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ABSTRACT

The development of a computer model which sizes
the floating concentrator and seasonal heat -
storage reservoir needed to operate solar district-
heating and- cooling systems is reported. A pre-

diction of the water temperature variation with
time in the storage reservoir is obtained using a
Fourlar series type analysis.

The model has been applied to districts composed
of 10, 50 and 250 individual residences. A

4459 m2 (98,000 ft2) circular collector on a 10.7

m (35 ft) deep reservoir will provide the 250- .

home subdivision with 100 percent of the space
heating and domestic hot water in an average year.
This is approximately 17.8 m2 (192 ft2) per home

which is one -third that required without annual

storage. This reduction in area should more than
compensate for the cost of insulation and dis-
tribution of the hot water from the patented
centralized collector system. A utility operated
system would have the convenience and depend-
ability that consumers are now experiencing with
non -renewable sources of thermal energy.

INTRODUCTION

In most regions of the country, insolation is most
abundant during the spring, summer and fall months
when space heating demands are minimum. That is,
the peak in the seasonal heating demand occurs
at a different time than that in the solar cycle.

Annual thermal storage, providing it can be done
economically, offers a means for utilizing the
off- season peak periods of solar irradiation.
In this concept, collected thermal energy is
stored over extended periods for later distribu-
tion to the heating load. If desired, solar -

powered refrigeration can also be included in the
duty cycle.

A possible economical method of seasonal or annual
storage of solar energy involves the joint use
of a floating solar collector on a water reser-
voir. The reservoir would be made with sufficient
depth to provide the required thermal storage.

Components of this collector- reservoir system
have been under test by the principal author for
the past five years [3]. The system is described

in U.S. patent number 4148301 (8). A platform,
on which are mounted parabolic - trough concen-
trating collectors, floats on water contained in
the reservoir. The reservoir is excavated so that
thermal losses can be better controlled. The

floating platform, which is made of light but
rigid insulating material, effectively blocks
evaporation and reduces heat losses to the air.

The platform rotates about a central pivot point
to track the sun in the azimuthal direction.
Little power is required to rotate the platform,
owing to the law frictional drag exhibited by the
water.

It is envisioned that annual heat storage would
best serve a small community of residences, either
for single or multiple families, in which the solar
collection, storage, and distribution is done
centrally. The concept has received considerable
recent attention in Sweden, and a demonstration
heating plant is now in operation, with a second
one under construction [6).

In this paper, the feasibility of utilizing annual
thermal storage in the Southwest is explored. A

simple and straight forward computer simulation
of the annual thermal cycle is developed, and
conceptual designs for different sizes of single -
family housing developments are presented.

COMPONENT TESTING

Several, prototype floating collectors have already
been built and tested at the University of Arizona.
Commercially available parabolic- trough reflectors
and tracking mechanisms have been incorporated
into the prototypes. The first floating collector
was constructed in the summer of 1977 [3]. This
unit. is shown in Figure 1 following the manu-
script. It consists of five 0.22 x 6.10 m.

(4 x 20 ft) parabolic troughs mounted parallel,
adjacent to each other, on a 8.53 m (28 it) diam-
eter platform. The collector was manufactured
by Sun Power Systems, Inc. It is tracked using
a light -weight chain -link drive around the peri-
meter. The 0.062 kJ -sec. (1/12 h.p.) drive motor
is activated using a shadow bar sensor. The

platform was constructed using wax - impregnated
expanded polystyrene. It is floating in a 15.2 cm
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(6 inch) deep pool on the róof of the Civil Engi-
neering Building.

A 4.27 m (14 ft) diameter dual tracking system was
built for Sensor Technology, Inc. to demonstrate
intermediate concentration of photovoltaic panels
[3]. It was driven using a motor activated wind-
less rope drive around the perimeter.

A third 23.8 m (256 ft2) collector system rotating
on a 7.3 m (24 ft) diameter pool 10.2 cm (4 inches)
deep was constructed in the summer of 1979, as
shown in Fig. 2. This unit was constructed to pro-
vide 5x -sun concentration for commercial terres-
trial photovoltaic panels. The 2.44 m (8 ft) wide
intermediate concentrator is a segmented parabola
that evenly illuminates a 30.5 cm (12 inch) wide
photovoltaic panel. The segmented design allows
the use of inexpensive back surface glass mirrors.
This type of concentrator can also be used to pro-
duce thermal energy for the annual storage system.
This system used a center pivot tracker which
simplifies the construction particularly for smal-
ler systems. This is shown in Fig. 3. For larger
systems a propeller or water jet drive with either
a pivot point or peripheral braking system can be
used. The prototype of this type of system has
been successfully tested.

The 2.74 m (9 ft) wide Hexcel parabola collector
is presently being tested in an azimuth mode. This

highly efficient collector utilizing a honeycomb
aluminum construction is performing satisfactorily
at low sun angles experienced in the winter months.
Although the aperture is 2.74 m (9 ft) the collec-
tor, when laying flat, extends only 0.61 m (2 ft)
above the platform. See Fig. 4. It was the esti-
mated annual efficiencies from this collector that
were used in the simulation of the floating col-
lector- reservoir system.

SIMULATION AND DESIGN APPROACH

The main task is to determine the size of the col-
lector and thermal storage reservoir to be used
with each housing development. The reservoir is
assumed to be excavated below ground level in the
shape of an inverted truncated cone. A schematic
of the system is shown in Fig. 5.

The hourly and daily reservoir temperature varia-
tions are not pertinent to this study. Rather,
it is the variation over an annual cycle which is
of interest. Therefore, a time increment of one
weck .gas selected.

A ranch style house typical to the southwest was
taken to be representative of those in the housing
development. -Heat transfer parameters for the
structural components were determined from hand-
book tabulations [1], and space heating and cool-
ing loads were determined for a single 24 -hour
period each week using the Total- Equivalent-
Temperature -Difference method. These values were
then multiplied by a factor of seven to give week-
ly averages.

In these calculations, the hourly difference be-
tween the assigned inside temperature which varied
between 293 and 298° K (68 and 78° F) over the
year and the outside air temperature was first
determined. The latter temperatures were taken
from historical records for Tucson. For surfaces
receiving direct solar irradiation, the sol -air
temperature was used in place of the outside air
temperature. An average temperature difference
was next computed for the 24 -hour period, and this
was multiplied by the U- factors and appropriate
areas in order to obtain a daily total for the
heat transfer to each house. This was assumed to
be representative for each day of the week in
question.

The heating demand was taken to be the direct heat
loss from each house. In the calculation of the
cooling load, a factor of 1.667 was applied to the
heat gain calculated for each house in order to
determine the heat energy required. This corres-
ponds to a Coefficient of Performance for the
cooling equipment of 0.60.

A level demand for domestic hot water was assumed
to exist throughout the year. This amounted to
3.94 x 105 kJ's (3.74 x 105 Btu's) per house per
week and corresponds to 3028 1 (800 gal U.S.)
raised in temperature by 286° K (56° F). Using the
above procedure, the heating demand to be imposed
in the thermal balance applied to the reservoir
was obtained. The heating supply, provided by the
solar collectors, was determined using the second
law for zenith distance angles modified by A.
Meinel [7]. The solar flux was further reduced by
cloud factors for Tucson. Hourly insolation values
were computed for a representative day of each week
of the year. A collector efficiency that varied
from a maximum of 58 percent to a minimum of 46
percent at a solar angle of 10° was used. This
reduction in efficiency coupled with the cosine
effect and reduced solar insolation results in
insignificant collection of energy much below
a sun angle of 10 -15 °. The annual heating supply
used in the computer simulation was 44.8 percent
of the total measured insolation for a flat sur-
face in Tucson as given by Meinel [7]. It

appears that this is realistic if a parabolic
trough as efficient as the Hexcel is used.

The losses to the soil from the bottom and side of
the reservoir were estimated using results for an
unsteady one -dimensional heat -conduction model.
The thermal penetration depth into the soil was
first determined for an imposed sinusoidal tempera-
ture variation on the interface between the reser-
voir and soil. The period was taken to be one
year. Because the temporal variation is relatively
slow, it is reasonable to approximate the soil
temperature distribution at any time by a linear
variation from the interface temperature to the
undisturbed ground temperature, the latter being
allowed to vary seasonally. The thermal resis-
tance of the wall material of the reservoir was
assumed to be negligible, so that the effective
U- factor for the bottom and side is given by the
soil thermal conductivity divided by the penetra-
tion depth.



Having thus obtained the energy demand, supply, and
losses to be imposed on the thermal reservoir, an
energy balance was written and an equation was de-
rived for the temperature of the fluid, taken to
be water and fully mixed. This derivation plus
numerical values used for the transfer coefficients
are presented in the next section.

As previously mentioned, the reservoir size is the
main quantity to be determined in the present con-
ceptual design. This was obtained using successive
approximations in the following manner. Trial

reservoir dimensions and solar -collector area were
selected. The week -by -week reservoir temperatures

were computed and listed. Minimum and maximum
acceptable temperatures were preselected to be 322
and 366° K (120 and 200° F) respectively. The

former is acceptable for domestic hot -water and
space heating, whereas the latter is below the
normal boiling point. If the computer reservoir
temperatures were not within these bounds, then
new trial values for the reservoir dimensions
and collector area were assumed and the calcula-
tions repeated.

The depth of the reservoir was restricted to no
more than 12.2 m (40 ft) for practical reasons.
The surface diameter had to be sufficient to ac-
comodate the collector area needed.

Acceptable designs were achieved within five or

six trials. It was found that for a fixed reser-
voir size, increased collector area generally
shifted the entire temperature levels upward. On

the other hand, for a fixed collector area, the
larger the reservoir the smaller was the difference
between the maximum and minimum temperatures. Thus

a reservoir size could first be determined such
that the computed difference between the tempera-
ture extremes was approximately 44° K (80° F).
Then the entire curve could be shifted upward or
downward by increasing or decreasing the collector
area.

In this manner the design parameters for represen-
tative housing developments were obtained. Spe-

cific results will be presented and discussed in
a later section.

ANALYSIS

Determination of Reservoir Temperature

An energy balance performed on the reservoir re-
quires that the energy supplied in excess of that
delivered to the load and attributed to losses
must be stored as internal energy. For a fully
mixed system, one has in equation form

dTf

me
dt = Q supply Q demand -(UTAF(Tf -Ts)

- (UsAs +UbAb)(Tf -Tg)l (1)

In the foregoing, the terms in square brackets
represent the losses from the top, side, and bot-
tom of the reservoir.

The fluid temperature, Tf, is the unknown of in-
terest. The air temperature, Ta, and ground
temperature, Tg, are all prescribed functions of,
time and are considered known. This is true of

Qsupply and Qdemand as well. The mass, m,

specific heat, c, areas and U- factors are all
constants.

Proceeding with the solution of Eqn. (1), it is
best to rewrite it in the following general form,

dTf

+ a
Tf = a f(t)

where b = (UtAt + UsAs + UbAb)

a mc

(2)

f(t) = Q(t) - Q(t) + U A T(t)Q(t)
supply demand t t a

+ (UsAs + UbAb) T(t)g

This equation can be solved in closed form. The

right -hand side of Eqn. (2) is a periodic function
of time, and can therefore be represented by a
Fourier series as follows,

f(t) = Ao+ L An cos
n=1

(
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t
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In evaluating the foregoing integrals, values for
f(t) were first tabulated for each week of the
year, and the quadratures were calculated using
Simpson's rule over the total period, r, equal
to 52 weeks.

The solution to Eqn. (2) is given by

t bE/a
Tf

e-bt/a( e
f(4)dE +C] (4)

The first term in the brackets arises from the
particular solution to the complete equation, and
the constant, C, arises from the complementary
solution to the homogeneous equation. Note that

E appearing in Eqn. (4) is a dummy variable of
integration.



Upon substituting Eqn. (3) into Eqn. (4), the in-
tegrations can be carried out and there results
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In the foregoing, the first term on the right -hand
side represents a pure transient which disappears
with increasing time. The remaining terms are
the purely "steady- periodic" portion of the solu-
tion, and they are the only ones of interest to
this study.

The final solution can be put into a more conven-
ient form for computations if a trignometric iden-
tity is used to introduce the phase angle, an.
The resulting expression becomes n

Ao An/b 2nIIt
Tf

- b +hL-1 (1+(26Ta)11/2
cos ( an)

CO

B
n

/ b

sin
(2nIIt

a
n

)

n-1 [1+(2nIIa)¿]1/2 t n

bt

+ L (6)

In this form, it is apparent that the reservoir
temperature lags behind the imposed forcing
function f(t) by the angle a . The lag angle,
equal to i W -1(2nRa /br), is ndifferent for each
of the harmonics of the forcing function. If

f(t) were given by either a pure sine or cosine
variation, then only the fundamental would be
present, corresponding to n = 1. In the case of
the present study, the first ten harmonics were
retained. That is, the series were truncated after
ten terms.

In the computer calculations, numerical values were
substituted for the constants a and b, and the
coefficients Ao, An, and B were evaluated using

numerical integration. The fluid temperature was
then calculated from the analytical expression
derived above. Values for the various transfer
coefficients needed for these calculations are pre-
sented in the next section.

Evaluation of Transfer Coefficients

The top of the reservoir (i.e. the floating plat-
forms) was assumed to be a slab of polyurethane
foam .1525 m (.5 ft) thick. The thermal conductivi-
ty was taken to be .02306 joule /smK (.0133 Btu/

hftF). The film coefficient on the water side
was assumed to be very large, and that on the air
side was assigned the value 34.07 joule /sm2K
(6.0 Btu /hftL.F). These give for the U- factor
assigned to the top

Ut = 1/34.07 +.1525/.02306 1505 joule /sm2K

As discussed in a previous section, the U- factor
used for the side and bottom was taken to be the
thermal conductivity of the soil divided by the
penetration distance of an imposed sinusoídally
varying temperature at the interface between the
reservoir and the soil. This penetration dis-
tance is given by 1 ..13".71 K /w, where K is the
thermal diffusivity of the soil (taken to be
.002 cm2 /s) and w is the circular frequency of
the oscillation. The period of the imposed
oscillation is one year or 3.1536x107 seconds.
The 7penetration depth is thus 1 = 5.65(.002x3.1536
x10 /2n)1/2 cm or approximately 5.65 m. For a
thermal conductivity of the soil equal to .263
joule /s m K, one obtains

Us Ub = .263/5.65 = .0466 joule /s m2 K

RESULTS

Optimum designs were obtained for a 10, 50 and 250
home subdivision for seasonal storage of solar
heat for space and domestic hot water. All designs
were obtained for refrigeration plus the space
and domestic hot water.

In all designs an azimuth tracking parabolic array
was used. This type of array collects a maximum
amount of sunlight per unit area of land occupied
since the entire surface is covered. The results
are shown in Table 1 near the end of the article.

Fig. 6 at the end of the publication is a graphical
representation of the solar insolation, the domes-
tic hot water and space heating demand for the
250 home subdivision. It also gives the average
weekly temperature of the storage reservoir for
this example.

The results are similar for the three sizes of
subdivisions investigated. For the 10 home sub-
division size, in order to keep the bottom dia-
meter large enough to accommodate construction
equipment the depth was reduced and the surface
area increased. The percentage of surface area
covered with a collector was reduced to 61. For
the small subdivisions where excess platform area
is available and the collectors can be spaced to
reduce shadowing it may be more cost effective
to use an altitude tracking array on the azimuth
tracking platform. This dual tracking system
will be more efficient particularly in the
winter and should further reduce the required size
of the storage. For the larger system where excess
platform area is not available the simple azimuth
tracking system would probably be more effective.
The relation between the best type of collector
and the size of subdivision needs to be researched



further. It was beyond thé scope of this initial
reserach effort.

The designs did show a significant reduction of
the size of collector needed when annual storage
was used in ccnjunction with domestic hot water
and space heating; a lesser but still significant
reduction was experienced when solar powered
refrigeration was added.

Table 1 shows the storage efficiency (Energy Used/
Energy In x 100) ranged from 82.4 to 89.4 percent.
The efficiency of the 10 home subdivision was
reduced since the depth for reasons described
above was made less than the other two subdivision
sizes. This reduced depth increased the surface
area and therefore increased the losses.

The storage losses on ali systems except for the
10 home space and domestic hot water design were
approximately 12 percent. This does not include
the 10 percent losses that were estimated for
delivery. Total losses of storage and delivery
were approximately 22 percent.

The above system furnished 100 percent of the
subdivisions' space conditioning and domestic
hot water in an average year. Generally, solar
systems are designed to furnish 60 or 70 percent
in order to be cost effective. With annual
storage, 100 percent systems in an average year
can be achieved. For instance, centralized
back up systems would only be used on space
heating designs in years when the temperatures
were below average in the winter. An above -

average temperature in the summer might require
the operation of the back up heat source in
systems supplying air conditioning.

ECONOMICS

The presentation of a complete economic analysis
of the floating -solar -annual- storage system is

beyond the scope of this paper. The economics
would depend on several factors including the
site selected, the soil conditions, climate, the
size of system and the spacing of the homes to
be served.

There are some money saving features of the
system such as the close proximity of the col-
lector with regard to the storage. Several cir-
culation systems through the collector into the
storage could be used to reduce both pumping and
piping costs. The use of the floating system
rules out the installation of expensive footings
that would otherwise be used in fixed altitude
cracking systems. The platform would easily
bolt together on the reservoir which would be
previously filled with water. With the aX.muth
tracking system there would be a maximum collec-
tion of energy per unit of land occupied.

As compared to the value of electricity in Tucson
the system would collect $500,000 worth of thermal
energy per hectare (2.5 acres) per year. Due to

this high rate of return the cost of land to put
the system on should not be a problem.

The district heating approach would not require a
backup system in each home. Only a central back-
up system such as a coal or butane gas fired
central boiler would be needed. This is a con-
siderable savings. The cost of distribution of
heat from a central source using a water media is
not formidable. There are many "district heating"
systems in Europe that are operating satisfactorily
[5]. These systems are reported to have distri-
bution heat losses of 5 to 10 percent. Experience
from lining salt gradient solar ponds can be used
to line reservoirs for the system under discussion

[2].

A summary of a cursory economic analysis is found
in Table 2. It does not include the cost of the
land. The basis for this analysis is found in an
Arizona Solar Energy Commission completion report
[4].

DISCUSSION AND CONCLUSION

The simulation program has provided a method where-
by annual storage systems using floating solar
collector can be sized. The program shows that an
overall efficiency much greater than open salt -
gradient solar ponds can be expected.

The computer program needs to be refined to in-
clude among other things distribution losses.
A simulation of the expected stratification in the
reservoir would also be useful. This information
is needed with regard to operation of water chillers
in the summer. In order to maintain the high
summer temperatures needed for these systems water
would have to be taken from storage at the highest
temperature. A means of selective removal at the
appropriate level in the reservoir would be desir-
able. If necessary the collection system could
be operated at a higher temperature to maintain
an appropriate layer of hotter water. In the
winter, as the temperature in the reservoir drops,
the collector could be operated at a lower tem-
perature to increase the efficiency.

A 15 to 20 home demonstration of the system is
needed to verify the program, define any unfore-
seen operational problems and clarify the economics
of the system.

The solar district heating system should be well
accepted by both utilities and consumers. The

utilities now selling non -renewable fuels could
build and operate the solar district systems.
Retrofitting would be more difficult than build-
ing the unit at the time of construction of the
subdivision. However connecting each house to
an insulated twin pipeline and installing the
necessary heat exchanges would be far simpler than
any other type of solar retrofit. In older

neighborhoods the system could be established on
a vacant lot, by closing of an appropriate street
or intersection or by purchasing and clearing
of a house or two. Due to the relatively high
collection and storage efficiency the amount of
land needed per subdivision is relatively small.



Finally, a utility owned and operated system would
provide the consumer with the dependability and
convenience that they are used to with their
non - renewable sources of thermal energy.
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TABLE 1

CENTRAL STORAGE OF HEAT FOR SPACE CONDITIONING
AND DOMESTIC HOT WATER AZIMUTH

TRACKING SOLAR COLLECTOR

Reservoir Storage Water Collector
Parameters Temperature Area

Surface Per Storage*

Area Dia. Depth Min. Max. Total House Efficiency

m2 m m oK oK m2 mZ Percent

10

Heating 319 20.1 8.5 322 367 194 19.3 82.4

Heating & Cooling 394 22.5 6.7 331 164 375 37.4 88.2

50

Heating 1026 36.3 11.3 321 366 903 18.0 88.4

Heating & Cooling 1904 24.6 6.7 336 365 1866 37.3 88.7

250

Heating 4680 78.0 10.7 323 366 4448. 17.8 89.8

Heating & Cooling 9457 109.7 6.1 335 365 9269 37.0 89.3

* Storage efficiency is the energy output /energy input X 100.



Figure 1. Floating azimuth tracking 1.22 m aluminum parabola.
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Figure 2. Floating azimuth tracking segmented parabola

concentrator.



Figure 3. Center pivot drive for azimuth tracking floating
platform.

Figure 4. Hexcel parabolic collector on azimuth tracking
platform.
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TABLE 2

CAPITAL COSTS
SOLAR DISTRICT HEATING IN TUCSON, AZ. WITH
ANNUAL STORAGE OF 250 HOME SUBDIVISION*

Parabolic Collector

15 -cm Foam Tracking Platform

Excavating & Lining

Low High

$

38

27

$

33

27

Circulation 5 5

Distribution ** 27 27

Total Installed 140 205

Engineering & Contingencies 9 40% 56 82

Subtotal 196 287

Royalties & Profit 9 20% 39 57

TOTAL COST PER SQ. METER 235 344

TOTAL COST PER HOUSE $4182 $6123

Tax Credits /House
(State & Federal) $2050 $3000 (Max)

Estimated Savings /Hous e * ** 500 500

NET COST PER HOUSE $1632 $2623

AMORTIZATION COST PER HOUSE

(12% interest with a 20 -year life) $ 218 $ 352

* Costs are per square meter of collector unless otherwise indicated.
** Distribution costs are based on a spacing of 3 homes per acre. -

*** The savings is the estimated difference between the cost of gas furnace
and solar heat exchangers.
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