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PREFACE

This report discusses the applicability of using solar
energy to assist and improve the efficiency of heat pumps
used in Air Force family housing units, particularly those
at Little Rock AFB, AK. It combines four reports prepared
as the results of a study performed by Dubinr-Bloome Associates
for the Air Force Civil Engineering Center (AFCEC). This
study was conducted for Headquarters Air Force, Directorate
of Engineering & Services, Housing Division.

Dubin-Bloome Associates' principal advisors were Fred S.
Dubin and H. Robert Sparkes. Their project managers were
Barry O. Symmonds and Philip Fine. The AFCEC project officer
was Freddie L. Beason. Larry W. Strother and Freddie L.
Beason combined the four reports developed by Dubin-Bloome
Associates into this technical report.

This report has been reviewed by the Information Officer
(OI) and is releasable to the National Technical Information
Service (NTIS). At NTIS it will be available to the general
public, including foreign nations.
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SECTION I

INTRODUCTION

1.1 BACKGROUND

The scope of this study was to identify generic solar
assisted heat pump systems which can be applied to any house
regardless of geographic location or climate.

This study was divided into three phases. The intent
of Phase I was to subjectively analyze solar-assisted heat
pump systems and select the six most promising.

The second phase was to make a complete objective
analysis of the two most promising systems selected from
Phase I, including capital and operating costs to determine
which would be more favorable for installation in houses at
Little Rock Air Force Base, Arkansas. During this phase of
the study, a suitable house at the Little Rock Air Force
Base was selected.

Subsequent to the completion of Phase II, the original
scope of work was amended to include the evaluation of a
solar-assisted hybrid heat pump system at Little Rock AFB
and to determine the suitability of this system for Scott
AFB, Illinois.

The third phase of the study was to develop design drawings
and specifications for the most promising system selected
from Phase II and show how it fits into the selected house.
This phase also includes:

a. Recommendations for retrofitting the house to
improve its thermal properties to reduce both heating and
cooling loads.

b. Cost estimates for the system installation and
building retrofit.

c. Design calculations.
d. Evaluation of energy use and economics.

1.2, PHASE I

Summary.

Twenty-one candidate systems were selected and subjectively
evaluated. A tentative selection of the six most promising

systems was based on gross scores against a series of
qualifying factors.

0ot




Because each application must meet unique conditions
for a given house, geographic location and climate, no
system can be selected as best for all conditions. In some
cases, systems not included in the six tentative selections
may prove more desirable and the choice should be left open.
A full discussion of the twenty-one systems and methods of
analysis is included in Section II.

Conclusions.

The six tentative system selections are:

SYSTEM NO. 3 - Air collector, rock storage, unitary or
split heat pump of any generic type, solar energy used for
direct heating only.

SYSTEM No. 6 - Identical to System No. 3 but employing
a liquid collector and water storage.

SYSTEM No. 19 - Centralized liquid collector and water
storage, incremental water-to-air heat pumps connected to a
common hydronic loop.

SYSTEM NO. 17 - Liquid collector, water storage, unitary
water-to-air heat pump.

SYSTEM No. 1 - Air collector, rock storage, unitary
air-to-air heat pump.

SYSTEM No. 4 - Identical to System No. 1 but employing
a split air-to-air heat pump.

1.3. PHASE II

Summary.

Systems 3 and 6 have been designed in greater detail
and studied in relation to a typical single family dwelling
in Little Rock, Arkansas. Load profiles have been developed
and five sizes of each system have been matched against them
to determine yearly energy use and solar participation.
Costs for each size and type of system have been estimated
and, together with energy costs, have been used to determine
cash flow and cost effectiveness.

System 3 and System 6 were compared for equal collector

area and equal solar participation. In each case System 6
had a lower first cost and superior financial benefit.

1-2




Conclusions.

System 3, employing air collectors bears the penalties
of higher collector cost, higher retrofit costs and lower
solar participation for a given size system.

The conclusions of this report, therefore, are that
System 6, employing liquid collectors, should be selected
for retrofitting USAF houses in Little Rock, Arkansas.

It should be recognized, however, that the installation
cost penalties of System 3 will not occur in new house con-
struction, and that this system may well be viable under
these circumstances.

The costs of air collectors used in this report are
those of the only two major manufacturers (Solaron and
Sunworks). Subsequent to compiling this report another
manufacturer (Kalwall) has announced production of a new air
collector at two thirds of the current price. Information
on this collector is not yet available, but if efficiencies
are comparable with Solaron and Sunworks, then the rating of
systems 3 and 6 may change. In such a young industry, it is
inevitable that advances by manufacturers will change the
parameters of the "best" system.

1.4, PHASE IIA

Summary.

Three potential manufacturers of a hybrid heat pump
system have been identified and the performing curves of one
manufacturer have been used in compiling this report.

A solar-assisted hybrid heat pump heating and cooling
system has been designed and its performance in various
modes of operation has been studied in relation to a typical
single family house both in Little Rock, Arkansas, and Scott
AFB, Illinois.

Load profiles for each house have been developed and
various sizes of solar systems, integrated with one heat
pump unit, have been matched against them to determine

energy consumption. Costs for each system have been estimated

and, together with energy costs, have been used to determine
cash flow and cost effectiveness.
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Conclusions.

At Little Rock AFB, the solar-assisted hybrid heat pump
system (System #22) consisting of a combination of liquid
solar collectors integrated with a heat pump capable of
operating in either the water-to-air or air-to-air modes
consumes approximately 5 percent more energy annually than
the solar-augmented heat pump system (System #6). At Scott
AFB, the hybrid heat pump system consumes approximately 30
percent more energy in January than the solar-augmented heat
pump system. These results stem from the fact that the
hybrid system operates for substantially fewer hours in the
direct solar heating mode which consumes far less energy
than either of the heat pump modes. In addition, there are
no indications that the economics of the hybrid system are
enhanced by decreasing collector area or by varying storage
volume.

1.5. PHASE III
Summary.

A preliminary design integrating System 6 into a specific
structure at Little Rock AFB has been completed. Energy
conservation measures have been evaluated and a final load
profile has been developed. The heat output of the collector
array, at various tilts and areas was determined. Costs to
purchase and install the system were estimated and the
economics of various alternatives were compared to optimize
collector area. Preliminary equipment specifications and a
recommended equipment list have been developed.

Conclusion.

The preliminary design integrates System 6 into the
residence at 170 Alabama, Little Rock AFB. The solar system
consists of approximately 145 square feet of semi-concentrating
non-evacuated, tubular collector mounted flat on the existing
roof. The tubes are rotated to provide an effective tilt of
32°, The major system components are an air-to-air split
system heat pump, 330 gallons of thermal storage, an 80-
gallon domestic hot water preheat tank, pumps, and controls.
The solar system will meet approximately 70 percent of the
annual heating and domestic hot water load. Net annua.
savings at the current electric rate of $0.025/KWH will be
about $115.

Recommendations.

It is recommended that System 6 be installed at Little
Rock AFB and that it be instrumented to determine system

1-4




performance. Additional studies should be conducted to
determine applicability of Solar-assisted Heat Pumps/Solar-
augmented Heat Pumps Systems at other geographical locations.
Also, new developments in heat pump and solar systems should
be monitored and their applicability to Air Force needs
determined. Developments in Rankine Cycle Heat Pump Systems
should be monitored closely. The applicability of multiple
heat pumps on one solar system should also be investigated.




SECTION II

PHASE I

2.1. GENERAL

This study concerns the application of solar energy to
assist and improve the efficiency of operation of heat pumps
in United States Air Force housing units. At the present
stage of heat pump technology this implies that solar assist
will be used in the heating mode only, and that the cooling
load will be met directly using conventional electric
drive. There are, however, pilot systems being developed by
various manufacturers which will allow solar participation
for both heating and cooling modes of operation. These
systems, although not immediately available, have been
considered and are further described in this report.

Solar energy assist to heat pump operation has been
considered either for direct use when the full heating load
is met by solar energy, and/or as a low grade temperature
heat sougce to the heat pump in extreme weather, to improve
its CoP.

2.2 OBJECTIVES

a. The objectives of adding a solar collection system
to a heat pump system are:

. To reduce the fossil fuel energy needed to meet
the heating load and provide domestic hot water.

. To improve the COP of the heat pump during
extreme weather, thus reducing the yearly requirement for
auxiliary energy.

. To reduce peak loads by using thermal storage
to carry over during periods of high demand.

. To reduce peak heating and cooling loads, and
yearly energy use, improving the thermal qualities of houses.

l. COP - Coefficient of performance - defined as heat
output (heat delivered to house) divided by energy input to
operate heat pump, expressed in the same units.

2-1
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. To reduce the operating and life cycle costs of
the heat pump system.

. To use solar energy as an alternative to non-
renewable energy resources.

b. The objectives of this study are:

. To develop a set of generic solar assisted heat
pump systems from which selections can be made for different
sizes and types of houses in various geographic locations
with widely differing climates.

. To select a system or systems and prepare
designs for installation in an existing house or houses at
Little Rock Air Force Base.

. Althcugh not included in the original scope of
work, a further objective of this study should be to install
a pilet system that incorporates the latest technological
developments. This installation would be experimental, but
would foster improvements in the domestic application of
both heat pumps and solar energy.

2.3. METHODOLOGY

The methodology used in compiling this report was to
assemble information from manufacturers, from existing heat
pump systems, and from the contractor's own extensive techni-
cal labrary, and use this information as the basis for
developing potential systems and assessing their merits.

All judgments made in this report are subjective and
are based on the experience of the contractor and on information
from the above sources.

Manufacturers of heat pumps were contacted for data on
their latest models. Their responses revealed that the new
generation of heat pumps generally have higher COPs and are
able to operate over a larger range of outdoor temperatures
than models manufactured two or three years ago. Manufacturers
are also becoming conscious of EER (Energy Efficiency Ratio)
ratings, and values of 7-8 for cooling are common. The
performance of the Westinghouse HI-RE-LI heat pump is typical

and has been used when making subjective judgments of generic
machines.

Manufacturers of solar collectors were contacted for
data on construction and performance. The performance data

2-2
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were reduced to the same base and the efficiency curves
shown on Figure 1 were developed. These curves compare the
relative performance of collectors, and help reflect the
most favorable collector to be selected for a given set of
operating and climatic conditions.

The contractor was retained by HUD to assist in managing
its solar energy program, and part of his task was to
review actual designs and installations of solar energy
systems in houses located in various parts of the country.
Of the 50 designs reviewed, nine were solar assisted heat
pump systems. Experience gained in this work was applied 1n
compiling this report.

Little Rock AFB was visited and base personnel were
asked about their experiences with the existing heat pump
systems. The systems on this base have been in continuous
use for over 15 years, and the benefit of experiences gained
has been applied in compiling this report.

The feasibility of using low temperature turbine Rankine
cycle heat pumps was investigated.

Systems using air as a refrigerant were investigated to
determine their feasibility and date of availability.

The use of Stirling engines as heat pumps was also
investigated.

Over the past year the contractor has worked in conjunction
with others to determine the causes of corrosion in solar
energy systems, particularly those with aluminum absorber
plates and has cooperated with them to develop a water
treatment method for corrosion control. Results of this
treatment at the George A. Towns School in Atlanta indicate
that corrosion can be limited to less than 0.1 mil per
year. This cooperative effort is an ongoing task and the
experience gained was applied in these systems evaluations.

Various universities and research organizations were
contacted to determine:

. The progress in developing a suitable phase change
storage material.

. Whether phase change materials are presently available
for commercial use.

. Whether the characteristics of phase change materials
will complement the operation of a solar assisted heat pump
system,
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2.4. COMMON DESIGN CONSIDERATIONS

There are design considerations common to various
systems which, while not directly affecting the operation of
the heat pump, are important factors and must be considered.

a. Frost Protection

All liquid collector systems are susceptible to
frost damage. The two most common methods of protection are
to use an antifreeze/water mix or a drain-down system. The
use of antifreeze fluids introduces complicating factors of
corrosion control and separation of the antifreeze circuit
from the rest of the system. This separation implies the
use of heat exchangers which require an approach temperature
differential to make them work. This temperature differen-
tial either reduces the usable temperature of collected heat
or forces the collector to operate at a higher temperature
and consequent lower efficiency. Present federal policy re-
quires the safety feature of double heat exchangers to
separate antifreeze circuits from potable water supplies
with the consequent double loss effect of approach temperature
differential.

Frost protection by drain-down is achieved by
maintaining a free air space in the storage tank and pumping
water into the collectors and back to the storage tank
whenever favorable collection conditions exist. When heat
collection is no longer possible, the pump stops. Automatic
air vents at the highest point of the system open and allow
all the water within the collector system to drain back into
the storage tank. This method of frost protection is more
direct and requires less equipment than a system employing
antifreeze. It also overcomes the disadvantage of heat
exchanger approach temperatures. The system must, however,
be carefully designed and pipes installed at the correct
pitch to insure full and positive draining of the collectors,
or ice formation and rupture of the absorber plate will
occur. It is recommended that wherever possible, drain-down
frost protection be employed on the grounds of simplicity
and lower cost. All system diagrams show drain-down frost
protection. Details of optional frost protection are shown
in Figure 2.

Air collectors are not subject to frost damage.
When incorporated into systems that include air-to-water
heat exchangers, care should be taken to prevent cold air
gravity circulation from the collectors with the attendant
danger of freezing the heat exchanger. Careful location of
the heat exchanger, proper ductwork routing, and close-
fitting dampers will avoid this problem.
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b. Storage

All systems considered in this report require some
means of thermal storage. The thermal capacity of the
storage is theoretically a function of the magnitude of the
loads, the system operating temperature range, the area of
solar collectors, and the length of time stored heat is
intended to meet the load. 1In a retrofit situation, more
practical concerns, such as space available and difficulty
of installation, may dictate the selection of a particular
type and size of storage. The following three types of
storage have been considered when selecting systems:

(1) Phase-changing Materials.

(2) Rocks.

(3) Wwater.

Each type is discussed, in turn, below:

(1) Phase-changing Materials. There have been no
recent breakthroughs in phase change materials for thermal
storage. There is continuous effort among researchers to

develop materials suitable for heating, cooling, and domestic
hot water system storage.

One of the best materials discovered thus far for
heating is Calcium Chloride Hexahydrate. It melts it 83°F,
considered optimum for heat pump evaporators. Its latent
heat is 45.6 cal/gram (8.2 BTU/1lb), and the specific heat is
0.35 BTU/1b-°F for the solid phase (at 68°F) and 0.5 BTU/lb-
°F for the liquid phase (at 122°F). The complete chemical
costs (including a nucleating agent to prevent super-cooling)
is estimated at 4-6¢#/1b. It melts congruently, has a high
water content (6 hydrates), and is readily available=--all
considered favorable qualities. Experiments are currently
being conducted to determine its corrosive properties although
this is not anticipated to be a problem. The most promising
use for this material seems to be in thermal storage tubes
transferring energy to an airstream directly flowing over
the tubes, or encapsulated within some solid material (probably
plastic) as building modules (e.g., to form a wall).

So far, good salts suitable for cold storage are
very expensive (40¢-60¢/1b.).

b
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Paraffins are considered best for domestic hot water, in

spite of higher price (10-15¢1b.), lower latent heat (40
cal/gram = 72 Btu/lb.), and the fact that some abrasion
problems have been encountered. Certain acids, such as
Naphthalene Benzoic acid eutectic, look promising but research
is not sufficiently advanced to draw firm conclusions.

A new development in the storage field stems from
recent work done by Dr. Harold Lorsch at the Franklin Institute
in Philadelphia under contract with ERDA. To eliminate the
problems of low thermal conductivity in phase change materials
which necessitates a heat exchanger with a large surface
area/volume ratio, he proposes using the heat of precipitation
encountered in some chemical mixtures to allow the liquid
phase to be maintained. By adding the precipitate to a
normal storage tank, the heat capacity can be increased by a
factor of 2 to 4 with the same heat exchange characteristics
as water and no problems.

Phase change materials and similar approaches to
thermal storage are still in the experimental stage, and
some have been successfully demonstrated in pilot systems,
but are not yet suitable for large-scale or commercial use.
For this reason, phase change materials are not considered
for any of the systems discussed in this report. However,
these materials may well prove effective in providing large
thermal capacity in a small volume within the near future.

(2) Rocks. Of the systems selected and discussed
in this report, all of those employing air collectors may
also employ rock storage as this provides a low cost and
simple means of storage. The disadvantage of using rocks,
however, is that rocks have a lower specific heat and conductivity
than water and require approximately three times the space
for the same thermal capacity. 1Ideally, rock storage should
be as close as practicable to the collectors, as air ducts
must be used for connections between them. This is, however,
not always possible in an existing building, and if there is
insufficient space within the house, and the rock storage
bin has to be constructed away from the house, it may be
extremely difficult and costly to make the necessary ductwork
connections.

(3) Water. All of the selected systems using
liquid collectors also use water as the thermal storage
medium. The water is normally contained within a metal
tank, either pressurized or open to atmosphere. The tank
can be accommodated in any space available within or around
the house, or even underground because only relatively small
pipes are required to connect the storage tank to the collectors
and the rest of the system.
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In summary, only two types of storage are considered
in this report: rocks and water. Generally, rock storage,
in conjunction with air collectors, is the simplest and
cheapest solution for systems which use warm air directly
and do not require high temperatures.

Some retrofit situations will, however, preclude
the use of rock storage because of space problems and the
difficulty of running air ducts. In these cases, it may be
more practical and economical to use water storage, even
though the overall liquid system has a lower rating. For
systems that require high temperatures, such as the Rankine
Cycle Heat Pump, water is the only practical storage medium.

2.5. SOLAR COLLECTORS

Three generic types of solar collectors have been
considered in this study:

a. Flat Plate Liquid.

b. Flat Plate Air.

c. Tubular.

There are many variations within each group, such as
type and number of cover plates, type of absorber, absorber
coating, and insulation, that affect performance, cost, and
ease of installation.

New types of high efficiency focusing collectors are
being developed, but are precluded from this study on the
grounds of their high cost, experimental nature, and incoaility
to capture diffuse radiation.

Figure 1 shows typical relative instantaneous efficiencies
for currently available collectors.

Collectors should be selected for high efficiencies
over normal operating range. For example, collectors used
primarily for pre-heating require high efficiency at low
collection temperatures, but do not need to collect efficiently
at high temperatures; whereas, systems such as the Rankine
Cycle Heat Pump require higher operating temperatures and
the selected collector should be capable of collecting
efficiently under these conditions. Referring to Figure 1,
collectors for pre-heating should have high efficiency for
an abscissa value between 0.1 and 0.3. Collectors used
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predominantly for direct heating should have high efficiency
for abscissa values between 0.3 and 0.6. Collectors used
for any high temperature application (above 160°F) should
have high efficiency for abscissa values above 0.7.

Flat plate collectors are available with one or two
cover plates of transparent material, usually glass, but
sometimes plastic. The selection of a particular collector
construction should be related to climate and end use. Two
cover plates are not required for low temperature collection
in warm climates and may, in fact, be detrimental as each
cover plate reflects a fraction of the available sunshine
before it can reach the absorber plate. Two cover plates
should be used when the temperature difference between the
absorber plate and the outdoor air is high (greater than
80°F) as occurs in severe winter climates for heating, or
when collecting at high temperatures for cooling.

Various surface treatments are available for the absorber
plate. The least costly and most durable to date is a flat
black surface which has a high absorptivity (greater than
0.93) but also has a high emissivity. Selective surfaces
are available at a higher cost (approximately 50¢ per square
foot extra) which have a slightly lower absorptivity (0.9),
but a very much lower emissivity (0.2). This lower emissivity
reduces radiation losses which are a function of plate
temperature. Radiation losses, however, only become significant
at relatively high absorber plate temperatures (over 160°F).
For low temperature applications, flat black surfaces are
acceptable, less costly, and sometimes more desirable because
of their higher absorptivity.

The type and slope of roof will affect the collector
installation. Ideally, flat plate collectors should be
installed at a tilt of latitude +10° for heating and -10°
for cooling. Small angular variations in tilt will not
significantly affect yearly collector output, but some
collectors are more sensitive to this than others. If the
roof slope angle is shallow, it may be necessary to build a
superstructure or change the roof pitch to achieve an acceptable
collector tilt angle. KTA makes a high performance liquid
horizontal tubular collector which can be mounted at any
angle between horizontal and vertical without detracting
from its performance. This collector would be eminently
suitable for direct mounting on shallow pitch roofs. Air
collectors are generally lighter in weight than liquid
collectors and are not subject to frost damage. They do,
however, require larger roof penetrations for the air duct
connections and are usually more difficult to successfully
integrate with the existing structure.
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Liquid collectors are easier to install and pipe,
requiring less alteration to the building, but are susceptible
to frost damage.

2.6, SYSTEM TYPE DEVELOPMENT

Heat pump systems fall naturally into four categroies
of:

a. Air-to-Air.

b. Water-to-Air.
c. Water-to-Water.
d. Air-to-Water.

Although it is theoretically possible to design many
types of systems in each category, practical limitations are
imposed by what is or will shortly become commercially
available. The bulk of the systems fall into the air-to-air
and water-to-air categories with only one water-to-water
system currently available.

There are many variations within each generic type and
the systems selected as candidates for evaluation were
developed by combining major items of equipment to form
complete systems; e.g., each heat pump type was considered
as a unitary and a split system operating in conjunction
with air collectors with rock storage or water collectors
with water storage, and with various types of auxiliary
energy back-up. Further variations within these selected
systems are possible by considering various alteruative
fuels as back-up energy sources. This determination would
be based on the availability of fuels in the particular
geographic location under consideration.

Some special discrete systems such as the Rankine
Turbine, Stirling Engine, and Rovac, are included in the
selection.

The 21 systems developed and selected for evaluation
are shown on Table 1, and are illustrated on Figures 3 to
23'

2.7. SYSTEM EVALUATION

To analyze the relative advantages and disadvantages of
the 21 systems selected for evaluation, various common
qualifying factors were considered. Some of these factors
are more important than others, and each one has been weighted
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9
10
11
12

14
15

16

17

18
19

TABLE 1. SYSTEMS EVALUATED

Domestic Auxiliary Solar
Collector Storage Heat Pump Hot Water Back-up Ref.Fig. Cooling
Air Rocks Air/Air Unitary  Air/Water Electric Coil 4 No
Liquid Water Air/Air Unitary Water/Water Electric Coil 5 No
Air Rocks Air/Air Unitary Air/Water Electric Coil 6 No
Air Rocks Air/Air Split Air/Water Electric Qoil 7 No
Liquid Water Air/Air Split Water/Water Electric Coil 8 No
Air Rocks Air/Air Split Air/Water Electric Coil 9 No
Attic Rocks Air/Air Unitary Air/Water Electric Coil 10 No
Attic Rocks Air/Air Split Air/Water Electric Coil 11 No
Air Rocks Rovac air cycle Air/Water Electric Coil 12 No
Liquid Water Rovac air cycle Water/Water Electric Coil 13 No
Liquid Water Pivoting tip vane Water/Water Electric Coil 14 Yes
Liquid Water Rankine turbine Water/Water Gas or oil 15 Yes
Liquid Water Stirling heat Water/Water Gas or oil 16 Yes
engine

Liquid Water Water/Air Unitary Water/Water Gas/Oil boiler 17 No
Liquid Water Water/Air Unitary Water/Water Gas/Oil boiler 18 No

Water heat source/

sink

Liquid Water Water/Air Unitary Water/Water Gas/Oil boiler 19 No

Ground heat source/

sink

Liquid Water Water/Air Unitary Water/Mater Electric Coil 20 No
Liquid Water Water/Air split Water/Water Gas/0il furnace 21 No
Liquid Water Water/Air incremental

Cammon hydronic loop Water/Water Gas/Oil boiler 22 No
Liquid Water/Ice Water/Air Unitary

Seasonal Storage Water/Water Electric Ooil 23 No
Liquid Water Water/Water Unitary Water/Water Electric Ooil 24 No
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