26 @2 A= 40 o A= 60 o2 Other Monthly Data
Hot Water oa Tilted Ambient : Far-Field Insolation
Load Collector Temperature £ e 4 b 4 £ f* Temperature on Vertical
(G1) D) (°¢) (°c) (GI /22y
Jan. 21.01 .. 0.405 -8.1 0.11 0.14 0.22 0.27 0.3% 0.37 3.3 0.386
Feb. 18.34 0.415 -6.0 0.14 0.19 0.27 0.35 0.41 0.49 0.8 0.362
Mar. 15.89 0.551 . -0.2 0.23 0.28 0.47 0.50 0.70 0.67 0.1 0.422 -
Apr. 8.91 0.483 7.9 0.44 0.42 0.87 0.69 1.00 0.85 1.6 0.309
" May 4,48 © 0.510 13.8 V 1.00 0.72 1.00 0.95 1.00 1.00 4.9 0.288
June 1.71 0.532 19.4 1.00 1.00 1.00 1.00 1.00 1.00 9.2 0.279
July 1.71 0.573 21.8 1.00 1.00 1.00 1.00 1.00 1.00 13.2 0.306
Aug. 1.71 0.562 20.9 1.00 1.00 1.00 1.00 1.00 11.00 15.9 0.338
Sept. 2.60 0.574 16.0 1.00 1.00 1.00 1.00 1.00 1.00 16.6 0.412
Oct. 6.82 0.535 10.5 0.67 0.57 1.00 0.85 1.00 0.97 15.0 0.453
Nov. 13.35 0.350 1.9 0.19 0.19 0.37 0.35 0.56 0.48 11.6 0.325
Dec. 18.99 0.383 -5.2 0.13 0.15 0.25 0.27 0.38 0.38 7.4 0.374
Year  115.52 0.30 0.30 0.47 0.47 0.59 0.38
: ’ ) ~Table 2 :
Comparison of Solar Fractions (f) Obtained Using Eq. 1 with Those of f-Chart (f*).
Location: New York, New York
Month Heacing & Insolation  average A = 20 ad A= 30 md A = 40 n? Other Monthly -Data
dot Water on Tilted Ambient Far-Fleld Insolation
' Load Collector Temperature § £* f £* £ f* Temperature on Vertical
(6J) (6I/a?) (°c) A (°c) (GJ/2%)
Jan. 15.36 0.333 0.1 0.15 0.15 0.23 0.21 0.30 o0.28 5.7 0.309
Feb. 14.06 0.360 0.8. 0.18 0.21 0.27 0.30 0.3 0.38 3.4 0.305
var.. 11.36 0.487 5.1 0.32 0.32 0.48 0.45 0.64 0.5 .. 3.2 0.360
Apr. 6.63 - 0.456 11.2 0.60 0.51 0.90 Q.67 1.00 0.79 5.3 0.280
May 2.03 0.492 16 .8 1.00 0.97 1.00 1.00 1.00 1.00 9.0 - 0.264
June 1.71 0.512 22.0 1.00 1.00 1.00° 1.00 1.00 1.00 13.6 0.255
July 1.71 0.538 24.8 1.00 1.00 1.00 1.00--1.00 1.00 . 17.4 0.274
Aug. 1.71 0.583 23.8 1.00 1.00 1.00 1.00 1.00 -1.00 19.9 0.331
Sept. 1.71 0.507 20.2 1.00 - 1.00 1.00 1.00 1.00 1.00 20.1 0.350
‘Oct. 3.358 0.482 14.8 1.00 0.78 1.00 0.92 1.00 1.00 18.0 0.397
Nov. 8.43 0.339 8.6 0.33 0.29 0.50 0.40 0.66 0.50 14.1 0.308
Dec. 14.01 0.308 1.9 0.16 0.146 0.26 0.21 0.32 0.27 9.7 0.292

Year 82.78 0.36 0.34 0.47 0.43 0.56 9.50




Table 3

Comparison of Solar Fractions (f) Obtained Using Eq. ! with Those of f-Chart (f*).

Location: Atlanta, Georgia
Month Heating‘& Iasolation Average A= 10 o? A= 20 a? A= 30 o? Other Monthly Data
Hot Water on Tilted Ambient Far-Field Insolation
Load Collector Temperature f £* £ £* £ f* Temperature on Vertical
Q1) (6J/m2) (°c) (°0) (G3/m2)
Jan. 10.63 0.468 5.8 6.17 0.18 0.34 0.34 0.52 0.47 12.1 0.420
Feb. 8.83 0.448 7.2 0.20 0.23 0.41 0.42 0.81 0.58 10.4 0.358
Mar. 7.18 0.557 10.6 0.33 0.33 0.67 0.57 1.00 0.74 10.3 0.375
Apr. 2.57 0.577 16.2 1.00 0.77 1.00 1.00 1.00 1.00 11.7 0.301
May 1.71 0.577 20.6 1.00 0.93 1.00 1.00 1.00 11.00 14.4 0.252
June 1.71 0.544 26.2 1.00 0.93 1.00 1.00 1.00 1.00 17.7 0.221
July 1.71 0.562 25.6 1.00 0.93 1.00 1.00 1.00 1,00 20.5 0.237
Aug. 1.71 0.586 25.3 1.00 0.96 1.00 1.00 1.00 1.00 22.3 0.284
Sept. 1.71 0.552 22.4 1.00 0.93 1.00 1.00 1.00 1.00 22.4 0.341
Oct. 2.13 0.597 16.9 1.00 0.86 1.00 1.00 1.00 1.00 20.9 0.460
Nov. 7.05 0.521 10.8 0.32 0.32 0.64 0.56 0.95 0.73 18.1 0.461
Dec. 10.83, 0.427 6.4 0.16 0.16 0.31 0.30 0.47 0.42 14.9 0.393
Year 37.77 0.40 0.38 0.57 0.55 0.75 0.66
movable insulation which is set {n place at night to
teduce heat loss from the building. The net thermal
galn from the vertical south~facing aperture is
calculated as the difference between the thermal gain
due to incident radiation and the incremental thermal
losses due to the fact that the direct-gain aperture 20+ "7 LEWIS AND FULLER .
replaced wall area having a different (usually lower) THIS ANALYSIS 2
net heat loss coefficient. L2
The radiation gain was simply taken to equal 657 1Sr L
of the radiation incident on the vertical aperture L
araa, .while the monthly incremental thermal losses Q 10 L MADISON
were taken to equal 3 s #*
a St
Q = 12D (Up+ Uq -2Uy) - 3.6 NTg (Ugq - Uy) (2) 2
>
where N is the number of days in the moncth, D is the & I8¢ ==
aumber of heating °C-days, T4 s the mean day-night 3 2
teaperatuyre swing (cvpically 109y, U4 i3 the heat « 10F 2
loss coefficient of the direct-gain aperture during b4 ‘_,—’f
the day, U, is the heat loss coefficlent at night, 3 St 22> NEW YORK
with movable insulation in place, and U, is the heat g
loss coefficient of the wall which is replaced. 4
Values used {n the analysis were Uy, Un, and Ug equal 3 15 -
to 10, 2, and 1 kJ/m —hr-oc, respectively. Ihe — T
second term on the right-hand side of (2) takes into Te]" __,—"
account the fact that the ambient teaperature at i
night, when the movable insulation is in place, is s ATLANTA
lower than during the day. Hence the thermal losses
are less than would be expected from a siample . . : . : : ;
averaging of the day and - aight U-values, ag 2 4 6 8 10 12 14
represented by the first term. Annual energy savings 2
from a direct-gain passive system with night souTH APERTURE AREA, m
insulation, calculated using the abova procedure,
were compared with results from a more detailed
analvsis (8). Regsults of this comparison are shown
in Figure 1. Monthly incident {nsolation on a
vertical surface, used in (2), Fizure l. Annual Energy Savings from Cirect Gain

{s shown {n the last
column in Tables 1 through 3. .

with Night Insulation.



Heat Pump and Direct Heating Coil

The coefficient of performance, COP, of the heat

pump, whether utilizing the solar source or the
ground source, i3 modeled (7) as a constant fraction
y of Carnot: YTe

COP =

. (€))
Te-T

Because of tha form of (3), all temperatures must be
represented in absolute units in what follows. The
parameters v and T, are set to give desired COP
values at any two temperatures. In this study y was
set at 0.498 and T, = 335°K, comsistent with a .
heating COP of 2.5 at a source temperature of =5 c
(8) and 4.0 at 20°C (9).

Direct heating from solar, bypassing the heat
pump, was assumed to be possible at source
temperatures of 40°C and above, with a coefficient of
performance ilncreasing by 0.7 for each °C difference
between the source temperature and the room
temperature of 20°C or 293°K (10), or

cop = 0.7 (T - 293) . (%)
Thus the COP for direct heating is 14 at 40°C, while
the heat pump COP at the same temperature is 7.6.
The performance curves for the heat pump and direct
heating are shown in Figure 2.
22¢

20+

DIRECT HEATING =mem——es

COEFFICIENT OF PERFORMANCE

1
|
2 : . .
-0 o} 10 200 30 40 50
WATER SQURCE TEMPERATURE,
Figure 2. Heat Pump and Direct Heating COP vs

Water Source Temperature

The heat puamp performance curve differs from
typical data obtained with current-generation
single-speed water source heat pumps, whose coeffi-
cients of performance do not rise so steeply with
source temperature in the 20. to 40°C range. One
objective of the U. S. Department of Energy's solar
assisted heat pump research and development prograa
has been to produce. a heat pump exihibiting perfora-
ance such as represented bv Figure 2. This objective
ts being pursued primarily through the use of

variable-capacity compressors and appropriately sized -

heat exchangers.
discussed in (11).

It is now possible to calculate the total
energy Eg4 deliverad by the solar source heat pump or
direct-heating coil, as well as the purchased energy
E,g needed to operate either device.

For the solar source heat pump the delivered
energy 1s given by

Progress of this development is

cop
' Eg ® ——— E¢ (5)
coP - 1

TBq (Ty = T)2
- - (6)

Te (T = Ty4)

where Eg = SAFRra rcz/(rm - Ta)z, and Tq = (1 -Y)Tc.-

The purchased energy required to operate the
heat pump is given by
Eg
Eyg = — . €]
P coe
Eo(Te = TH(Tg ~T)2
. (8)

THT - Tq)

For the direct heating cofl, (%) rather than
(3) 1is subastituted into (5) and (7) to obtain Eg
and Eps'

Ground-Coupled Heat Exchanger

It is assumed that the energy E, extracted from
the ground {is proportional to- the digference between -
the temperature T, at which heat is extracted and-
the temperature Ty of -undisturbed ground at the
same depth at the same time of the year, or far-
field temperature:

Eg = (Tg =T b (9)

The congstant b is a product of the inherent heat
transfer capability of the ground coupling device,
tn kJ/hr-°C-m for linear pipes or kJ/hr-°C-m? for
tanks or planar devices; the size of the device in
linear or square meters; and the mmber of hours in
the time period, e.g. 720 hr/month. The COP of the
heat pump using the ground as an energy source is
the ratio of the energy E, supplied by the ground
source heat puap to the purchased energy 0 Epx needed
to operate the heat .pudp:

Ex YTe
—_— —— . - (10)
pr Te - Ty

Two energy balance equations can be written, the one
on the ground-source heat pump given by

Ex = Eg + Spx (11)

_ and the one on the load given by

Ee = El - Eg . (12)
where 2, is the heating and hot water load and Zg is
the energy supplied by the solar source. 1eat _pump or
direct heating coil




Solving (9) through (12) for pr (eliminating
Exs E g and T.) yields

(E -Eg) (E -es+brc-brf)
Epx = : LA
bYT+E ~Eg

Values of the far-field temperature Tg used in
this analysis were calculated (12) for a depth of
1.5 m and a soil thermal diffusivity of 0.00372
mzlhr. They are given in the second~last column of
Tables 1 through 3.

Load

The heating loads were designed to match the
requirements of ASHRAE Standard_90-75 (13) for a
single-floor residence of 140 mz floor area. Thermal
losses through the walls, ceiling, and floor were
considered, as well as losses due to {nfiltration of
outside air. The overall heat loss factor or UA
value required by the standard is a function of the
aumber of annual heating degree days. The oaly modi-
ficaction to the standard was that the requirement
given for more than 4000 °F-days (2222 OC-days) was
used throughout the range of heating climates. The
ASHRAE 90-75 standard for warmer climates is much
less stringent and {t was decided to adhere to the
more stringeat standards {n all climates. The
resulting UA value for the structure was

UA = 1353 = 0.0365D kJ/hr-2C (14)

where D is the number of %C-days i{n the annual
heating season. Monthly heating loads were then
determined by multiplying the UA value by 24 times
the number of heating degree days in the mouth.
Internal gains of 53,000 kJ/day were subtracted from
this load. 1If the internal gains exceeded the
heating load as calculated from the UA value, the
heating load was set to zero.

The hot water load was set equal to 56,000 kJ
per day. The hot water load could be met either by
the heat pump or the active collectors, but not by
the passive structure.

SYSTEM OPTIMIZATION -

Optimization of the system operating temperature
(storage temperature) is carried out separately for.
each of three active options. For the passive.
option, the reduced space heating load resulting
aftar passive gains are subtracted i3 met by the

ground. coupled heat pump. The search for an optimum

temperature is carried out in 0.2°C stzeps over the
allcwed range. For each temperature the purchased
energy values Eps (to operate the solar source. sub-
system) and E,, (to operate the ground source
subsystem) are added, and the storage temperature
yielding the minimyam amount of purchased energy is
selected as the optimum. The system optimization for
each of four options is now discussed.

Series/Direct Heating

In this option solar energy i3 passed through
the heat pump if the storage temperature is below
40°C, while for storage temperacures above 40°C the
solar energy is passed to the load directly. VNote
that the same heat pump is used to process both solar
and ground source heat. The :temperature range over
which the search for optinum is carried out is from

o

«20° up to the stagnation temperature of the col-
lector for ten collector areas and eight’ values of
the ground coupling constant b in (9), resulting in
80 separate operating conditions. For each oper-
ating condition the fractioa F of nonpurchased
energy (ground plus solar) is calculated. By inter-
polation within this 8 X 10 matrix, curves of comn-
stant F can be plotted against collector area A and
ground coupling field heat transfer factor b. Such
curves are shown for the series/direct heating
option by the solid lines in Figures 3 through 8 for
each combination of collector type (high performance
collector, heat pump collector) and location.
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Figure 3.

Direct Heating Oanly

This option was treated by restricting the
range of temperatures {ncluded in the search for an
optimum. The search was carried out only over
temperatures exceeding 40°C, thus ruling out use of
the heat pump to process solar cnergy. Curves of
constant fractions 7 of nonpurchased energy are
given by the dashed lines ian Figures 3 through 8.
Since the set of possible operating conditions under
this option (s a proper subset of those allowed
under the previous option, the direct heacing only
curves will always ‘lie on or above those for series/
directc heating.
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Higzh Side Boosting

It has beea suggested (14) that the optimal use

of the collectors in a solar heat pump system {s to
preheat the return alr stream from the building and
then to use the heat pump to raise the air tempera-
ture further (if necegsary) to the value Tequired for
delivery to the heated space. An approximate
treatment of this option was made by allowing the
search for the optimum temperature under the direct
heating mode to extend below 40°C, with a COP as a
function of temperature following the dashed line {in
Figure 2. This procedure involves at least two
partially compensating lnaccuracies. To the extent
that the heat pump and the direct heating coil
operate simultaneously, the fan power requirements
are doubly counted, resulting in an underestimate of
system performance. On the ocher hand, the neat pump
condensing temperature tends to be higher for this
option since the temperature of the preheated
entering air stream i{s higher than for the other
options. This will degrade heat pump COP somewhat,
and this condition results in an overestimate of
system performance. The axtent to which these arrors
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purchased Energy Use. High
Performance Collector in New York

canéel has not been determined. The resulﬁs,for.;ﬁe
high-side boosting option are .given by the dash-dot
lines in Figures 3 through 8.

Direct Gain Passive

For this option the reduction in heating load
due to presence of the passive subsystem i{s computed
on a monthly basis, and subtracted from the gross
heating load to obtain a net heating load. If the
potential gain from passive exceeds the gross
heating load, the net heating load is set to zero.
The hot water load 1s kept separate since it cannot
be met by the passive structure.

‘The results for the direct gain passive option
are given by the dotted lines in Figures 1l chrough
8.. The pagsive results, of course, are not related
to the active collector characteristics which are
specified for the other three options; the same
curve is given on both figures for each city to
facilitate comparisons.

The maximum house temperature produced by the
passsive subsystem was calculated using the proce-
dure ia Ref. 6. 1If it was anot possible to achieve a
givea fraction of nonpurchased enmergy without heat-
ing the house above 26%C, the curve was not plotced.

SYSTEM COMPARISOYM

Inspection of Figures 3, 5, and 7 reveals that
for the high performance collector {t does not
matter auch which option is chosen, In rerms of
collector area. 1In cthe series/direct heating
option, the optimization procedure always resulis {n
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direct heating being chosen, so that no heat is
processed through the heat pump and the series
capabilicty {s not used. The enhancement in
performance due to the lower operating teamperatures
in the boosting option is not large because the
collector efficiency curve is relatively flat. The
passive curves, although calculated via an entirely
different procedure, lie very close to the active
curves 1in all three cities. For the heat pump
collector (Figures 4, 6, and 8), both the
series/direct heating option and the boosting option:
result in significant performance enhancements over
direct heating only. 1In the former option, the
series mode is chosen in the colder months, with
reversion to direct heating in spring and fall, the
timing of the reversion depending on locatioan and
collector area. The optimum storage temperatures in
the series mode ranged from 1l to 27°C in Madison,
for b > 2 GJ/%C-month; 15 to 29°C in New York, for

b > 1.5 GJ/°C-month; and 22 to 29°C in Atlaata, for
b > 1.0 GJ/%°C-month. These opcimum temperatures are
hLEher than the aminimum source temperatures of ~5°C
used in oost simulations of series heat pump
systems. The optimum temperatures are this high
because the series mode competes with ground coupling
as explained in (2); that is, because the ground
source COP ig itself relatively good, the series mode
nust nave a significantly hetter COP in order for it
to improve overall sytem performance. This requires
a relatively high source temperature. But this
reduces the amount of solar energy collected, which
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tends to defeat the purpose of the solar subsystem
in the series mode. '

ECONOMICS

Ground Coil

It was desired to crelate both the ground coil
and collector characteristics to real world capabil-
ities and costs. In order to do this for the ground
coil, it was first necessary to relate the ground
coupling heat transfer coefficient b, expressed in
GJ/°C-month (30 days), to an actual length of pipe
in the ground.- To do this, a heat transfer coeffi-
cient of 9.35 kJ/hr-°C-m (1.5 Btu/hr-"F-ft) was

assumed for the pipe. This ' 1s conservative relative

to published values (15, la). However, it amust be
understood that this value i{s a function of the
characteristics of the soil and of whether coil is
used more or less continuously or intermitteatly.
For thegse reasons the term “nominal” is attached to
the ground coupled coil lengths shown parallel to
the horizontal axes of Figure 3 through 8. The
curves in these figures extead leftward to a point
where the minimum ground source temperature,
assuming uniform input from the ground and the solar
collectors, is =5°C. This is not a very good
assumption and would result in grossly undersizing
the coil. To obtain 3 more realistic sizing
criterion, {t was assumed that at some time during

- the winter the design load of the house, as

determined by the ASHRAE 997 design temperature
(16), would have to be met by the ground source heat
p;Hp with no assistance from the solar subsystem and
with no electric resistance backup. Using this

’
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criterion, it is possible to calculate the tempera=-
ture to which the ground coil aust be drawn down in
order to supply the required amount of heat to the
heat pump. These minimum source temperatures are
plotted along another horizontal axis on each of
Figures 3 through 8. For the same reasons as given
above, the adjective “nominal™ is attached to these
numbers as well. They are intended to be suggestive
rather than definitive.

Estimates of the costs involved in installing
ground coils have been obtained from a number of
sources for depths in the range of 1 to 1.5 meters
(17). Installed costs for the buried pipe coil,
including excavation and backfill as well as the
cogt of the ~ 4 cm 0.D. medium density polyethylene
pipe, ranged from $4.07/a to $4.92/nm.

Collector

It is seen from Figures 3 through 8 that an
enhancement in system performance (as measured by
the fraction of nonpurchased energy utilized by the
system) results from the addition of solar collec-
tors. It was desired to estimate how much one amight
reasonably pay for solar collectors, per unit area,
to achieve this enchancement. A criterion that the
incremental system cost should not exceed ten times
the initial year's savings on energy costs was
suggested (18) on the basis of payback, cash flow,
and life-cycle costing considerations. Use of this

Heat Pump Collector 0.5638 0

Figure 8. Solar Collector Areas and Ground criterion, together with an electricity cost of
Coupling Coil Capacities Required $0.05/kWh (18a), results in allowed costs for
to Produce a Fraction F of Non- marginal additions to the solar subsystem, based on
purchagsed Znergy Use. Heat Pump collector area, of $140/GJ of anmual electrical
Collector in Atlanta. energy savings. The results are shown 1in Table 4.
Table 4
Allowed Solar Subsystem Costs Based on Marginal Collector Area
City and Fraction of Collector Marginal Electric Allowed Cost for
Collector Type Non~Purchased Area Energy Savings Marginal Collector Area
Snergy (m2) (GJe/mz-yr) (5/22)
Madison (o=2.0 GJ/°C-month)
High Performance Collector 0.628 . Q 0.591 33
(ta/Uy = 0.04) 0.70 12.1 0'39, ot
0.75 : 26.8 22 27
-0.300 42
0.80 46 .0

(za/U, = 0.02) 0.70 zz.zgg'fgf b4
. 0.75 53.6 ' -

Direct Gain Passive 0.638
New York (bsl.5 GJ/°C-monch)
4izh Performance Collector 0.663
(ta/UL a 0.04) 0.70
0.75

0.80
Heat Pump Collector 0.663
(m/UL = 0.02) 0.70
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The highest allowed costs of ~ $80/m2 occur for the
high performance collector in Madison. This {3 a low
number by current standards. In order for it to be
increased, however, one of the following would have
to change in the direction indicated: a lower ground
coupled heat pump COP than assumed here; a higher
initial electricity cost; or a higher allowed ratio
of initial system cost to first year's energy savings
than ten. It should also be noted that cost con~-
straints determined on a marginal basis may be more
severe than if determined on a systemwide basis.

That is, {f other system components, such as the
ground coil, can be made legs expensive than required
by system cost contraints, it may be possible to
allocate some of the difference to the collectors.

RESEARCH AND DEVELOPMENT NEEDS

This paper has explored ground coupled solar
heat pump systems in which the ground i{s used as a
heat source (and sink for cooling) but not as a
storage element. The most promising systems appear
to be ground coupled heat pumps without additional
solar input; ground coupled heat pumps with modest
passive augmentation; and possibly ground coupled
heat pumps with active solar augmentation, if high-
performance collectors can be sold and installed at
much lower cost than 1is generally the case now. The
severe cost restriction on the solar coaponents
arises from the good projected performance of the
ground-source heat pump and from the economic
criterion used. Three areas of research and
development whose pursuit i3 consgistent with the
results of this paper can be identified. They are:

1. Development of ground coupled heat puamp
technology and design tools.

2. Development of low-cost high-performance
collectors.

3. Continued investigation of the merits of
ground coupled solar heat pump configurations in
which the ground is used as a storage element and not
as source/sink only.

STMMARY

The following statements summarize the results
of the study:

1. With cthe high performance collector there
was no benefit to be gained by passing the collected
solar energy through the heat pump in any of the
three cities studied. That is, when ziven the choice
between operating in the series wmode at any source
temperature below 40°C, and operating in the direct
heating mode at any temperature at or above 40°C, the
optimization procedure always selected direct heating
ac 40°C. '

2. Direct-gain passive with night insulation
provided about .the same benefit per unit collector
area as the high performance collector, for aperture
areas below that lamposed by the requirement that the
building not overheat.

3. When the heat pump collector was used, both
the series and boosting modes provided better
performance than direct heating, with the improvement
increasing with increasing latitude. However, the
serformance of the heat pump collector (in its best
zode) fell increasingly behind that of the direct
heating collector (in its btest mode), as one went
further north. The allowed cost for the heat oump ’
collector was about one-half (in Madison) to two-
thirds (in Atlanta) that of the high performance
collector or the direct-gain passive.

4. The allowed costs for all the collectors
were low by current standards, the highest values
being approximataly $80/m? for the first 12 22 of
high performance collector or direct gain passive in
Madison. These numbers resulted from an allowance
of $140/GJ of annual electricity savings, and will
scale linearly with changes in this assumption.
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routine {n TRNSYS (20) which coaverts total
horizontal insolation to total {asolation om a
tilted surface according to the method of Liu and
Jordan (gl), the number of hours in which
tilted-surface incident radiation values fell into
each of six classes was determined. Table 5 shows
these results for Madison, New York, and Nashville
(Nashville being the closest TMY city to Atlanta).
On the basis of these data, it was decided to use a
uniform probablility discribution of insolation
between the values O and 3410 kJ/m®-hr (300

it

s DE-AC03-79SF10549 (Draft) quotes ia Table III a Btu/ft2-hr). The principal deviation of the data
maximum {nstallation cost of $1.50/ft ($4.92/w). E. from this assumption is the excess of hours in the
Granryd, Ref. 8, quoted SKR 7400 for ~400m installed, first bin (1 to 682 kJ/mz-hr). Since this bin has
. or $4.40/m at SKR 4.20 per dollar. P. Metz, the lowest insolation per hour, any deviation of
-0 Brookhaven National Laboratory, received bids of this bin from the average will have the least effect
i $1.00 and $1.10/ft to excavate, install, and backfill on results. Moreover, when this bin 13 more finely
‘ 500 ft of pipe at 4 ft depth (personal communication, divided, it i{s found to skew towards its lower
1980). Adding the $0.24/ft which the pipe itself limit. The excess of insolation in this bin was 3%
cost ylelds a cost of $1.24 to $1.34/ft ($4.07 to of the total amnual insolation in Madison and
3 $4.40/m). These quotes are all for ~4cm (~1.5 {in.) Nashville, and 4% in New York.
; 0.D. medium-density polyethylene pipe, and should be The other deviation from uniformity is the fact
* viewed as a contractor's installed cost. Contractor Bin 5 (2729 to 3410 kJ/mzohr) tends to have fewer
| overhead and profir should be added to obtain an hours than Bins 2, 3, and 4. This is partially
; installed cost to the customer. J. E. Bose, Ref. 1, compensated by the existence of hours above 3410,
p. 18 quotea an installed cost of $2.00 to $3.00/ft expecially in Madigson. Although it would be
($6.36 to $9.84/m) for the more expensive 4 inr. (10 possible to refine the analysis by departing from
cm) 0.D. PVC pilpe. uniformity or by varying the upper limit of the
. distribution either month by month or from city to
18 aAndrews, J. W., "Cost/Performance Goals for city, {in the interest of simplicity it was decided.
Combined Solar Heat Pump Systems”, BNL 51259, 1980, to use a uniform distribution runaning from 0 to 3410
Brookhaven National Laboratory; a., p. l4. I/m2~hr in all cases. .
19 Hall, I. J., et al., "Generation of Typical Total Collectable Imsolation
Meteorological Years for 26 SOLMET Stations”, SAND Writing the collector efficiency as
78-1601, 1978, Sandia Laboratories.
. A Fgra = Fp G (T = TQ)/1 (15) -
20 Klein, S. W., et al., "TRNSYS A Transient
Simulation Program”, University of Wisconsin .and letting the time in hours that the received
Zngineering Experiment Station, Report 38, 1976. insolation on a tilted.surface falls between I and
' I + dI (given that 0<I<Iy) be (h/Igy)dI, where h is
21 Liu, B. 7. H. and Jordan, R. C., "The the number of hours with sun, the energy E.
Interrelationship and Characteristic Discribution of collected for insoiation values between I and I + dIl
Direct, Diffuse, and Total Solar Radiatien”, Solar is
Energy, Vol. 4, 1960, pp 1-19.
: dE. = A (h/Ig) I dI
APPENDIX: DERIVATION OF EQUATION 1.
= A (h/Ig) T dI[Fy w - Fp Up (T=T)/I11(16)
Probability Distriburtion of Insolation
Using Typical Meteorological Year (TMY) weather
data (lg) and the solar radiation processor sub-
Table 5
Frequency Distribution of Total Insolation Rates on Tilted Surface
¢ City Insolation Rate (kJ/m2-hr)
1 to 683 to 1355 to 2047 to 2729 to >3410
- 682 1364 2046 2728 3410
Madison 1289 733 575 548 Sil 95
New York 1480 674 637 624 352 15
Nashville 1305 732 632 701 462 14
X



In order to find the total collected energy E.
one integrates (16) from the minimum I for which
collection is possible up to Ig. .

This minimum insolation is just the value of I
for which n equals zero, namely (T-T,) Up /ta. Then

ah [ Ia
;c * Tz {1 FR Ta - FR UL (T-Ty) ] 41
FT—Ta) UL/Ta _ ) (17)
= Ah‘pra Ig -~ UL(T-Ty)
ZIm TQ ’ .
If we further note that the total received insolation
is given by
Ta
S = f I (h/Ig)dI = hIy/2 (18)
o N

and that the maximum stagnation temperature of the
collector is :

Tg = Ta + Iga/U (19)
then
Tg-T \2 .
B = SAFR Ta PO (20)
. Ty =~ Ty

which is the same as (1).

,..
[1%]

¥

2 3





