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EXECUTIVE SUMMARY 

This handbook consolidates a large body of information on the experiences encountered in 
the design, installation, operation, testing, and maintenance of solar heating and cooling sys- 
tems. A substantial portion of the information is derived from the U.S. Department of Energy's 
National Solar Data Network and other government-supported solar heating and cooling system 
projects. While these federally-funded projects may not portray the experiences of privately 
funded and commercial state-of-the-art solar systems, they do constitute systems which have 
sufficient data to allow for definitive conclusions to be made on the system's perfo,nnance and 
operation. In addition, problems of durability and reliability experienced in the federally 
funded programs are common to a wide variety of'solar systems, and vary significantly from the 
National Demonstration Program's experience only in degree and not in the specifics of dif- 
ferent types of problems. 

This handbook details a large array of problems encountered, including design errors, in- 
stallation mistakes, cases of inadequate durability of materials and unacceptable reliability 
of components, and wide variations in the performance and operation of different solar systems. 
It should NOT be inferred, however, that this cataloging of problems in solar system design and 
installation implies that solar heating and cooling systems are not technically or economica,lly 
feasible. In reality, the reverse is true; solar heating and cooling systems can be economi- 
cally and technically feasible. Many well-designed and properly installed systems have pro- 
vided significant energy savings and demonstrate the practical, technical and economic justifi- 
cation for the use of solar energy in reducing the use of non-renewable energy resources. 

The theme of this handbook might very well be: It works, if you do it right. Based on 
experiences of operating solar heating and cooling systems, it can be concluded that substan- 
tial savings in non-renewable energy resources can be achieved with the use of solar energy. 
Among the well-designed and properly installed systems evaluated in this handbook, the average 
energy savings were: 

Savings in Non-Renewable Energy Resources 
Type Solar System (million Btu/year p-~r square foot of collector area) 

Domestic hot water 0.22 
Passive space heating 0.10 - 0.29 * 
Active space heating 0.19 
Active space cooling 0.03 
Potential active cooling 0.11 * *  

The majority of solar heating and cooling systems discussed in detail in this handbook did 
not achieve the energy savings per square foot of collector given above. The major purpose of 
this handbook is, therefore, to present the reasons for the reduced performance of many systems 
and to provide a compendium of data which details the problems encountered by operating solar 
systems. The emphasis on problems should not be construed to imply that solar systems typically 
encounter more problems than do conventional HVAC systems. Rather, a discussion of problems 
may be as instructive and useful as a detailed report on successful systems. 

* Based on certain assumptions (see Section 3.4.1) 
* *  Based on certain assumed system modifications and subsequent improvements '(see 

Section 5,4.9) 
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Some of the significant conclusions from the development of this handbook are: 

Systems that followed long-standing and recognized design and installation prac- 
tices, that utilized proven system design, and that were properly controlled 
performed well. 

'A substantial portion of the problems associated with operating solar systems 
were problems directly related to conventional HVAC (Heating, Ventilating and 
Air Conditioning) practices. These problems include: 

(1) Inadequate or non-existent specifications 
(2) Lack of application of good engineering practices 
(3) Failure to adhere to good HVAC procedures 
(4) Use of improper design tools or methods 
(5) Unacceptable cost reduction attempts 
(6) Lack of detailed design and/or planning 
(7) Improper or non-existent'maintenance 
(8) Lack of availability of maintenance or operating manuals 

Solar-related problems that have reduced the performance of solar heating and 
cooling systems include: 

(1) Improper application of sol.ar design methods 
(2) Improper selection and integration of system components (specifically 

the poor matching of components with load and with other components 
within the solar system) 

(3) Inappropriate or unacceptable components (e.g., collectors) that con- 
tained design flaws 

(4) ~ssign and inctallation 01 ii~~luva.tive, unique, or llexperimentalll 
systems without adequate testing, control, and/or instrumentation to 
ensure proper operation 

(5) Improper installation procedures 
(6) Pnnr selection of operating modes 
(7) Insufficient analysis of system hydraulics 

The major factors which resulted in reduced or unacceptably low performance 
include: 

(1) Excessive thermal losses from the system to the interior and 
exterior of the conditioned space 

(2)  Unacceptable and excessive electrical energy consumption in 
operating tho solar systa~ 

(3) Lack of proper controls in operating the solar system and specific 
solar components (e.g., the absorption chillers in solar space 
ccrolirip syttems) 

(4) Lack of adherence to architooturnl constraints 

Soiar domestic hot water (DHW) systems in general performed well. With few 
exceptions, system thermal efficiencies (useful heating divided by solar energy 
daily input) of 22 to 33 percent were achieved. 

The importance of system design (single tank, double tank, drain-back, drain- 
down. etc.) anrl nhnicrt of heat trangfor fluid (w~ler, tilr, w a r m  glycol, 
silicone, etc.) were shown to be of major importance in the level of perfor- 
mance of DHW solar systems. 

Freeze protection design has been shown to be a critical factor in t.he choice of 
sular DHW system designs. 

Passive space heating systems generally performed at high levels and with mini- 
mal operating problems. However, many of these passive systems included active 
elenients and thus could be considered hybrid systems. 

Temporature variations in passive space heating systems ranged from 5°F (2.8OC) 
for closely collt~olled erivironmevlts (i.e., residences) to as much as 35°F 
(19°C) for warehouses. 

Movable day/night insulation (e.g., beadwalls, insulating curtains, louvers, 
etc.) were effectively used to reduce night time heat losses without inter- 
fering with daytime collection of solar radiation. 



. .  - ,  

Those greenhouses included in this evaluation provided only minor contributions 
to the heating of the conditioned space, but did function as effective tempera- 
ture buffers between the conditioned space and the ambient. 

The economic feasibility of passive solar heating systems was demonstrated to 
depend upon the ability of the passive system to: (1) reduce the heat loss to 
the ambient (particularly through the collection surfaces) and (2) to minimize 
temperature fluctuations within the occupied space and to maintain comfort 
conditions. These objectives were met by: 

(1) Reducing night time heat losses with some form of day/night 
,movable insulation or by the use of attached greenhouses as 
temperature buffers 

(2) Limiting temperature fluctuations with substantial thermal mass 
(which was not subject.to excessive thermal losses to the ambient) 
and with the use of hybrid or active/passive system components to 
improve heat distribution 

Direct gain passive heating systems without intervening mass walls, greenhouses, 
or other temperature buffers caused considerable temperature variations for 
systems contributing more than ten to twenty percent of the space heating 
requirements. 

Passivc designs did nnt. always consider effects of moisture accumulation and the 
need for reasonable levels of natural or forced ventilation. 

On average, active space heating systems performed at unexpectedly low levels. 
However, several systems which had received careful attention to detail in their 
design, installation and operation performed well. 

Active space heating systems utilizing air-heating solar collectors with pebble- 
bed storage and water-heating solar collectors with.water storage performed with 
equivalerit efficiencies and savings in non-renewable energy resources. Neither 
of these two major types of solar heating systems was shown to operate at 
significantly higher performance levels. 

The majority of solar active cooling systems evaluated were net energy losers, 
i.e., they utilized more conventional energy (in the form of electricity to 
operate the solar system) than they supplied from the solar components. Al- 
ternatively two systems (one residential and the other commercial) performed 
well and achieved significant energy savings. 

Given the realistic potential improvements in two of the operating solar systems 
and the modified calculation of potential real-energy savings, it may be con- 
cluded that solar cooling systems can achieve savings in non-renewable energy 
resources of 0.11 million Btu per year per square foot of collector. 

In order for solar cooling systems to be technically and economically feasible, 
thermal heat losses and solar upaating electrical energy consumption must be 
minimized, internal and system controls must be optimized for maximum perfor- 
mance, and component,.system and load requirements must be properly integrated. 
Solar space cooling systems can achieve system overall efficiencies of 20 to 35 
percent when careful attention to design is a prerequisite. 
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GLOSSARY 

active system A solar system that uses pumps or fans to circulate a'heat transfer 
.fluid through solar collectors and to distribute heat to the building; 
the opposite of a passive system. 

air-type collector A solar collector that uses circulating air as the heat transfer fluid 
or air collector 

ambient temperature . The temperature of the surroundings. as measured by a dry-bulb 
thermometer. 

antifreeze loop A circuit, consisting of.the solar collectors, a pump, and a heat ex- 
changer through which an antifreeze solution is pumped. 

aqueous solution A mixture of a substance (such as ethylene glycol) with water. 

ASHRAE 

ASME 

auxiliary system 

Btu 

. '  cathodic protection 

centrifugal pump 

coil-in-tank heat 
exchanger 

collector 

collector coolant 
or fluid 

convection, forced 

convection, natural 

cooling season 

daily storage 
temperature range 

DHW 

differential 
thermostat 

American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers, 345 East 47th Street, New York, New York 10017. 

American Society of Mechanical Engineers, 345 East 47th Street, 
New York, New York 10017. 

A system that provides heating or cooling when solar energy alone is 
insufficient, a back-up system. 

British thermal unit. The amount of heat required to raise one pound 
of water one degree Fahrenheit; the basic unit of heat in the English 
system of units. 

A method of corrosion protection in which a highly reactive metal bar 
is placed in the system liquid. To be effective the metal bar must be 
more reactive than the most reactive metal component in the system and 
must have a continuous electrical path to the most reactive metal 
component. 

A type of pump in which a liquid is flung outward by the rotation of an 
impeller. See positive displacement pump. 

A coil of tubing surmerged inside a tank. One heat transfer fluid is 
pumped through the tubing while the other flows over the outside of 
the tubing by natural convection. 

A device constructed to absorb solar energy and,convert it to useful 
heat. 

A heat transer fluid used in solar collectors 

A means of transferring heat in which the heat transfer fluid is moved . 
by external means such as a pump or fan. 

A means of transferring heat in which the heat transfer fluid is moved 
by the buoyancy of its warmer parts. 

The time of year (usually June to September, but varying with climate) 
when air conditioning is desirable to maintain c'omfortable room temper- 
atures. 

The difference between the warmest storage teqerature attained in a 
day and the coolest storage temperature. reached on the same day. 

Potable domestic hot water. 

A device that uses a measured temperature difference (such as the 
ternparat.ure difference between the collectors an$.storage) to control a 
device (such as a pump or fan). 



drainlback system A method of pro tec t ing  t he  s o l a r  co l l ec to r s  against  f reezing by drain-  
ing t h e  co l l ec to r  water i n to  t he  s torage tank whenever t he  co l l ec to r  
pump shuts  o f f .  

drain-down system A method of pro tec t ing  t he  s o l a r  co l l ec to r s  against  f reezing by drain-  
ing t h e  co l l ec to r  water i n t o  s torage  by means of vents and valves, a t  
near  f reez ing  conditions. 

e f fec t iveness  of 
hea t  exchanger 

The r a t i o  of ac tua l  heat  t ransfer red  i n  a heat exchanger t o  the  maximum 
poss ib le  hea t  t h a t  could be t ransfer red  i n  a per fec t  heat  exchanger. 

expansion tank A device used t o  l i m i t  t h e  pressure increase caused by thermal expan- 
s ion  of t h e  l i qu id  i n  a sealed system. The expanding l iqu id  compresses 
a i r  i n  t he  expansion tank. 

A method devised by t he  University of Wisconsin f o r  ca lcu la t ing  t he  
performance of s o l a r  energy systems. 

flow r a t e  The volume o r  mass of f l u i d  t h a t  flows pas t  a po in t  i n  a pipe o r  duct 
per  u n i t  of time. In t he  English system the  u n i t s  of volumetric flow 
r a t e  a r e  t yp i ca l l y  gal lons per  minute o r  cubic f e e t  per  minute, and the  
u l ~ i t s  of Illass flow r a t e  are e)ipically pounds per  mj.nl.1t.a (h i s  o r  kg/s).  

f l u i d  A substance t h a t  cannot r e t a i n  i t s  shape without an external  containcr;  
a gas  o r  a l iqu id .  

See convection, forced. forced convection 

F RP 

head The maximum dis tance  a l i qu id  can r i s e  i n  a pipe. Head is  used as  a 
measure of pressure.  

A s  used here, heat d i s t r i bu t i on  r e f e r s  t o  t ranspor t  of heat from s t o r -  
age t o  t h e  p a r t s  of a bui lding where heat  i s  required.  

hea t  d i s t r i b u t i o n  

hea t  exchanges A dovioe f o r  t ransfor r ing  heat from one f l u i d  Lo another w l ~ l l l t !  prevkr~t- 
ing i r r e v e r s i b l e  mixing of t he  two f l u i d s .  

heat ing season The time of year  (usual ly October t o  May, but varying with climate) 
when heat ing i s  required t o  maintain comfortablc room temperatures. 

hea t  of fusion The amount of  heat per u n i t  mass t h a t  must be removed from a l i qu id  t o  
f reeze  it when the  l iqu id  is i n i t i a l l y  a t  i t s  freezing temperature. 

hea t  s to rage  device . A device t h a t  absorbs heat and holds i t  u n t i l  the heat i s  needed t o  
warm a bui lding o r  domestic hot water. 

hea t  t r a n s f e r  
coef f i c i c n t  

The amount of heat t h a t  can be t ransfer red  across  a un i t  area of su r -  
face  p e r  u n i t  of time per  u n i t  of temperature d i f fe rence  between one 
s i d e  o f  t he  sur face  and t he  o ther  [ B t ~ i / h r * " F - f t . ~ ) ,  (w/m2* ?c). 

hea t  t r a n s f e r  f l u i d  A l i q u i d  o r  gas  used t o  t ranspor t  heat from one locat ion t o  another.  
Typicel hea t  t r a n s f c r  f l u i d s  inel~rde rti y ,  w a t e ~ ,  a i d  aklliLreuxu uulu- 
t i o n .  

I-Ieating, Vent i la t ing  and A i r  Conditioning. HVAC . 

hybrid system A s o l a r  energy system t h a t  combines fea tures  of a c t i ve  and passive 
systems. 

A hea t ing  system i n  which,water i s  heated by s o l a r  energy o r  by a 
b o i l e r  and d i s t r i bu t ed  t o  heat  exchangers located a t  various po in ts  in. 
t h e  bu i ld ing .  The hea t  exchangers i n  a hydronic system a r e  typ ica l ly  
r a d i a t o r s ,  baseboard convectors, fan  c o i l  un i t s ,  f l oo r  panels,  o r  
c e i l i n g  panels .  

hydronic system 



insolation 

insulation 

laminar flow 

latent heat 

life-cycle cost 
analysis. 

The amount of solar energy incident on a unit of surface area per unit 
of time (~tu/hr*ft~). (w/m2) . Notice the differences in spelling and 
meaning between insolation and insulation. Insolation is an acronym 
from incoming solar radiation. - - 
A material used to restrict the flow of heat or electricity. 

Fluid flow in which little mixing between fluid layers occurs. Laminar 
flow occurs at low Reynolds numbers. Compare with turbulent flow and 
transitional flow. 

The quantity of heat per unit mass required to change phase. Heat of 
fusion is an example of latent heat. 

A method of comparing the cost of a solar energy system with the cost 
of a conventional system by totaling the costs of each system over the 
lifetime of the solar system. Costs usually included are first cost, 
mortgage interest, fuel, electricity, repairs, tax rates, insurance, etc. 

liquid-type collector A solar collector that uses a circulating liquid as the heat transfer 
or liquid collector fluid. 

maximum operating The highest temperature at which the storage system can operate. Maxi- 
storage temperature mum operating temperature may be determined by the maximum temperature 

that the collectors can attain, the temperature limitations of materials 
in the system, the boiling point of water, or the pressure limitation 
of a sealed system; whichever is less. 

minimum operating The lowest temperature at which useful heat can be extracted from 
storage temperaure storage. 

natural co~lvection See convecti.on, natural. 

net positive The absolute head (pressure) available at the inlet to a pump, 
suction head abbreviated NPSH. Pumps will be damaged by cavitation if the NPSH does 

not exceed the pump's requirement. 

nonpotable fluid A fluid which does not ~ e e t  Public Health Service standards for drink- 
ing water or state or local standards for drinking water. 

,operating The difference between maximum operating temperature and minimum 
temperature range operating temperature for a specified length of time. See daily 

temperature range. 

parasitic losses The power required to circulate heat transfer fluids and operate the 
or parasitic power controls of a solar system. 

passive system A solar systcm that does nnt use pump$ or fans to circulate a heat 
transfer fluid through solar collectors or to distribute heat CO the 
building; the opposite of an active system. 

payback period The length of time until the fuel savings of a solar system begin to 
exceed the difference in cost between a solar system and a conventional 
system. See life-cycle cost analysis. 

phase change systen~ ,A typo of thermal energy storage system in which heat is stored by 
melting a substance and released by freezing the substance. 

plenum A space at the inlet and outlet of a rock bed used to distribute the 
air uniformly to the rocks. 

potable water Water that meets federal, state, and local quality and safety standards 
for human consumption. 

pressure gradient A change of pressure per unit of length. 
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psi 

resistance heating 

retrofit 

R-value 

sensible heat 

sensor 

shell-and-tube 
heat exchanger 

SMACNA 

solar house 

space heating 

 tagn nation , 

temperature 

storage medium 

srorage syste~~~ 

temperature 
~t~ratificotion 

Pounas per square inch; a unit of pressure. Unless otherwise specified, 
pressure is measured relative to atmospheric pressure. 

A method of heating with electricity in which electricity passing 
through a resistor is converted directly to heat. 

As used here, retrofit means to install a solar energy system in an 
existing building or in a building not originally designed for using 
solar energy. 

Resistance of insulation to heat conduction given in units of 
O~-ft~*hr/~tu (m2*Oc/w). 

Heat that, upon flowing into a storage medium, increases the temperature 
of the medium. The constant of proportionality between the flow of 
heat and the temperature increase is the heat capacity of the medium. 

A device that measures pressure or temperature and relays the informa- 
tion to a controller. 

A type of heat exchanger consisting of a bundle of tubes within an 
outer shell and with internal baffles to direct.the fluid flow. One 
heat transfer liquid is pumped through the space between the tubes and 
the shell. 

Sheet Metal and Air c~ndition.i.ng Controctor~' National Association, 
8224 Old Court House Road, Vienna, Virginia 22180. 

A house that derives a substantial portion of its heat from the sun. 

Heating a building to maintain a comfortable indoor temperature. 

Temperature of collector absorber plate at equilibrium, no-flow 
condition. 

As used here, a storage medium is a substance that stores heat in a 
solar system, 

'I'he part of a solar system that includes a storage medium in a con- 
tainer with heat exchangers, pump, valves, and other components neces- 
sary to transfer heat into and out of the ctorage mediuilr. 

Theimal stratification. 

tempering valve A valve that limits the temperature of water flowing from a domestic 
hot water tank by mixing it with cold water. 

thermal 
stratification 

Separation of hot and cool parts of the strzrage medim with i11  !:ILa 
SrOYagC unit. 

thormosyphoning . Mbtion of a fluid caused by buoyance of its warmer parts; natural 
convection. 

thermosyphon 
3y3tm 

toxic fluid 

wraparound heat 
exchanger 

A pumpless solar system in which buoyancy, aotinp on w a t e r  heated by 
the coilector, causes the water to rise int.0 the storage tank. Thermo- 
syphon systems are usually limited to domestic hot water systems in 
the tropics because the storage tank must be mounted above the collec- 
tors and there is no protection against freezing. 

A gas or liquid that i s  poisonous, imitating and/or suffocating, as 
classified in the Hazardous Substances Act, Code of Federal Regulation, 
Title 16, Part 1500. 

A tank that has fluid passages wrapped around it. The fluid passages 
are typically a tube soldered to the outside of the tank (a traced 
tank) or a metal panel with integral fluid passageways clamped around 
the tank. 
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LUNV'ERS ION OF UNITS 

1. Multiply (~~tu/~ear*ft~) by 11.4 to obtain ~ ~ / ~ e a r ' m ~  

2. Multiply (~tu/lb*O~) by 4.19 to obtain kJ/kGoOC 

4. Multiply Btu/(day*ft2) by 11.4 to obtain kJ/m2(day) 

5. Multiply ft2 by .0929 to obtain.m2 

6. Multiply Btu by 1.055 to obtain kJ 

7. Multiply ft3 by ,0283 to obtain m3 

8. Multiply.gpm by ;0631 to obtain R/s 

9. Multiply hp by .746 to obtain kW 

10. Multiply ft3/m by ,472 to obtain R/s 

11. bhltiply ton by 3.52 to obtain kW 

12. Multiply $/ft2 by 10.7 to obtain $/m2 
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1 . INTRODUCTION 

1.1 OBJECTIVES OF THE HANDBOOK 

The principal objective of this handbook is to provide information on the performance and 
operation of solar heating and cooling systems so as to enable future designs to maximize the 
performance of solar systems and to eliminate repeated and costly errors. It is intended that 
these objectives be attained by providing a compendium of practical experiences gained in the 
design, construction, testing, and operating phases of residential and commercial solar heating 
and cooling projects. These projects include those in the U.S. Department of Energy's Solar 
Heating and Cooling Demonstration Program and numerous other projects sponsored by private and 
public interests. This experiences handbook, therefore, is intended as a means of dissemina- 
tion of experience and information to engineers, architects, builders, and contractors. 

This effort is intended as a culmination of prior work which attempts to update the solar 
heating and cooling experiences information base. This base will certainly not be the final 
word on solar heating and cooling applications, but can constitute the foundation on which ex- 

. . perience in the solar field could be expanded. 

1.2 SCOPE OF THE HANDBOOK 

This handbook covers the performance and operational experience with solar heating and 
cooling systems. Applicable systems include: Active solar space heating systems, passive 
solar space heating systems, and active solar space cooling systems. Performance and opera- 
tional data have been acquired from the U.S. Department of Energy (DOE), the National Solar 
Data Program, solar system project reports, solar conference proceedings, design review re- 
ports, cost study reports, progress reports, commercial sources, and various solar energy 
journals and publications. Topics included in this handbook are: 

1) Technical and performance criteria 
2) Durability and reliability of sytems and components 
3) Solar system performance 
4) Analysis of the performance of solar heating and cooling systems 
5) An overview of prior experiences 
6) Management plans and logistics and 
7) Cost factors 

The scope of durability and reliability problems will be limited to problems previously 
encountered in operating systems. Performance of solar systems is limited to quantitative 
values of major energy flows in the system (in and out of solar coll.ector array, thermal stor- 

, .  age, chiller, etc.) and the system thermal and total energy savings. Detailed performance of 
solar components is considered only in its impact on total system performance. 

Another limitation in the scope of the handbook is the emphasis on'solar-related system 
problems and not conventional HVAC problems (which may have been encountered in the solar sys- 
tem operation). The objective is to limit considerations to the special or important aspects 
of designing, installing, operating, and maintaining solar heating and cooling systems, and the 
resulting effccts on system performance. 

1.3 SOURCES AND TYPES OF INFORMATION 

Sources and types of information include: 
1) Commercial and residential solar system project reports and program reports - 

obtained from Marshall Space Flight Center, DOE Operations Offices (Chicago, San 
Francisco), U.S. Department of Housing and Urban Development, and numerous DOE sup- 
support contractors. 

2) Solar Heating and Cooling Systems Operational Results Conferences (1978 and 1979) 
3) Second Solar Heating and Cooling Commercial Demonstration Program Contractors' 

Review (1978) 
4) Preliminary issue of Solar  eati in^ and Cooling Project Experiences Handbook - pre- 

pared by DOE Project Management Centers in Chicago, San Francisco, NASA Marshall Space 
Flight Center, ASHRAE, and the University of Alabama at Huntsville. 

5) Design Review, Cost Analysis, and Program Manager Reports on the commercial solar 
demonstration program - obtained from NASA Marshall Space Flight Center and Mueller 
Associates. 

6) Reliability and maintononce data - obtained from Argonne National Laboratory and 
NASA MSFC. 



7) Solar system and component standards - obtained from the National Bureau of Standards. 
8) Numerous other design, installation, and/or operating handbooks, publications, and 

reports (which are detailed in Section 2.9). 

Information included in the handbook consists primarily of general durability, reliability 
and design problems, and quantitative performance data of solar heating and cooling systems. 
In some cases, specific, detailed problems are discussed along with proposed solutions. The 
overall intent is to allow solar practitioners to visualize the previous probleins encountered 
in solar heating and cooling systems, and to hopefully avoid these and similar problems in 
future installations. 

1.4 IMPORTANCE AND APPLICABILITY OF HANDBOOK 

1.4.1 Importance of Practical Experience 

The basic theoretical understanding of the thermal processes involved in solar energy sys- 
tems are reasonably well understood. Even the interactions between different components in an 
integrated solar system,can be predicted with sufficient accuracy provided that detailed calcu- 
lations consiaer all the factors of thermal and total energy flows. However, this requirement 
for detailed information on the interaction of different components can result in very complex 
calculations and may require the use of large, high speed computers. 

The alternative is to utilize experience gained in the design, installation, and operation 
of systems, combined with limited calculations. This latter alternative is preferred with 
respect to solar heating and cooling systems for practical reasons. The current experiences do 
provide evidence of the-practicality and feasibility of solar heating and cooling systems. This 
body of practical experience thus combines a proof-of-concept demonstration with a compendium 
of lessons learned. Awareness of these factors should lead to improved performance of future 
Systems and substantially increase the commercial feasibility of solar systems. 

1.4.2 Usage of Handbook 

In using this handbook, several factors should be noted. These include the limited sources 
of good data, the limitations on conclusions that can be drawn from the data, the apparent 
emphasis on system problems versus system successes, and the comparison of different systems. 

A substantial portion of the information and performance data presented in this handbook 
is derived from DOE'S National Solar Data Program. This is due primarily to the ready avail- 
ability of the data from these instrumented systems. Data from commercial and privately funded 
projects is substantially less available due to the high costs of instrumentation and data 
analysis. 

In addition, the National Demonstration Program had a high percentage of unique and innova- 
tive solar designs. These systems, which were more experimental than demonstrational, had a 
higher failure rate than some of the later designs. It is extremely important that the reader 
recognize that numerous solar heating cooling systems have operated with virtually no 
problems and a t q r f o r m a n c e  levels. Emphasis on problefis encountered in solar systems is 
necessary in order to alert solar designers and.installers to pgtesial problems and diffi- 
culties. Systems that have worked well, on the other hand, do not provide the same quantity 
of information as do systems that have encountered problems. 

A significant portion of this handbook will compare the performance and operation of dif- 
ferent solar systems. These comparisons will include residential and commercial solar heating 
and cooling systems, and will analyze the differences in performance and operation between: 

1) Different solar designs and systems and 
2) . Solar versus conventional HVAC systems. , 

. 1.5 HANDBOOK FORMAT 

In evaluating the experiences with solar heating and cooling systems, three'critical fac- 
tors are of importance. These factors include the ability of a solar system to: 

1) Operate within design specifications 
2) Operate without major difficulties over its design life 
3) Provide energy savings of non-renewable energy resources. 



From the designer's and installer's viewpoint, the requirements are to: 
1) Make the system work, 
2) Make the system last, and 
3) Make the system efficient. 

These requirements of a solar system are embodied in the handbook format, which organizes the 
experiences in solar heating and cooling systems into: 

1) Durability, reliability, and design problems 
2) Performan5e of solar heating and/or cooling systems 
3) Analysis of systems performance 
4) Performance evaluation of systems, and 
5) Experiences overview 

Durability, reliability, and design problems are in terms of individual subsys- 
tems and components. . These subsystems include: 

1) Solar collector subsystem 
2) Heat transfer fluids 
3) Thermal storage 
4) Passive solar components and 
5) Piping/ducting 

1; addition to discussions on subsystems ,. reliability/operational problems, case studies, 
and an annotated bibliography are discussed in some.detai1. Reliability/operational problems 
are further subdivided into problems associated with freezing, boiling, control system, pumps/ 
fans, and valves/dampers. 

It is noteworthy that while this handbook details many specific problems, it does.not 
necessarily present solutions. In some cases the solution is obvious [i.e., DONIT.DO THIS!). 
In other cases a specific solution may or may not be suggested (.other than choose an alterna- 

- tive design). Limitations in the scope of the handbook narrow its function 'to an identification 
of experienced (and in some cases potential) problems. The annotated bibliography (section 2.9) 
provides additional reading .and some solutions to niany of the design, installation, and opera- 
tional problems identified herein. 

The section on Performance of Solar Heating and Cooling Systems includes a criterion for 
evaluating the design and performance of a solar system and a catalogue of the actual measured 
and calculated performance of DHW, active and passive space heating, and space cooling systems; 
The performance criterion is based on solar collector performance, solar system thermal perfor- 
mance, and overall energy savings by the solar system. 

 he performance is analyzed with respect to the factors that contributed to successful 
systems and, alternatively, resulted in reduced performance of some systems. These are de- 
tailed in sections on: 

1) Selection,and integration of components 
2) Collector array performance 
3) Problem related variations in collector performance 
4) Thermal losses 
5) Sular systenl operation electrical energy requirements 
6) Solar controls-caused variations in system performance, .and 
7) Architectural cor~strair~ts bn system performance 

The following section.consists of general .comments and conclusions on the performance 
evaluation of DHW, passive and active.space heating, and active space cooling systems. 

Appendices include: 
A. Management and Logistics 
B. Case Studies 
C. Mathematical Formalism of Parameters 
D. Economics 
F. References 



2. DURABILITY, RELIABILITY AND DESIGN PROBLEMS 

2.1 INTRODUCTION 

In order to make a realistic and practical assessment of the overall performance of opera- 
ting systems, it is essential that the question of durability and reliability of the components 
constituting the solar system be given some priority of consideration. If a solar heating or 
cooling system has inherent problems of material and component failures or unreliable controls, 
then the question of how efficiently-the system performs is no more than academic, From a de- 
sign and installation viewpoint, there are three critical factors which, in order of priority, 
are: 

1) Make the system work 
2) Make the system last 
3) Make the system efficient 

The first of these factors is essentially a question of reliability or operating the sys- 
tem in such a manner so as to meet design specifications @to ensure savings in non-renewable 
energy sources by the solar system. This is primarily- a question of providing components which 
perform in accordance with design specifications, and integrating these components into an 
operationally-feasible system, and providing controls which operate the system in the desired 
manner. 

The second factor is the durability of the system, i.e., the question of whether or not 
the system will perform over its design lifetime. Reliability ensures that the system does in 
fact operate according to desian;.durability ensures that the system will continue to operate 
during its design life without material or component faiiures. 

After a particular system design is proven to operate reliably and without degradation, 
then the designer should be concerned with improving the efficiency of the system. This is not 
to suggest that efficiency is not important; it is a necessary but not sufficient condition. 
For example, a naval antiaircraft gun which is capable of firing 120 rounds per minute is of 
questionable benefit if it tends to jam after the third or fourth round. 

Because of the importance of durability and reliability in solar heating and cooling sys- 
tems, there has developed in the solar industry an extensive compilation of publications dealing 
with the operational results of systems and, in particular, the question of problems encountered 
and failures observed. These publications include detailed reports on the lessons lcarned in 
attempting to make different systems work and to keep them working. This handbook will not 
attempt to cover the gamut of durability and reliability concerns of solar systems, but will 
limit the discussion to an identification of specific difficulties and the overall assessment 
of problem areas. Specifics on any given problem can be further investigated by the reader, by 
referencing one of the other publications listed in Section 2.9 and Appendix E. 

It should also be noted that many of the problems of durability and reliability experienced 
by the solar industry are in reality problems associated with conventional HVAC (heating, venti- 
lating, and air conditioning) practices. Adherence to proper HVAC practices and methods would 
undoubtedly have avoided many of the failures experienced in solar heating and cooling systems. 
The reader is encouraged to consult the ASHRAE Handbook of Fundamentals [l] and other relevant 
public.ations for recommended HVAC pract,ices ,and merhods. 

In considering the problems encountered at solar installations within the area of dur- 
ability and reliability, it is convenient to consider the problems from a component viewpoint. 
In this way we can describe the specifics of actual problems encountered and attempt to point 
out considerations which are necessary in designing trouble-free so la^ k~~slallations. 

2.2 SOLAR COLLECTOR SUBSYSTEM 

The principal problem areas encountered in the design, installation, and operation of 
solar collectors and solar collector arrays include those problems due to: 

1) Weathering 
2) Corrosion 
3) Differential thermal expansion 
4) Thermal deformation at stagnation conditions 
5) Thermal shock 
6) Degradation of collector fittings and subcomponents 
7) Collector materials degradation, and 
8) Electrical power failures (i.e., electrical power to operate the solar system) 



Sparkes and Raman [2,3] considered co l l ec to r  subsystem r e l a t ed  problems i n  some d e t a i l  and 
have c l a s s i f i e d  t he  co l l ec to r  problems as :  

I .  Design r e l a t ed  problems (components and subsystems) 
A. Mater ials-related problems 

. . B.  Flow-related problems 
11. I n s t a l l a t i on ,  s tar t -up,  and maintenance problems 

Much of t he  information presented i n  t h i s  sec t ion  i s  based on t he  r e s u l t s  reported by 
Sparkes and Raman [2,3] and by o ther  authors and inves t iga tors  [4,5].  

2.2.1 Design  elated Problems 

2.2.1.1  ater rials Related Problems 

2.2.1.1.1 So l a rCo l l ec to rCove r s .  M a t e r i a l s u s e d f o r s o l a r c o l l e c t o r c o v e r s i n -  
c lude  window and tempered g l a s s  and a wide va r i e ty  of p l a s t i c s .  With g l a s s  cover p l a t e s ,  t he  
main problem encountered has been breakage caused by mechanical and thermal s t r e s se s .  Thermal 
s t r e s s e s  i n  t he  g l a s s  due t o  la rge  temperature differences between d i f f e r e n t  po in ts  of t he  
g l a s s  can lead t o  ea r ly  f a i l u r e  (i .e. ,  breakage). These temperature d i f fe rences  a r e  sometimes 
caused by p a r t i a l  shading (pa r t i cu l a r l y  of  t he  second or lower cover),  and can be as  la rge  as' 
50°F (lO°C). These thermal s t r e s se s ,  combined with mechanical defects  i n  t he  form of h a i r l i n e  
sc ra tches  o r  t i n y  chips i n  t he  g lass  cover edges, w i l l  cause breakage of t he  g l a s s  cover. The 
inner ,  o r  second g l a s s  cover, i s  subjected t o  t he  most s t r e s s  and consequently w i l l  be t he  f i r s t  
t o  go. Single  cover co l l ec to r s  generate l e s s  s t r e s s  on t he  g l a s s  and consequently have a much 
lower f a i l u r e  r a t e .  

Thermal and mechanical s t r e s s e s  can a l so  occur due t o  t he  d i f f e r e n t i a l  thermal expansion 
between a cover and t he  co l l ec to r  module frame. In general it is  necessary t o  leave a minimum 
of one-fourth inch (0.64 cm) space around the  e n t i r e  edge of a g l a s s  cover (or s t ruc tu ra l l y -  
i n t eg ra l  p l a s t i c  cover) i n  order  t o  ensure t h a t  t he  grea te r  thermal expansion of t he  cover 
(over t he  metal co l l ec to r  frame) does not  cause severe cramping of t he  cover. I f  cramping is  . 
present  and t he  cover i s  g lass ,  t he  g l a s s  w i l l  break. I f  t he  cover i s  p l a s t i c ,  i t  w i l l  buckle, 
and wind loading w i l l  general ly  accomplish t he  remainder of t h e  des t ruc t ion  of t he  p l a s t i c  
cover. Several instances of inadequate space f o r  d i f f e r e n t i a l  thermal expansion have r e su l t ed  
i n  g l a s s  breakage [6]. 

I n  addi t ion,  g l a s s  must be adequately supported i n  order  t o  prevent scratching of t he  
g l a s s  (and thus  ea r ly  breakage) due t o  t h e  d i f f e r e n t i a l  thermal 'expansion. Figure 1 [6] i l l u s -  
t r a t e s  some of t he  p o s s i b i l i t i e s  f o r  t he  attachment of g l a s s  t o  a metal framework. I n  f i gu re  
l ( a ) ,  t h e  metal scratches a "groove11 i n  t he  g lass ,  and i n  f i g u r e  l ( b ) ,  a chip is caused.' In  
e i t h e r  case  t h e  g l a s s  would be destroyed (tempered o r  no t ) .  Figure l(c)shows the  s i t u a t i o n  
where a butyl  tape (or equivalent) prevents t h i s  damage. The butyl  tape is  t he  type used i n  
automobile windshields. 

Glass Will Break Glass. Will Break Glass Should Not Break 

Figure 1. Schematic of Glass/Frame Attachments (Greatly Exaggerated) 

Mechanical defec ts  i n  t h e  form of h a i r l i n e  s c r a t ches ,o r  cracks have a l s o  been feu* i n  
tubular  co l lec tors .  These defec ts  have r e s u 1 t e d . h  tube f a i l u r e s  a t  high operating tempera- 
t u r e s  and pressures. Many col.lectors now u t i l i z e  tempered g l a s s  f o r  mechanical strengt,h and 
f o r  sa fe ty .  A l a rge  percentage a l so  use low-iron g l a s s  cover p l a t e s  f o r  maximum transmission 
of s o l a r  radfal;iua. 



The use of tempered glass has been recommended for solar collectors as a means of obtain- 
ing lower failure rates. However, the greater mechanical strength of the tempered glass is not 
the only reason for its use. In reality the use of factory-cut double strength window glass is 
quite sufficient provided that it is not chipped in any way during the installation phase. If 
the window glass chipped, it will most likely break eventually. On the other hand, if the 
tempered glass is chipped by an installer, it will break immediately. From the viewpoint of an 
installer it is easier to replace the glass during the installation phase than it is later, 
after the job is completed. In addition, tempered glass breaks into a large number of rela- 
tively harmless bits of glass while ordinary window glass breaks into large, potentially harmful 
shards. Because of the potential danger of large, knife-like glass slivers from window glass 
sliding off the roof, tempered glass is preferred for safety reasons. 

Plastic cover plates have special problems with regard to ultraviolet degradation and de- 
gradation from exposure to high temperatures. In addition, the thermal expansion and contrac- 
tion of the plastic cover plates can make them sag (particularly those which are "stretchedu 
over the collector and have effectively no structural strength). When this sagging occurs, it 
may cause severe overheating and melting of the plastic. In addition, even minimal sagging can 
result in a Iff luttering" of the cover plate under windy conditions and eventual failure. 

A clear distinction should be made between "plastic" covers and fiberglass-reinforced 
polyester (FRP), which is also a plastic. FRP has proven to be much more durable than other 
plastics. Several decades of experience in the commercial greenhouse industry have led to the 
conclusion that both glass and FRP have distinct advantages and disadvantages, but that both 
are suitable for use in modern greenhouse construction. Other plastics are generally not used 
in modern commercial greenhouses. FRP is usually less expensive than glass but may be less 
durable. Glass, on the other hand, must be very positively supported in order to prevent break- 
age (and thus usually requires a structurally sound collector module frame). 

In many installations the covers of the solar collector modules act as a partial or full 
watertight roofing of a building. Problems have been encountered because of inadequate water- 
proofing and/or flashing of the solar collector array 131. In addition, the collector cover 
.plates and their integration with the rest of the collector module have not always provided 
watertight seals against weathering. It is essential to provide a leak-proof roof; only strict 
adherence to good roofing practices has allowed for the expected quality in leak-proofing of 
roofs. The addition of a solar collector array as the,waterproofing surface must therefore be 
addressed with some care. 

One final noteworthy point should be made. Hail damage of glass cover plates has been 
minimal [7]. In one case a severe hailstorm caused approximately $35 to $50 million damage to 
a community but only $800 for solar collector glass broken on approximately 11,000 square feet 
(1024 m2) of collector. 

2.2.1.1.2 Absorber Plates. Aluminum absorber plates, when connected to piping 
made of a different metal, e.g., copper, have resulted in galvanic corrosion which has shown up 
as pinhole leaks in the collectors. Steel absorber plates have been prone to both rust and 
corrosion. Rust has primarily been limited to the external surface of the steel plate when ex- 
posed to a leaky collector module; i.e., the leaky module allowed a significant amount of water 
between the cover plate and the absorbereplate. This moisture build-up between the plates has 
been due to both major defects (causing an effectively non-watertight roof) and minor defects 
(which allow a slow but inevitable moisture build-up). The first problem can be effectively 
dealt with, and most good collectors do not suffer from this problem. The second problem has 
been approached by the use of desiccants within the collector. Experience has shown, however, 
that their useful life is only one or two years in many cases. It may be that some moisture 
accumulation within the collector will have to be accepted and rust and corrosion protection 
included as a necessary precaution. 

Internal corrosion and rusting of steel absorber plates have sometimes been experienced 
in drain-down and drain-back systems where fresh air intakes provide a continuing source of 
oxygen. Nitrogen refill capabilities can reduce this problem substantially but such systems 
are expensive. Most systems with steel collectors, therefore, leave the system filled with 
antifreeze solutions which include corrosion inhibitors. Note, however, that with ethylene 
and propylene glycol solutions, stagnation temperatures (no-flow condition) and to a lesser 
degree boiling conditions within the collector can degrade the glycol and form corrosive 
organic acids. 

Chemical corrosion of copper plates is rare but has occurred in some cases due to the 
chemicals in the flux used while soldering the piping to the absorber plate. 



Differential thermal expansion between the absorber plate and the collector frame (even 
when different metals or materials are used, as they frequently are) is of comparatively little 
concern. This is due to the fact that the absorber plate for most collectors is normally ther- 
mally isolated from the frame. Thus there is generally an adequate space between the absorber 
plate and the frame in order to allow for differential thermal expansion (whether or not filled 
with insulation). 

Some collectors have utilized the building's frame structure for solar collectors and in 
particular the rafters as the collectors1 frame. In cases where the cover plates have been 
physically located between the rafters, breakage and/or buckling has usually occurred. In cases 
where the cover plates are just above the rafters and only the absorber plate and insulation are 
between the rafters, the collectors have held up quite well in most cases. It must be noted 
that a principal reason for failures has been the warping of the wood and the lack of precise 
dimensions between rafters. 

2.2.1.1.3 Absorber Plate Coating. For some absorber plate surfaces, changes in 
the surface color, cracking, peeling, pitting, and outgassing of black paint coatings have been 
observed. Some of this degradation has been shown to resuit from a lack of quality control by 
the manufacturer. This conclusion was reached due to the differences in efficiency of different 
collector modules of the same model. 

Black chrome has been found to give the most durable and efficient selective surface [ 2 ] ,  
and it has the advantage that it can be prepared so as to provide uniform quality. While the 
cost of surfaces depends on the treatment (whether selective or non-selective) and the indivi- 
dual manufacturer's prices, it appears that the use of a good black chrome surface is now 
justified. Not only has the black chrome proven to be quite durable, but the use of a selec- 
tive surface has the advantage that, in general, the double cover flat-plate collector with a 
non-selective surface may be substituted for by a single cover selective surface collector. 
Thus the relatively poorer durability of a second or lower cover can be effectively replaced 
with the higher durability of the black chrome selective surface. 

A common problem in collectors has been 'loutgassingl't This can ooccur from the binder in 
a black paint absorber coating, from sealants used in the collector, from the binder material 
used in fiberglass insulation located behind the absorber plate, or when wood is a collector 
component. When subjected to high temperatures (generally in excess of 160°F, 70°C), some of 
these materials or binders form vapors which move through the collector, and condense on the 
relatively cooler inner surface of the cover plate. This has resulted, in some cases, in a 
drastically lowered cover plate transmissivity. This problem has apparently been significantly 
reduced in the more recent collector designs, but is not yet completely eliminated. Lower 
temperature collectors have had considerably fewer outgassing problems. For example, one in- 
stallation has operated for seven years at temperatures generally below 120°F (50°C) without 
any measurable problems [8] . 

2.2.1.1.4 Collector Heat Transfer Fluids. The most common fluids used as the 
collector heat transfer medium are air, water, and water/glycol solutions. Problems with air- 
heating collectors are primarily leakage problems which may increase with time. 

Water and ethylene glycol solutions constitute one of the most common heat transfer liquids 
used in solar colleceaYs. when water is used without glycol, corrosion inhibitors are added 
with the subsequent need for regular monitoring of the pH. Lack of such regular monitoring has 
been one of the causes of corrosion in many systems. 

Ethylene glycol has caused several problems. When exposed to high temperatures (greater 
than about 270°F, 130°C), the glycol breaks up, forming organic acids. These acids can corrode 
the collector material and the sealants. Ethylene glycol is also toxic so that double separa- 
tion between the glycol solution and the potable water supply is required. Propylene glycol 
solution is often considered non-toxic enough to waive the double separation requirement, but 
at high temperatures, propylene glycol also breaks up and forms corrosive organic acids. Be- 
cause of this, it may also require double separation, particularly because of code restrictions 
and the fact that a relatively non-toxic antifreeze might be replaced with the more commonly 
available ethylene glycol. Single separation from potable water supplies could then be 
hazardous. 

Most heat transfer fluids currently being used in solar heating and cooling systems (other 
than water or air), will degrade with time or under the extreme temperatures that may exist at 
stagnation. In addition to the possibility of corrosion, fluid properties may change, result- 
ing in freezing and boiling problems Csee Sections 2.7.1 and 2.7.2). Entrapped air occurrences, 



acidity levels, corrosion inhibitors, and liquid degradation must be periodically checked. 
Possibilities for chemical and/or galvanic reactions should be resolved in the design phase. 

In addition, the roof and/or other building materials may be susceptible to chemicals in 
an antifreeze solution, oil, or other "exoticn heat transfer liquids. Spillage of heat trans- 
fer liquids may present hazards due to toxicity, fire potential, and potable water contamina- 
tion, in addition to effects of the loss of liquid itself. In general, the main problems en- 
countered with the heat transfer liquids have been corrosion, degradation of the liquid itself, 
and a loss of efficiency. 

The use of more ttexoticll liquids such as silicone liquids, oils, diethyl phthalate, et al, 
have sometimes resulted in interesting problems. In general, no other liquids have shown ex- 
ceptional promise in terms of durability, reliability, requirements for pumping power, safety, 
and performance; and which would suggest the immediate replacement of water or water/glycol 
solutions. 

The durability of air as a heat transfer fluid also seems assured. 

There is also the question of sizing pumps and expansion tanks, selecting flow rates, type 
of va lves ,  s t c .  according to the liquid properties. In many systems, sufficient attention has 
not been paid to the effect of the heat transfer iiquid on system design and sizing. 

The low specific heat of some liquids will lower the collection efficiency or increase the 
pumping energy 1.1sed. However, some of these liquids have advantages such as chemical stability. 
More testing and experience is needed to decide which liquids are the best for different kinds 
of solar systems (see Heat Transfer Fluids). 

2.2.1.1.5 Internal Piping Material in Collectors. Material problems relating to 
the collector piping materials include the ones noted above for the absorber plate materials. 
as well as (a)-melting or breaking up of the bonding of the collector piping to the absorber7' 
plates in some collectors at stagnation temperatures, and (b) leaks in the joints in the collec- 
tor internal piping arising from thermal expansion and contraction. 

2.2.1.1.6 Collector Fittings. Differential thermal expansion between the collec- 
tor modules and other solar components and structure have sometimes led to leakage from fit- 
tings. This is particularly crucial between the collector modules and the marlifGIding which 
ties the modules into a single collector array. There, the fittings have undergone severe 
stress from the differential movement of the manifold and the collector modules. This has re- 
quired the replacement of automobile-type rubber hoses in numerous installations after only one 
or two years of service. 

On long collector arrays, for example, pipe expansion and contraction has resulted in over 
an inch of travel on the supply and return headers. Rigid pipes connected to the collector 
have, in some cases, depended upon the absorber being able to move. However binding or lack of 
space for absorber movement has been a problem;,therefore offsets in the rigid connector should 
te considered to help isolate the collector's absorber plate from the header pipe expansion. 

The use of flexible hose has provided for exganSfon compensatlol~, but only when installed 
properly. In cases where the hose was a short straight connection between.the collector and 
manifold, expansion cycling has gradually either worked the hose loose ur scrsssed thc hoso to 
failure. A shoulder on the end of the pipe connection will prevent the problem of working the 
hose loose, but will not protect against failure. 

A variety of hose clamps to arrach flexible host to the collcctors and headers has been 
uced. The screw type connectors have occasionally sliced the hose when over-tightening occurred 
and smooth lines available for use with screw clamps were not used. Screw cliimps have also bee11 
subjected to too much torque for the specific hose material to be used. .This has resulted in 
the hose suffering a I1setlf over time and thus requiring a yearly maintenance procedure to check 
the clamp tightness. 

Spring clamps have been succussfully usod in avoiding hose damage, h1.1~ have occasionally 
allowed for movement working the hose loose (discussed above). The advantage of the spring 
clamp is that it automatically compensates for any hose "setting" which might occur. Crimp 
clamps have been used in only a few instances but may suggest a promising alternative. 

One precaution, which has not always been taken, is to ensure that the mating pipe of the 
header has been deburred before irrstalling the hose. There have been several cases where small 



slits have been cut into tho ~l~side surface of the flexible hoses wnen deburring was not done, 
resulting in leaky connectors. 

Sealants within a collector have suffered degradation from ultraviolet radiation or contact 
with hot glycol solutions. Rubber connectors have been cauterized to the point of brittleness 
by high temperatures in some collectors. Corrosion has been caused by the flux used while sol- 
dering the connections in a collector. This latter problem appears to arise from the zinc chlo- 
ride in the flux which, in the presence of water, can react with copper and some absorber plate 
coatings. ' 

Some collectors have used wood as the frame material, which can cause problems. After 
having been subjected to high temperatures on a daily basis, the wood can become very dry so 
that the ignition point is low enough to constitute a fire hazard. In addition, the wood can 
become warped, causing more leaks than is permissib.le. 

2.2.1.1.7 'Tracking biechanisms. At the time of preparation of this handbook, written 
information on operating experiences with tracking collectors was not available. However, the 
reader is encouraged,to reference the following report for comprehensive design, controls, 
fluids, patents, manufacturers information on tracking and concentrating collectors: "A Survey 
of Tracking Mechanisms and Rotary Joints for Cooland Piping", EGEG Engineering. A report pre- 
pared for the U.S. Department of Energy under contract DE-AC04-79-~L10748, August 1979 [9]. 
Note that de-tracking, either by movement of the collectors or by natural de-tracking if the 
tracking mechanism stalls, usually prevents high stagnation temperatures in tracking arrays. 

2.2.1.2 Flow-Related Problems 

2.2.1.2.1 Thermal Problems at Stagnation Conditions. Stagnation conditions can re- 
sult in temperatures of 300°F to 500°F (150°C to 260°C) for flat-plate collectors and poten- 
tially as high as 700°F (370°C) for evacuated tube and 1000°F (550°C) for concentrating collec- 
tors. Such temperatures can severely affect the durability of some solar collectors. 

The problems at stagnation conditions have included outgassing (see above), thermal shock, 
damage from violent boiling of the collector liquid (see Section 2.7.2), and severe degradation 
of materials. In several cases the internal piping material in the solar collector modules ex- 
posed to stagnation temperatures have resulted in the melting or breaking up of the bonding of 
the collector piping to the absorber plates, and/or leaks in the joints of the collector inter- 
nal piping arising from thermal expansion and contraction. 

All installations at some time experience stagnation temperatures. It is therefore essen- 
tial that the collector design provide for these eventualities. For example, the effect of an 
electrical power failure to the system or collector pump/blower is to cause stagnation condi- 
tions and its attendent severe stresses on the collector materials and components. In essence, 
therefore, it is unrealistic to attempt to provide a protection means such as collector covers 
to prevent stagnation conditions and the accompanying stresses on the solar collector array. 
It is far more desirable to design and install the solar collector array properly to begin 
with so that it can withstand prolonged stagnation conditions. 

2.2.1.2.2 Thermal Shock. In some cases solar collectors have been damaged by ther- 
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ma1 shock when the collectors were initially filled. On a sunny day the empty (dry) solar col- 
lector can easily reach high stagnation temperatures (350 to 1000°F, 180°C to 550°C). In this 
situation, the fluid entering the dry collectors on initial start-up is significantly cooler 
than the absorber plate. This has resulted in some cases in broken glazings and absorber warp- 
age and, in a few cases, led to the exploding of evacuated tubes. This situation can be avoided 
by ensuring that the collector system is filled during the early morning (during non-freezing 
conditions) before the sun has a chance to heat the collectors. During the summer, this might 
require filling as early as 6:00 am. 

Thermal shock can also be an on-going operational concern with drain-down and drain-back 
systems because they are emptied and filled on a more routine basis. High limit temperature 
sensors may be required for installation on the collector absorber which will prevent activa- 
tion of the collector pump whenever the collector temperature is too high for safe starting. 

2.2.1.2.3 Drainage/Venting. Some collector designs tend to trap air bubbles 
within the collector, which in turn traps liquid. At stagnation this liquid can boil and rup- 
ture the collector tube. In winter the trapped liquid can freeze. A collector must be 
selected so that the pipes in it are pitched to ensure proper draining and venting and for 
proper operation in the case of a thermosyphon system. 



Absence of venting can cause moisture to condense inside some collectors. Vent holes or 
weep holes are provided to allow the condensed moisture to escape and release the pressure. 
Proper placement of the vent holes is necessary in order to prevent blockage by snow, dust, mud 
dobbers, or debris which can lead to excessive pressure build-up inside the collector. This 
depends on both design and installation actors. 

A related problem is that control valves have sometimes been located so as to isolate 
venting and/or relief valves. The subsequent non-draining and/or pressure build-up have caused 
damage in some installations. 

Excessive pressure build-up in evacuated tubular collectors have caused tubu'lar collectors 
to explode. This has been due in part to the U-shaped flow pattern in most.evacuated tubes, 
which results in air nd/or vapor locks during operations. Boil off pressures in evacuated 
tube collectors may exceed 300 psi (2000 KPa) because of the small diameter tubes being in 
series in these collector modules. While many of these problems have been reduced, they have 
not been completely eliminated. 

2.2.2 Installation, Start-up and Maintenance Problems 

The installation or mounting of a solar collector array onto or djacent to a building must 
consider the building's waterproofing requirements, the penetrations for moufiting, pipifig and 
electrical connections, any damage during installation, possible drain problems necessitated by 
the collector mounts, and the ability to shed snow. The solar collector array may be mounted 
as an integral part of the roof, as a portion of the roof, independent but attached to the roof, 
or as a separate structure. In all cases the mounting materials must be resistant to weather- 
ing and degradation and should not pose an aesthetically displeasing appearance. 

A variety of problems have been encountered in the mounting of collectors and in the 
collector/structure interface in general. For example, mounting collectors so that they directly 
touch the roof increases the possibility of moisture accumulation under the collector, leading 
to rotting of the wood under the collector. A clearance should be left between the collec.tor 
and the roof or the base of the collector should be flashed onto the roof. 

In several systems with collectors mounted directly on the roof, the flashing at the base , 

of the collector was not installed properly. For direct mounting of the collectors on the roof, 
it is best to mount them on roofing paper and then flash and seal them. There have been instances 
of rain leaking through collectors installed as weather seals. Checking the flashing and the 
gaskets is needed in order to correct this. 

In many cases, the roof tilt is not the same as the desired collector tilt, either due to 
architectural constraints or because the project was a retrofit installation. When the collec- 
tors are mounted at a steeper angle than the roof, adequate attention has not always been paid 
to static loading, wind loading, and aesthetics in designing the support structure. Wind load- 
ing, for example, has been a serious probiem in some cases, where collectors were mounted a t  an 
angle to the roof. In the more extreme case, collectors have blown off their supports because 
of inadequate bracing. In one installation, an auxiliary reflecting panel was not installed 
firmly and was blown off. 

Snow loading of the collectors in winter (and the weight of the liquid in the collectors) 
have not always been included in the static load on the roof when estimating the required roof 
strength. Giving the collectors a sufficiently large tilt has aided in snow removal from the 
collectors. Larger tilts, however, should be made with attention to the aesthetics of mount- 
ing the collectors and to optimum collector tilt. Structural cross members and horizontal 
flashings between collector modules do not generally impede snow slide off. It is highly 
recommended that space be allowed for the snow to slide off the collector completely and to 
avoid snow build up at the bottom of the collector. 

A problem that relates to both the design and installation of the collectors is the poten- 
tial blocking of vents in the collectors. Vents or weep holes are needed in some collectors in 
order to prevent moisture condensation inside the collector. In some installations, snow, dust, 
or dirt have blocked the vent holes, leading to fogging and also pressure build-up within the 
collector. 

Collectors designed with external headers require considerably more work in installation 
than those wit11 internal headers. In addition, factory installed joints have resulted in fewer 
leakage problems.than field installed joints (as in collectors with external headers) [3] .  
Also. seals and gaskets caused problems due to differential thermal expansion in the internal 



and external piping. This latrer problem is only one of the installation problems which have 
arisen in connecting collectors. In many cases the inlet and outlet tubes are not located con- 
veniently on the collector. 1n.some cases the attachment of the piping from the absorber plate 
has broken off the frame, making it virtually impossible to tighten any fitting connection to 
the collector module. In most cases, however, the major problem is the need for additional 
space in order to properly connect two or more collector modules or the collector module to the 
headers. This results in a larger area which must be protected from snow, ice, dust and dirt, 
etc. In cases where the plumbing connections were directed downwards, problems arose between 
the roof penetrations and the roof structure (rafters, joists, etc.) In general, installations 
should avoid multiple roof penetrations. Conversely, with proper connections, externally mani- 
folded headers can often offer greater installation flexibility. 

Ground-mounted collectors have not always been installed with their lowest point at least 
one or two feet (0.3 to 0.6 m) above the ground's0 that accumulation of snow has resulted in 
covering part of the collector. In other cases, shading by trees and other buildings has re- 
duced the effectiveness of the solar collector array for portions of the year. 

Sufficient attention has not always been paid to the aesthetics while mounting the collec- 
tors. The use of dormers for mounting collectors at a steeper tilt than the roof can enhance 
the aesthetics, provide better resistance to wind loads [l] and reduce heat losses from the 
collectors [3]. The use of dormers can also avoid snow and debris accumulation. 

Some collectors have adhesive paper covering the top cover plate for protection. Removing 
the paper in freezing weather has created problems due to the paper becoming brittle when it is 
very cold. Another problem is that at high temperatures the glue can spread on the cover plate 
in a thin layer and can be very difficult to remove. 

Air locks have occurred in the collector loop because of improper fill operations, lack of 
proper air vents, and poor piping design. Some systems lack a proper fill mechanism which make 
it difficult to fill the system after draining it for maintenance. The collector loop liquid 
should be tested as per manufacturer's specifications (about twice a year) and its pH (acidic 
concentration, hydrogen ion concentration) measured. This is necessary for corrosion control 
and for checking whether the liquid needs to be replaced. Lack of maintenance and occasional 
monitoring are some of the factors leading to early corrosion in many collector systems. 

In addition to the above, there have been problems relating to the collector support struc- 
tures where (a) the roof trusses had the wrong pitch for solar collector mounting in some of the 
projects. In some projects, it was possible to remedy this by replacing them with trusses of 
the proper pitch and (b) in another project, the roof structure was unable to accommodate the 
original collector configuration. The solution was to redesign the system, eliminate use of 
some of the collectors, and develop a new array support design. 

Other collector mounting problems have included: The mounting brackets for the collector , 

were not usable in some systems, in others they were not approved by the city engineer; the 
clamps for the collector would not hold or fasten because it was impossible to attach a flat 
washer to a round surface; in a site-built collector system, the plexiglass cover sheets sagged 
between the roof rafters; leakage of the fittings to the collector manifold and in the collec- 
tor joints occurred, requiring resoldering, recaulking, and reinstallation of protective covers 
for the piping. Also, collector outlet nippies were not installed perpendicular to the piping, 
causing a fitting problem and leading to additional work to make the proper connections. A 
complaint often made by some installers of collector systems is regarding the difficulty of 
working on a steep pitched roof. Apart from the increased cost of labor, the workmanship can 
suffer because of this difficulty. In many installations, provision is not made for easy access 
to the collectors, whi.ch may be required for later maintenance work. A working area is desir- 
able and should have a durable surface. Local building codes should be consulted in this regard. 

2.3 HEAT TRANSFER FLUIDS 

Collector heat transfer fluids have been discussed earlier. Because questions of dura- 
bility and reliability of the collector heat transfer fluid are important, the reader should 
refer to both sections in considering the selection of a heat transfer fluid. It is of course 
common for the system fluid used in the load loops to be different from the collector fluid.. 
Much of the information below is taken from reference [lo]. 

2.3.1 Air as a Heat Transfer Fluid 

The majority of solar heating and cooling systems utilize air, water, and water/glycol 



mixtures. Air has been used for both space and DHW heating applications. There have been in- 
stances where air-heating DHW systems have experienced freezing problems in the air-to-water heat 
exchanger (see Section 2.7.1) and suffered from excessive air leakage in ducts and collectors 
(see Section 4.5.3.4), resulting in reduced performance (see Section 5.1). 

Air system designers should also be aware of possible problems associated with the quality 
of air. Dust accumulation can lead to large pressure drops in the collector and storage cir- 
cuits and even transfer this dust to the living space. In maintaining proper HVAC practices 
and in avoiding costly cleaning, filters should be provided at appropriate points in the duct- 
work. Deposition of dust and other impurities in rock storage in the presence of moisture may, 
under certain operating conditions, lead to bacteria growth. Some experiences have shown, how- 
ever, that a storage temperature of 140°F (60°C) is sufficient to eliminate any algae growth. 
The concern of some people about nuclear radiation problems from rocks in the storage bed has 
been found to be unsubstantiated; there have been no reports of radiation problems to date [ll]. 

It should be noted that dust and smog related health problems, if any, are not the results 
of solar systems. Natural infiltration of air into a house can lead to the same problems irres- 
pective of the presence of solar equipment. 

In comparing air and liquid as heat transfer fluids, air has the distinct advantage of not 
leading to freezing, boiling or corrosion problems. 'I'hese same probls~r~s are of major conccrn 
in liquid-heating systems. The prirrlary disadvantages of air systems are reflected in comparing 
performance with liquid systems (see Section 5.3.6). The relatively low heat capacity of air, 
together with air leakage, may sometimes lead to serious deteriorations in performance. Further- 
more, air systems do not easily lend themselves to solar cooling applications. 

2.3.2. Water as a Heat Transfer Fluid 

From a performance viewpoint, water is the most thermally efficient heat transfer fluid 
used. Water provides high efficiencies for use in solar collectors, heat exchangers, and other 
components. On the other hand, from a durability and reliability viewpoint, water can freeze, 
boil, lead to corrosion, and cause some scaling of heat exchanger surfaces. 

Water in the presence of dissimilar metals can cause galvanic corrosion. The experienced 
installer should be aware of the local pH and mineral hardness problems because of the effects 
of hard water on conventional hot water systems. If water quality conditions are extrcme, in- 
stallation of a water softener to protect the solar DHW system should be considered. Softening 
will help to reduceoscali;g but it increases the potential for corrosion. Metals in water pre-, 
cipitate out at 160 F (70 C). Furthermore, softening adds sodium, a highly conductive metal 
and such precipitation generally leads to scaling in the lower velocity collector tubes. What- 
ever the local water conditions, a qualified water treatment engineer should be consulted to 
prescribe a treatment to make problem water safer for plumbing materials. 

Freezing is one of the major concerns in using water as the heat transfer fluid. Two types 
of designs that do not utilize low freezing liquids in the collector loop are: 

Drain-down systems - The water in the collector is drained whenever 
near-freezing conditions of the collector loop piping are reached 
(reg.,  tcmporotureE of 35-N°F, 2-S0C) and typically utilize auto- 
matic cun.trol. valvss which open, allowing the water to drain i n t o  
storage 

Drain-back systems - The water in the collector is drained whenever the 
collector pump shuts off (automatic control valves are not required). 
In chis case the piping circuit has to be carefully designed. 

Both types of Systems require care in designing in order to ensure that they drain completuly 
and automatically (see Section 2.7.1). In addition, thermal shock may occur when refilling the 
collector loop (see Section 2.2.1.2.2). 

2 . 3 . 3 .  Water/Glycol Solutions 

Care must be taken that the proper glycollwater mixture ahd heat exchanger have been 
specified. Ethylene glycol/water mixtures are toxic and require a double-walled heat exchanger 
for DHW systems or whenever there is a possibility of mixing with the potable water system. 
Foodgrade propylene glycol (U.S.P.)/water mixtures -- when certified non-toxic -- .may be used 
with a single-walled heat exchanger if no toxic dyes or inhibitors have been added to the mix- 
ture. However, care should be exercised in not replacing with toxic glycols. In this regard, 



designers should consult local codes! The effect of boiling on glycol is discussed in the sub- 
section on boiling problems. 

Water/glycol solutions should be at least 25 percent glycol'in order to prevent freezing 
in most parts of the United States. Freeze protection down to 10°F (-12'~) below the historic 
low of the region is recommended. A 50/50 solution is good down to about -32OF (-3S°C) and 
maximum freeze protection is, achieved with a 40/60 wat.er/glycol mixture. Designers/installers 
are urged to refer to manufacturer's recommendations, since antifreeze solutions designed 
specifically for automobiles do not all possess the same properties. 

Lower concentrations of glycol (20 to 25 percent) in water at low temperatures may cause 
the crystallization of the water but not the glycol, leading to a slush. In this case pipe 
will not burst, since the volume change will be compensated for in the expansion tank, however 
the higher concentrations of glycol are recommended to ensure adequate freeze protection. 

Glycol solutions should not be used with zinc galvanized plumbing because the required 
corrosion inhibitors react with zinc. Glycols may damage certain materials such as the butyl 
rubber membranes in certain types of expansion tanks. 1.f water/glycol mixtures are exposed to 
air through an air vent or a vacuum.breaker at high temperatures, acids will form. If these 
conditions occur, the pH, inhibitor strength, and solution concentration of the water/glycol 
must be checked and the solution replaced if necessary. Periodic checks and replacement will 
be required in any case. In order to take advantage of antifreeze corrosion inhibitors, it is 
necessary to utilize a minimum concentration of glycol of about 30-percent. 

Glycol solutions can leak through joints where water would not. Good seals and/or tape 
should be used. Glycols should be dyed with non-toxic food coloring dye (if not bought that 
way) to help identify leaks. Make-up supply, in case of leaks, should not be added automati- 
cally from the city water supply as this will reduce the glycol concentration. DEPENDING ON 
LOCAL CODES, water/glycol solution should be drained into dry wells or waste drains and not 
sanitary or storm sewers. 

2.3.4 Other Heat Transfer Fluids 

Each heat transfer fluid has differing properties, such as viscosity, specific heat, freez - 
ing, boiling, and flash points that will determine the size and design of many components (see 
Table 1). 

Table 1. Properties of Heat Transfer Fluids 

2~eat 3 ~ r  ee zing 
Medium Specific l~iscosity Capacity Point 

Gravity Centipoise (~tu/lb, OF) OF 

Water 1.00 0.5 to 0.9 1.0 

50 wt. % water- 
Ethylene glycol 1.05 1.2 to 4.4 0.83 

50 wt. % Water- 
Propylene glycol 1.02 1.4 to 7.0 0.85 

Paraffinic oils 0.82 12 to 30 0.51 

Aromatic oils 0.85 0.6 to 0.8 0.45 

Silicon oils 0.94 10 to 20 0.38 -120 

Because viscosity is sensitive to temperature, values are given for a 
temperature range of approximately 80 to 140°F (26 to 60°C) 

2..h4ultiply [Btu/lb, OF] by 4.19 to get [KJ/kg, OC] 

OC = (OF - 32)/1.8 



2.3.4.1 Paraffinic . ~ineral ,Oilsl 

.Paraffinic or: mineral .oils are petroleum based heat tfalisfer 'fluids. ... Their .useful tempera- 
ture range between freezing and.bo2ling is greater thantEat of water.and they are electrically 
non-conducting. These oils havd a higher viscosity than water and may require a larger pump. 
Because they will break down into tar-like materials under prolonged exposure to heat, periodic 
replacement is necessary. 

Paraffin oils are considered toxic and usually require a double-walled heat exchanger for 
DHW or for connections to potable water (see building codes and/or the HUD Minimum Property 
Standards). The flash point of paraffinic oils may be subject to code restrictions. 

2.3.4.2 Silicone Liquids 

Silicone heat transfer liquids are quite inert and will cause neither galvanic corrosion 
nor degradation of roofing materials. They also have a very high flash point. These fluids 
have high viscosities and low specific heats compared to water; therefore large pumps and a flow 
rate of about 2.5 times that used for water are typical in order to remove the same heat at the 
same rate (in the same temperature range). Lower flow rates may use less electrical power, but 
only at reduced efficiency. Silicones are incompatible with expansion tanks fitted with neo- 
prene or butyl rubber diaphragms. 

Silicone liquids will leak readily.through piping flaws and pump seals that would other- 
wise retain water. Even sweat-soldered joints in copper pipe will leak if not pfoperly soldered. 
A manufacturer-recommended pipe sealant should be used at all threaded joints. Check all manu- 
facturer supplied connections for proper sealant. 

Avoid using silicone tubing or silicone sealants in the system. Sealless (canned) pumps 
or pumps with magnetic drives can be used. Some assurance should be provided that the pump is 
operating when the motor is turned on. Use non-acidic flux when soldering to prevent contamina- 
tion of the neutral heat transfer fluid. 

2.3.4.3 Aromatic Oils 

Aromatic oils have lower viscosities than paraffins; this allows smaller pumps,to be used. 
They also have lower flash points, which make them less safe to use. 

Aromatics will dissolve roofing tar and most elastomer seals. Viton seals should be used 
in pumps whenever paraffinic or aromatic hydrocarbon oils are used. 

2.3.4.4 Water/Glycerine Solutions 

A 40/60 solution of water/glycerine (glycerol) is non-toxic and is sometimes used without 
a heat exchanger with double separation for DHW or with connections to the potable water supply. 
Water/glycerine solutions have higher viscosities than water/glyc.ol Solutions and, therefore, 
may require a larger pump. Also, glycerine solutions are subject to biological contamination 
and may become corrosive if overheated. 

The combination of dissimilar metals and heat transfer fluids that conduct electricity will 
lead to some galvanic corrosion where the more chemically active metals are attacked. It can 
be avoided by: 

1) Using a non-conductive heat transfer fluid such as silicone or hydrocarbon oil. 
2) Using one metal throughout the wholc system. If thc metal is copper and the 

transfer fluid is water, there is no need to add corrosion inhibitors unless 
there are water softeners in an open system. 

3) Using an air-to-water system with no dissimilar metals on the water side. 

Water/glycol antifreeze mixtures require an added inhibitor because the glycol breakdown 
products include acids. Aluminum in the piping system will also require an inhibitor. Most 
commercially available heat transfer liquids are sold with inhibitors already added, but some 
will require the installer to formulate the proper mixture. Most of the common inhibitors 
carried in solution are sacrificial (the inhibitor is attacked rather than the plumbing) and, 
therefore, require the installer or the owner to follow a regular maintenance schedule to re- 
place the transfer fluid or to update the inhibitor. 



The system must be flu%..-- out completely prior to f<lli'iig.in ,-,er to remove solder flux, 
metal filings, etc. Direct connections between dissimilar metals must be avoided.' The use of 
insulating washers (plastic, rubber) or silicone hoses between dissimilar metals .will reduce 
galvanic reactions at that point but will not eliminate it if the liquid is eledtrically con- 
ducfive, Note that softening increases conductivity. 

In solar collector systems, as in any system involving~circulating liquids, it is not 
sufficient to use a dielectric fitting to separate dissimilar metals from direct contact. Cop- 
per ions can be carried by the fluid and deposited on another metal, causing pitting. Although 
complex systems of corrosion protection are available for mixed metal systems, THE BEST SOLUTION 
IS SIMPLY NOT TO MIX METALS. 

Thoroughly flushing out a system before filling with a liquid helps to prevent galvanic 
corrosion. Filings of one metal lodged in an absorber plate or heat exchanger coil of a dis- 
similar metal can cause galvanic corrosion. 

In flushing out a water/glycol system it is best to use water only. This is because the 
anti-leak inhibitors in the glycol may tend to plug any filters used in the piping system. 

n 

2.3.6 Pressure Tests 

Pressure tests at 1.5 times the maximum working pressure are an essential factor in pro- 
viding leak-proof systems. The pressure tests should include the piping and collectors and 
should use air instead of expensive liquids. However, it is wise to conduct a final pressure 
test with the liquid to be used in the system. The manufacturer should be consulted before 
testing. 

2.3.7 Heat Transfer Fluid Checklist 

It is recommended that the designer be aware of at least the following heat transfer pro- 
perties before selection. These can be obtained from manufacturers. 

2.3.7.1 Design Properties 

Normal collector operating temperature range, including start-up 
Stagnation temperature 
Maximum vapor pressure of fluids 
Acceptable kinematic viscosities at the start-up temperature and at the 
design operating temperature 
Maximum pumping power required per unit of power transferred 
Expected half-cycle (years) 
Melting point, pour point, boiling point 
Heat of vaporization, coefficient of thermal expansion, surface tension 
Thermal degradation temperature 
Maximum temperature recommended for long-term use 
Specific heat, thermal conductivity, viscosity, density, vapor pressures 
at scveral temperatures in the operating range 

2.3.7.2 Handling Properties 

Fire resistance, flash point, fire point, autoignition temperature, 
oxygen ind'ex (percent oxygen) 
Physical appearance 
Compatibility with metals, plastics, elastomers and other construction 
materials at 70°F (20°C) and at maximum use temperature 
Chemical sensitivity of the fluid to the following substances: 
Water, inorganic bases, trace quantities of strong acids, chloride ions, 
soldering and welding fluxes, oxygen 
Solvents with which the fluid is jrnmiscihle 
Physiological effects 
Biodegradability characteristics 
~ecoiended fire' extinguishing agents for the fluid 

2.3.7.3 Other Informatibn 

1. Currentprice per gallon - 5 gallon cans, 55 gallon cans, tank truck lots 
2. Other 



2.3.8. Experiences with Heat Transfer Fluids 

In the next few pages are presented the responses to a questionnaire directed to designers 
and manufacturers of solar energy collectors and collection systems. This survey was done by 
Monsanto Research Corporation and the results are extracted from the following publication. : 
"Superior Heat Transfer Fluids for Solar Heating and Cooling Applications", September 1979, 
prepared by Monsanto Research Corporation for the U.S. Department of Energy under contract 
number EM-78-C-04-5356 [12] . 

Table 2. Manufacturers of Flat-Plate Collectors and the Heat 
Transfer Fluids they Use or Recommend [12] 

Mfr. Collector a 
org. Activity surface area 
no. Collectors Systems (ft2) (mZ Flu,ids used b 

Fr eon@' 
Glycol-water solution 
Silicone 
Water 
Dowf rostm 
Heat transfer fluid ST-92 
Ethylene glycol-wat~r solution 
Glycol 
Propylene glycol-water solution 
Water 
R-114 
Water 
Water 
Sun-.Temp 
Dowfrosta 
Solargard G 
Water 
Propylene gly.col 
NClTEK 
Silicone 
Ethylene. glycol 
Glycerine 
Water 
Preston0 I1 =water ~olution 
Uistiiled water, contalnlng 2% 

V i r c u  Pet '31 currusion 
inhibitor. 

Sun-Temp 
Water 
Frestone I1 
Water 

2,000,000 185,806 
GOO 5 6 

10,000 929 
2,000 186 

450,000 , .41,806 
45,000 4,1.8.1 
100,000 9,290 
90,000 8,361 
8,000 743 
3,000 2 7 9 
300 2 8 

5,000 4 6 5 
it ooo 9 3 
300 2 8 

Suntherm HTF-100 

UCAR Food Freeze 
Water 
GlycuP-water suPutiun. 
Water 
Propylene glycol 
Prestone I1 
Thexmfa C 
Glycol-water solution 
Prestone I1 
Glycol-water solution 
Water 
Water 
Low-viscosity heat transfer 
oils 

(coritinued) 



TABLE 2 (continued) 

Mfr. Collector - 
org. Activity surface aread 
no. Collectors Systems (ftz) (m2 ~lui'ds used b 

Sun-Temp 
~herminolB 44 
DowfrostB-water solution(50/50) 
Water 
Water (potable) 
DowfrostB 
DowthermB SR-1 
Experimental fluid for extreme 
temperature range 

Experimental fluid for mid- 
temperature range 

~i~col-water solution 
Water 
Ethylene glycol 

Water 
Potable water 
Ethylene glycol 
~ropylene glycol 

- - 

Water. 
Dow-Corning Q2-1132 

Silicone fluid SF-96(500) 
Water 
Sun-Temp 
Dowthermm A 
DowthermB J 
Glycols 
Sun-Temp 
Water (with and without inhi- 

bitor for algae) 

Water 
Water 
Water 
Prvpylene glycol 
Water 
Solar Winter-Bar 
Ethylene glycol 
Water 

Silicone 
Dialam AX 
H-30 Solar Collector Fluid 
Sun-Temp 
sylthermTM 444 

(continued) 



TABLE 2 (continued) ' 

Mf'r . Collector a 
surface area 
( ft2 (mZ 1 ,  

org . Activity 
no. Collectors. Systems Fluids used b 

Mineral oil 
Glycol 
Proprietary fluid 
sylthermTM 444 
Water 
Water 
Sunsol 60 

Sun-Temp 
Auto.motive transmission oil 
Water 
nnw-Corning 62-1132 
DowfrostB (with 1.75% dipotas- 

sium phosphate) 
Propylene glycol 
Propylene glycol 
Sunsol 60 
Watcr 
Water (with inhibitor) 
~ylthermTM 444 
H-30 solar Collector Fluid 
~ o w f  post@ 
DowthermB SR-1 
Drewgard 100 (additive) 
Sun-Temp 
 owf frost@ 
DowthermB 
Sun-Temp 
~raycom 888 
Sunsol GO 
Sun-Temp 
sylthermTM 444 

PropyLene glycol (with pII indica- 
tor and ami.nc-type oxygen- 
scavenging inhibitor) 

Sun-Temp 
~herminolm fluids 

Water (potable) 
~owthcrm@ 
Propylene glycol 
Solargard 
Water ( d i . s t  i.l.led) 
Water 
'Propylene glycol 

Prestone I1 
Water 
Glycol-water solution 
SylthermTM 444 
Water 
Water 
Water iwith Nalco 8334 inhibitor) 
Water 

a~pproximate annual .production rate in 1977. 

b ~ h e  Irlanufacturers of most fluids listed in this table. are identified i.n Table 13. 



Table 3 .  F l a t - P l a t e  Co l l ec to r s ;  Problems Encountered with Se lec t ed  F lu id s  ,[12] 

'Mf r . 
org. 
no. 

Problems 
Fluids used Yes No Problems encountered with the selected fluids 

Ethylene glycol-water solution 4 .  
Freon@ 
Silicone 
Water 
~ o w f  rest@ J 
Heat transfer fluid ST-92 
Ethylene glycol J Degradation in stagnating system,. 
Ethylene glycol-water solution 
Propylene glycol-water solution 
Wa t e ~  
R-114 J R-11 and R-12 are alternate suitable fluid, 

depending upon the application. 
Water 
Water Formation of mlheral deposits from tap water. 

Occasional growth of algae in captive water. 
Fluid attacks rubber seals; special seals are 
required. 

Fluids have degraded under stagnation condi- 
tions. Originally alkaline solution have. 
become acidic (pH = 4.6 to 5.1) . 

Sun-Temp 

Water 
NUTEK 
Propylene glycol 
Silicone 

Degradation of NUTEK. 
Mild toxicity of propylene glycol. 
~ i g h  viscosity of silicone, necessitating the 
use of pumps of higher power requirements. 

Ethylene glycol 
Glycerine 
Water 
~herminol~ 66 
Sllicone 

The fluids place an upper temperature limit 
(316OC, 600°F) on the collector operation. 
The operating temperature limit of the 
collector itself is 53E°C (l,OOO°F). The 
fluid must also be pumpable at temperatures 
down to -E0C (lO°F). We found TherminolB-66 
to perform closest to our requirements. 

Ethylene glycoi-water solution 
Distilled water, containing 

2% Virco Pet 31 corrosion 
inhibitor 

.Sun-Temp 
Prestone I1 
Water 
Suntherm HTF-100 
UCAR Food Freeze 
Water 
Glycol-water soluti6n 

J 
J 
J 
J 
J 
J 

J A minor problem.with internal corrosion of 
carbon steel absorbers when the inhibitor 
was not added initially. 

J 
J 
,J 
J 
J 

J Corrosion. 
f 
J 

4 Destruction of roofing materials and staining. 
Leakage through threaded plumbing fittings. 
1ncr.ease of viscosity at low temperatures. 

J 
J The fluid leaked through the seal of the cir- 

culating pump. Since no nitrogen blanket , 

was used, the fluid also decomposed. 
J 
J 
J 
J Leakage, caused by low surface tension, pre- 

sents a minor problem. 
.J Testing laboratories have been unable to 

certify due to.lack of proper instrumentation. 
J 

J 
4 Cost of the glycols. High power requirement for 

the pumping of glycols: 

J 
J 

J Silicone fluid leaks throuqh the DmO, . (continued) 

Water 
Propylene glycol 
Prestone I1 
Glycol-water solution 
Prestone 11. 
Glycol-water solution 
Water 
Water 
Low-viscosity heat transfer oils 

Sun-Temp 
Therminoln 44 

Dowfroste-water solution (50/50) 
Ha t v ~ -  
Water (domestic) 
~ow'fros t@ 
Dowthe- SR 
Proprietary fluids 

Glycol-water solution 
Water 
Ethylene glycol 
Ethylene glycol with inhitiLor 
Propylene glycol with inhibitor 
Water (potable) 
Dow Corning 42-1132 
Water 
Oilicene fluid 9P-gG(500) 



TABLE 3 (continued) 

Mfr. 
org . 
no. Fluids used 

Problems 
Yes No Problems encountered with the. selected fluids 

C-263 Water 
C-264 Sun-Temp 
C-277 Water ' 

C-280 ~owtherd A 
~owtherd J 
Glycols . 

C-285 Sun-Temp 
C-294 Water (with and without 

inhibitor for algae) 
C-301 Water 

Water 
Water 

Sun 21 
propylene glycol 
water 
Solar Winter-Bar 
Ethylene glycol 
Water 
Silicone 
~iala@ AX 
H-30 Solar Collector Fluid 
Sun-Temp- 
sylthermTM 444. 
Mineral oil 
Glycol 
Proprietary fluid 
sylthermTM 444 
water 
Water 

Automotive transmission oil 
Dow-Corning Q2:1132 
Dowfrost@ (with 1.75% 
dipotaosium phocphate) 

Propylene qiyonl 
Sunsol 60 
Water 

Water (with inliilitur) 
SylthermTM 444 

H-30 Solar Collector Fluid 
Dow f ros t@ 
Dowtherd SR-1 
Drewgard 100 (addit jve) 
Sun-Temp 

C-465 Dowfrost@ 
DowthermB 
Sun-Temp 

J 
J Oils degrade rubber gaskets. 

Degradation of glycols causes corrosion. 
Low heat transfer efficiency of these fluids 

J 
4 

4 Deposits from very hard water have caused 
poppet.va1ve seats to leak and check valve 
pivots to sefze. 

J 
/ Lime scale buildup due to poorly maintained 

systems. 
J 

Low heat transfer efficiency. 
Degradation of rubber and leakage. 

r' 
J Bleeding of asphalt when leakage occurs on an 

asphalt tile roof. 
./ 

4 llcnnrnml ~ r , n ' l ~ s ~  L~.~III~IIWU p ~ u l ~ l u ~ ~ ~ u .  wAen glyzals 
are used instead of water, additional ex- 
penses are incurred because of additional 
circulator and heat exchanger requirements. 

J 
4 '  Leakage with poor j o i n t s .  Air venting on 

startup. 
4 Tile relatively high vapor pressure of glycoi 

solutions allows boiling to. occur under some 
conditions, increasing the probability of 
airlock formation and requiring the.use of 
large expansion tanks to prevent buildup of 
excessive pressures.' 

Gaseous products are generated from glycol 
solutions throcgh degradation alld ulectru- 
lytic activity. Hydrogen is one of the 
constituents. The generation of gascous ' 

products increases system pressure and 
creates safety hazards. 

Corrosion appears to be a minor problem with 
glycol solutions. 

A major objection tolthe "oi1.y" fluid is their 
pooi heat  transfer efficiency. Additionally, 
they arc generally not compatible with the 
nonmetallic seat and seal materials commonly 
used in the pumps, valves and expansion tanks 
of hydraulic systellls. The use of compatible 
materials for these components entails signi- 
ficant additional cost. 

The "oily" fluids also dissolve some components 
from common building materials (i.e., asphalt 
shingles) and cleaning is difficult if leak- 
age occurs. 

J 

(continued) 



TABLE .3 (continued) 

Mf r. 
. o w .  Problems 
no. . Fluids used. Yes No Problems encountered with the selected fluids 

BraycoB 888 
Sunsol 60 
Sun-Temp 
SylthermTM 444 

Propylene glycol (with pH J 
indicator and amine-type 
oxygen-scavanging inhibitor) 

Water (potable) J 
Dowtherfl ' 4  
Propylqne glycol 
Solargard 
Water (distilled) 4 

Water J 
Propylene glycol J 
Glycol-water solution J 
SylthermTM 444 
Water 
Water J 
Water (with Nalco 8334 inhibitor) J 
Water J 

Sunsol 60 needs to he replaced every 3 years. 
Compositional information regarding this 
fluid could not be obtained from the. manu- 
f acturer . 

The silicone fluid is very viscous. 

Glycols have .short s'ervice life. 
Dowtherm is expensive for the clients 

Corrosion problems were encountered when pool 
water was used for heat transfer. 

Table 4. Flat-Plate Collectors; Physical Performance Requirements for Fluids [12] 

i -.. 
Ufr.  O p e r a t i n g  Maximum 
org . t empera tu re  r ange  S t a g n a t i o n  t empera tu re  vapor  p r e s s u r e  V i s c o s i t y  H a l f - l i f e  
no. (OC) (OF). .(OC) (OF). ( a m )  ( p s i )  S t a r t u p  Opera t ion  Pumping p w e r a  ( y e a r s )  

c- 3 271 <160 204 t o  260 400 t o  500 10 
C- 6 %77 z170 154 310 
C- 9 149 t o  204 300 t o  400 27 400 20 
C- 26 2 t o  82 36 t o  180 177 350 l:oL 15 0.005 t o  0.029 
C-29 -1 t o  9 3  30 t o  200 149 300 0 . 7  10 20 
C- 30 16 t o  107 6 0  t o  225 204 400 8 CP '2 cp . 2.5 
C- 36 29 8 5  . 85. 185 
C-38 -1 t o  82 30 t o  180 177 350 5 t o  10 
C- 39 82 180 , 1 0  
C-60 -18 t o  82  0 t o  180 177 32 0 
C-48 582 5180 135,  177 275, 350d 2 
C-63 i 1 5 1  5250 154 3 10 
C-75 -29 t o  82 -20 t o  180 204 400 2.0 30 
C-94 -29 t o  260 -20 t o  500 1482  5900 5 1  750 1 0  
C-97 1 6  t o  90  6 0  t o  195 . 10.2 150 
C-108 38 t o  7 1  100 t o  160. 130 280 
C-115 5116 1240  ' .  260 500 
C-122 1 6  t o  0 2  60 to  100 135 7 7 5  ' R.5,  125 25 
C-123 16 t o  104 60 t o  220 135 275 
C-124 ' 27 t o  9 3  80  t o  200 149 . 300 
C-130 204 100 
C-l.46 27 t o  77 80 t o  170 12 1 250 2.5 
C-153 2 1  t o  82 70 t o  180 204 400 4 .1  
C-165 -23 t o  9 3  -10 t o  200 116  240 
C- 166 1 t o  9 3  33 t o . 2 0 0  >20 
C-169 -29 t o  66 -20 t o  150 4.0 0.03 20 
C-172 ' 4 t o  66 40 t o  150 149 300 
C-196 16 Co 9 3  6 0  t o  200 149 t o  204 300 t o  400e 1 .0  (0.02 
C-197 571  6160 6177 5350 0.026 
C-199 -23 t o  149 -10 t o  300 1.149 S300 , 20 
C-268 59 3 6200 232 ' 450 20 
C-215 4 t o  82 40 t o  180 177 t o  204 350 t o  400 7 
C-318 4 t o  R7 4fl t n  180 0.17 
C-219 -18 t o 8 2  0 t o  180 5204 5400 .5.9 87: 

8.6 127 
C-222 30 t o  104 - 9 0  t o  220 5246 5475 3.4 50 . . 20  
C-224 27 t o  107 80 t o  225 204 400 
C-230 6 0  to  116 140 t o  240 116 240 1 . 7  25 10 
C-254 588  5190 5177 5350 
C-257 27 t o  6 6  80  t o  150 163 325 
C-258 -18 t o  149 0 t o  300 
C-261 - 2 9 t o 8 2  - 2 0 t o 1 8 0  177 350 
C-263 50 t o  100 122 t o  212 160 320 
C-277 -46 t o  9 3  -5U to  200 177 J50 10 
C-280 -37 t o  104 -35 t o  220 5196 6385 0.025 10 
C-294 ' -38 t o  88 -37 t o  1 9 0 ,  . 5204 5400 8 . 5  . 125 0:05 2 5 
5- 29 5 582 5180 121  t o  163 250 t o  325 . 

( con t inued)  



TABLE ' 4 . (continued) 
-- - - -- 

M r .  Cverating 
o r s .  temperature range stagnation 'temperature vapor pressure . Viscosity n a l f - l i f e  
no. . (*C) (OF) ('C) (OF) ( a m )  ( p s i )  Startup Operation Pumping powera (years) ' 

. , I  

C-301 -29 t o  99 -20 t o  210 ,5204 a 0 0  
C-302 10 t o  71 50 t o  160 121 250 
C-313 24 t o  66 75 t o  150 177 350 
C-319 10 t o  88 50 t o  190 204 400 
C-324 30 t o  60 90 t o  140 204 400 
C-326 -18 t o  121 0 t o  250 121; 149 ' 250, 300 
C-331 16 t o  93 60 t o  200 185 365 . 
C-337 21 t o  110 70 t o  230 288 . 550 100 
C-380 -34 t o .  193 -30 t o  380 193 380 
C-395 -18 t o  177 0 to 350 177 350 2 .4  
C-398 S O  S140 149 300 
C-409 571 6160 149 300 5.4 
C-427 4 to 104 40 t o  220 177 350 24 
C-432 27 t o . 8 2  80 t o  180 . 149 300 8 .2  
C-435 6100 5212 150 t o  180 302 t o  356 2.4 
C-439 10 t o  62 50 to 180 177 t o  204 350 t o  400 2 .0  
C-441 16 t o  82 60 t o  180 
C-450 571 . 6160 204 400 
C-463 -18 t o  104 0 t o  220 19 1 375 0.07 
C-4G5 -29 W 149 -20 Lu 300 204 400 
C-469 - 4 0 t o 9 3 .  - 4 0 t 0 ' 2 0 0  177 350 4 . 1  
$-a77 77 to 4e UQ to law us 190 . ' 

L C O 0 9  S Y J  5200 204 , 400 4.4 
C- 492 1 t o  102 33 to'  215 149 300 . ' ' 

C-493 21 t o  99 70 t o  210 . 204; 400 . 
C-499 -18 t o  116 0 t o  240, 135 t o  232: 275 t o  450 2 .0  
C-so1 inn tn z i s n  217 to s?n> > I W  >302 0 . 7  
C-503 -18 to 81 0 t o  180 177 350 
C-523 -29 t o  100 -20 t o  212 >135 >275. 
C-568 -29 to 82 -20 t o  180 83 182 
C-575 32 t o  82 90 ,to 180 204 400 
C-576 27 t o  82 80 t o  180 177 t o  204 350 t o  400 
C-578 2 t o  116 35 t o  240 . 260 t o  316 500 t o  600 
e-500 S141 a ) " .  121 250 . 

alhe required parer is expressed a s  a fraction of power delivered 
by the  s o l a r  c o l l e c t o r .  

b ~ t  100°C (212'F). 

C ~ i n g l e - g l a z e d  c o l l e c t o r .  

d~ouble-g lared c o l l e c t o r .  

evependent upon the  absorbance of the coating. 

*rapid f la ,  at,  s tartup temperature is not e s s e n t i a l .  

'At 38OC (lOODF). 

h ~ t  149.C (300DF) i 'the maximum value. 

30 8 cs" 0 . 8  'csO 
10 

' ~ e s i r e d  'vapor pressure. 

'At 21°C (7OoF). 

k ~ t  54'C (130'P). 

'At -40°C (-40°F). 

m ~ t .  93OC (2OO0F). 

" ~ t  27-C (80°F). 

OAt 99.C (210°P). 



Table 5. F la t -P la ie  Collectors; F i r e  Resistance Requirements f o r  .Fluids 1123. 
. . 

Mfr. Maximum hot surface 
org. exposure temperature Fire -resistance specifications 
n.3. ("C) (OF) associated with the specific collectors . Codes and regulations 

Proposed specification of flash point 
56°C ( 100°F) above the temperature 
of the hottest surface which the 
fluid may contact. 

HUD minimum property standards. . 

None encountered to date. 

Not combustible at stagnati'on 
temperature. 

Must be essentially nonflammable. 

We intend to use nonflamnable fluids. 

Flash point 140°C (300"~). 
HUD minimum property standards. 

Noncombustible. 
Should not ignite upon impingement . 
onto the surface of an oil-burning 
furnace. 

.Systems sold nationwide. Fluids 
must meet the codes of all states. 

Monhurning . 
Nonflanmable. 
Intend to use nonf,lamrnable fluids 

Stagnation temperature. 
204°C (400°F) flash point. Leak 
during normal operation. 

Fluid should be nonflammable. 
Since water is used, there are no fire 
resistance specifications. 

Must meet HUD minimum property standards. 
Leak onto collector surface during 
stagnation. 



TABLE 5 (continued). 

Mfr. 
o r g .  
no. 

C-326 
C-337 
C-380 
C-395 
C-427 
C-432 
c-435 
C-439 

- -- - -- 

Maximum h o t  s u r f a c e  
exposure  t e m p e r a t u r e  ?ire r e s i s t a n c e  s p e c i f i c a t i o n s  

('C) .(OF) asso-:iated w i t h  t h e  s p e c i f i c  c o l l e c t o r s  Codes and r e g u l a t i o n s  

149 Z O O  To d a t e ,  121°C (250°P).  
288 550 
190 ,180 Absorber p l a t e  tempera ture .  
177 ' Z50 Must be t o t a l l y  f i r e p r o o f .  

8 5 185 
14 9 Z O O  No=flammable. 
150 : 02 F13id st.ould be nonf lannnable. 

177  t o  204 150 t o  400 Should  he f i r e - r e s i s t a n t  i n  c o l l e c t o r  a t  - 
. s tagna t ion .  

154 , l o  ' 'No>£ Lamable .  
400 :52 

*OO Nonflamnable. 
250 F l a s h  p o i n t  above 232OC (450°F).  

' 400 Absorber  late under s t a a n a t i o n  
c o r d i t i b n s  . 

250 . 
450 ~ q m i t i o n  p r o p e r t i e s  of  f l u i d s  must 

complp w i t h  HUD Standard  5-515-8.2.2. 
Must be  nonburning, nontoxic  and mon- 

c o r r o s i v e .  I f  a l e a k  would occur ,  the 
f l u i d  would zmpinge o n t o  a s u r f a c e  a t  
.a t e n p e r a t u r e  above 150°C (302°F).  

400 , . 
Cc.nplet.ely f i r , s - r e s i s t a n t .  
F l a s h  p a i n t  ab.3ve 260°C ( 5 0 0 0 ~ ) .  

BUD minimum p r o p e r t y  s t a n d a r d s .  

C i t y  o f  Los Angeles code; 
HOD Minimum Proper ty  S tandards  of  1977. 

Los Angeles County S o l a r  code, 1978, by 
B u i l d i n g  and Safety.  Divisons , Depart- 
ment of  Cotn ty  Engineer.  

'NFPA. 
.Nonf lamable  f l u i d s  o r  p r o t e c t i o n  'from 

flames t o  s a t i s f y  b u i l d i n g  codes.  



Table 6 .  Flat-Plate Collectors; Compatibility Requirements for Fluids 1121 

Mfr. A t  max. PEtals P las t ics  ' Elastoners Other materials 
org. o . tem . ~t max. A t  max. A t  max. A t  IMX. 

no. (+& A t  2 i0c  (70°F) op. temp. A t  21°c (70°Fl op. temp. A t  21°c ( 7 0 ° ~ )  op. temp. A t  21°c i 7 o e ~ )  op. tern.  

Aluminum 
Copper 

99 210 Copper 

Aluminum 
Copper 
Copper 

Neoprene Neoprene 
Silicone rubber Silicone rubber 

MKA SBR 60/40 solder 60/40 solder  - 
HOPE Buna-N 

v i  ton 
RN s i l icone  

204 400 Copper 
302 SS 
6061 aluminum 
Si lver  
Copper 

copper 
MMA 
HDPE 
PVC 
Nylon 
rponl 
Nylon Aluminum . 

Copper 
Sta in less  s t e e l  
lor carbon s t e e l  
Copper 

71 160 Alknum 
Copper 
Brass 
*per 
1 ron 

A1umir.m 
Copper 
Sta in less  s t e e l  
lor carbon s t e e l  
Copper 
A1umir.m 
Copper 
Brass 

Nylon Silicone'  rubber Silicone rubber 

PVC 
CPVC 
ABS 
Te f lcm 

PVC Neoprene Neoprene 
CPVC v i  ton Viton 
ABS 

Bwa-N 
BUtyl 
Sil icone 

Copper 
Copper . 
Copper 
Copper. 
Brass 
Bronze 
Stainless :.tee1 
Copper 

104 220 Copper 
Iron 
Sta in less  e t e e l  

204 400 Capper 

Copper 
82 180 Aluminum 

BIRSS 
Capper 
CaS t s t e e l  
Copper 
Aluminum 
Ferrous metals 

116 240 Copper 
Copper 
Bras8 
copper 

Polybutadiene 
Polyester 

Copper 
Brass 
Bronze 
Sta in less  s t e e l  
Galvanized 

f i t t i n g s  
bppe r  
1 ron 
Sta in less  s t e e l  
Copper 

Copper 
Aluminum 
Brass 
Copper 
Cast s t e e l  

Copper 
Aluminum 
Ferrous metals 

Copper 
Copper 
Brass 
Copper 

EPDH EF'Dn 
Silicone Silicone 

Lead solder  
Si lver  so lder  

Silicone S i l i w n e  

PVC 
CPVC 

CPVC 

CPVC 
PVC . 

CPVC Lead-tin Lead-tin 
solders solders 

Si lver - t in  Silver- t i n  
solders so lders  

pump sea ls  Pump sepls  

C-161 177 350 Copper 
C-280 104 220 Copper 

S t ee l  
c-290 Copper 
C-295 Copper 
C- 301 Brass 

copper 
Sta in less  s t e e l  

C-302 93 200 Brass' 
Bronze 
copper 

C-326 Copper 

CoPper 
Copper 
S t ee l  

won EPW 
Polybutadiene Polybutadiene 

v i  ton 
Buna-N Buna-N Alumina s ea l s  Brass Te f lcm Tef Ion 

Copper 
Sta in less  s t e e l  
Brass 
Bronze 
Copper 
copper 



TABLE 5 (continuedl 

At mb.. - k t a  1s P l a s t l c s  el as tamer^ o ther  mater ia l s  ' 

"'-9. OP. t e w .  At max. - ncpax. ~t IDOX. AC max. 
n.3. IOC) .:.PI ~t 2 1 ' ~  170.P) W .  -.. p.t 2 1 0 ~  ( 9 . p )  op. -. ~ \ t  21.c (70.P) op. tene. At 21aC (700F1 op- temp- 

C-331 Brass 
copper 
~ a l v a n i z e d '  metal 

7 110 230 Aluminum 
m p p e r  

C-195 B r s s  
-per 
S t a i n l e s s  s t e e l  

C4.32 149 300 Aluminum 
Copper 
Galvanized s t e e l  

lumniran. 
CoBper 
Bras8 
Copper 
S t s i n l e s s  s t e e l  
Almnimlm 
Cogper 
GaLvamized steel 

P l w r o s l l i c o n e  P l w m s i l i c o n e  Solder (95/5) Solder 195/5) 
V-ton V i  ton  

F iberg lass  F iberg lass  

Polystyrene,  
polyurethane 
and urea-for- 
maldehyde 
foa!as. 

82 180 Castiron s t e e l  
Copper 
S t a i n l e s s  s t e e l  

82 180 Aluminum 
CoPPe r 
Aluminum 
Copper 

191 375 Brass 
Copper 
S t e e l  
Zinc 

C a s t i m n  s t e e l  
Cwper 
S t a i n l e s s  s t e e l  
Allmimlm 
-PF=r 
Aldm 
-per 
B r a s  
-per 
s t e e l  
zimc 

(PVC 
Polypropylene 

Neoprene 
S i l icone  

neoprene 
s i l i c o n e  

Solders so lders  Bana-N 
Ba-1 
E - a l e n e  

p-mpy lene 
Neoprene 
s i l i c o n e  

Bma-N 
Blty 1 
~ t h y l e n e -  

propy lene 
neoprene 
S i l icone  

Polyisocyanate 
rWfing  mater ia l s  

S i l icone  
sea lan ts  

pump gaskets P u q  gaskets 

~ 4 6 5  149 300 copper Cwper  
S t e e l  S e e 1  

Polyethylene Poly.sthylene B?1M-N 
Teflon T e f l m  te-rene 

Aluminum 
 cop^ r 
S t e e l  
Coppe r 
s t e e l  
Aluminum 
Bronze 
Copper 
S t e e l  

149 300 Copper 
Aluminum 
Copper 
S t e e l  
Copper 

82 180 Aluminum 
copper 

. Copper 

Roofing 
mater ia l s  

Cork Cork Aluminum 
C q p e  : 
Sbeel 
Ccppez 
Amminum 
Cqppe r 
Coppe : 

Iron .pipe Iron pipe 
C-578 Aluminum Al+xum Si l icone  S i l icone  Roofing 

Coppei Ccppe r mater ia l s  

S t e e l  ' S t e e l  
C- 580 

WWd 



Tablc Flat-Plate collectors; Physiolc - %1 Safety, 
Biodegradability, and Other Requirements [ 121 

- - 

Maximum 
n f r .  acceptab le  
org .  . Phys io logica l  Biodegradabi l i ty  p r i c e  p e r  

r ' ~  no. s a f e t y  r e q u i r e w n t s  icquirements g a l l o n  ( 5 )  Other requirements 

Nontbxic. 
Nontoxic. 

Should have v i s c o s i t y  s i m i l a r  t o  t h a t  of water.  
The o p e r a t i n g  temperature range should extend 
from -2YC t o  l8Z0C ( - 1 0 ° ~  t o  360°F). should 
have a l i f e - t i m e  of 5 years . ,  Should be  
a v a i l a b l e  i n  t e s t  q u a n t i t i e s .  

P r i c e  should be  compet i t ive  with t h a t  f o r  
e thy lene  glycol-based f l u i d s .  , 

Nontoxic. should be  misCible wi th  water.  Cost should be 
lover  than t h a t  of e thy lene  g l y c o l .  

Biodegradibi  li ty requi red .  

None. 
. . 

None. 

Nontoxic. 

None. 

Completely biodegradable.  

For domestic h o t  water  systems. , 

For space h e a t i n g  systems. 
A v a i l a b i l i t y  i n  5-gallon conta iners  f o r  

domestic h o t  water  systems. 
Toxic i ty  l c v e r  than  t h a t  o f  

propylene g l y c o l .  
Nontoxic. 

tor a c u t e  o r a l  t o x i c i t y .  High s p e c i f i c  h e a t  (0.85 t o  1.0 c a l / g ) .  Low 
c o e f f i c i e n t  of thermal e q a n s i o n  (5.4\/1'00°C). 
High s u r f a c e  tens ion  (60 dynes/cm) . La, 
v i s c o s i t y  (2-4 cp  a t  3B°C). High b o i l i n g  
p o i n t  (177OC t o  204OC). Low f r e e z i r p  p o i n t  
(-2b°C t o  -7OC). Noncorrosive t o  bu i ld ing  
and plumbing m a t e r i a l s  ( i . e . ,  roof s h i n g l e s ,  
BVC, copper,  aluminum). Low r a t e  of degrada- 
t ion .  The f l u i d  should neit!!er cause nor 
f a c i l i t a t e  e l e c t r o l y t i c  corr0,sion.  

.UW d i e l e c t r i c  cons tan t .  Nontoxic. 
Nontoxic upon s k i n  c o n t a c t .  None. 
Very la, t o x i c i t y  Compat ib i l i ty  with roof ing  r a t e r i a l s .  

'Nontoxic a c c o r a i n g ' t o  FDA None a s  y e t .  
and Los Angeles County 
Health Department 
gu ide l ines .  

Preferably biodeqradable.. . . 0.15 
3.60 

Nontoxic. 

I n s t a l l a t i o n  personne 1 m u j t  bc 
a b l e  t o  handle t h e  f l u i d .  

Nontoxic. None. 

Nontoxic. 
Nontoxic upon contac t  with 

- s k i n .  

. 5.00 
. . 0.10 

,Biodegradabil i ty required.  1.00 
6.00 

Nontoxic. 
Nontoxic. noncarcinoqenic. 

Water-soluble. Should not leak read i ly  
through threaded connections. 

None. 
Nontoxic. 
Must meet OSHA requi iewnks .  

None. 
Must be biodegradable.  5.00 
Should be biodeqradable . Flu id  should be conpatible with use i n  hea t  

exchange ' sys tem f o r  po tab le  water.  

Should be usable  i n  t h e  
proximity of po tab le  water. 

Avai lab i l i ty  on s i t e  i n  l e s s  than 30 days 
a f t e r  placinq an order.  Ma,terials should 
q u a l i f y  f o r  a i r  f r e i g h t  shipment. Should 
be read i ly  washable with water.  , 

i P c i f i c  hoat approx. 0.5 cal/q°C 

'For f l u i d s  used i n  t h e  co l lec tor -hea t  exchanger a r ray .  

b ~ o r  f l u i d s  t h a t  a r e  a l s o  used f o r  energy s torage .  



Table 8. Manufacturers of Concentrating Collectors and the 
Heat Transfer F.luids they use and Recommend [12] 

Mfr. Collector 
org. Activity ; surface area 
no. Collectors Systems (ftz) (ma) rluids' use'd Remarks 

C-2 J J 9,600 892 Caloriaa HT-43 
Dowtherm@ A 
SylthermTM 800 
TherminolB VP-1 

' Water (potable) . 
Water (treated boiler feed 

water) 
Water-ethylene glycol solu- 

tion containing up to 
S O  vol-# ethylene glycol 

C-43 J 2,800 260 Silicone 
Therminola 66 

C- 54 J 45,000 4,181 Caloriam HT-43 
Freon@ 113 
Pres+.one I1 
lI'kaxw.tnnl@ h ti 

C-80 J 100.,000 9,290 Water Evacuated tubes 
C- 1'54 J J 35 Therminol@ 66 

Water 
C-167 / 5,700 530 Prestone 11' 'Evacuated tubes 
C-226 J 19 2 Ethylene glycol-water solution 

(50/50 vol-%) 
C-231 J Caloriaa HT-43. 

Thermino @ 66 
C-246 v' 480 45 S'yltherm4' 444 
C-298 / j %35,000 -3,252 Ethylene glycol-water solution 

Propylene glycol 
Thcrminola 55 

C-316 J Sunoco Heat Transfer Oil 21 
C-337 i ;, 14,000 '1,301 Silicone 
C-340 4 12,000 1,115 H-30 Solar collector'fluid 

Sun-Temp collector fluid 
C-367 J J 3,000 279 Ethylene glycol 

A proprietary fluid 
J 100 9 SylthermTM 444 
J 3,500 Sun-~emp collector fluid 

~herminolsa 
C-493 J J 750 325 Propylene glycol 

Wiltor 
C-495 J 50,000 4,645 
C-'573 J 4 Caloriam HT-13 

Sunoco Heat Transfer Oil 21 
Thcrminolm 66 

C-581 J . J  . . 70,000 6,503 SylthermTM 800 (Dow-Corning 
~2-1162) 



Table %. Concentrating. Collectors; Problems Encountered with the  Selected F lu ids  1121 

Mfr. 
org. 

no. Fluids used 
Problems ' 

Yes NO Problems encountered with the  selected f lu ids  

~ a l o r i a @  HT 43 4 
~ o - d t h e r d  A 
~ ~ l t h e r r n ~ ? ~  800 
  her mi no la VPI.  
Water (potable) 
Water ( t rea ted  bo i l e r  feed water) 

Silicone 
Therminol 66 I 

Caloriaa HT-43 
~ r e o n a  113 
Prestone I 1  
~herminol3  6E 
Water 

Themino19 6E 
water- I 4 
Prestone I1 4 
Ethylene glycol-water solution 4 

(50/50 vol- a )  
sylthermTM 44: 

Ethylene glycol-water solution 
Propylene glycol ' 
t her mi no la .55 

Sil icone 4 
H-30 Solar Collector Fluid 
Sun-Temp ColPector Fluid 1 4 

~ ~ l t h r r r n ~ '  444 4 
Propy lene glycol I 4 
Water ' 

In one of the programs (150 kw) ,anticipating some degradation 
of the caloria@ HT-43 heat  t r ans fe r  f lu id .  Planning t o  re- 
place vola t i l ized material with fresh makeup o i l . .  When 
the f l u i d  properties degrade s u b s t a n t i a l l y , , w i l l  drain and 
r e f i l l  the en t i r e  system with fresh oil.. Would l ike  t o  f ind 
a reasonably priceh thermally s t ab le  subs t i tu t e  t h a t  would 
a l l ev ia t e  the need fo r  f lu id  r e f i l l i n g .  

The f lu ids  used l i m i t  the col lec tor  temperature t o  316OC (600°F) 
whereas i t s  design capabil i ty is 538OC (lOOO°F). The f l u i d  
a l so  has t o  be pumpable a t  ambient temperatures down t o  
-120C (lO°F). Found Therminol@ 6G to  meet' a l l  requirements 
of t h i s  application c loses t .  

Typical problems associated with hydrocarbon working f lu ids .  
Toxicity considerations of working f lu ids  . in  contact  w i t h  
potable water systems. 

The recommended operating f l u i d  f o r  t h i s  f i rm's  evacuated tube 
type col lec tor  is water. The manufacturer does not use nor 
recommend any other heat t r ans fe r  f lu ids .  

, 

Corrosion. 

~ d n e  of the present heat t ransfer  f lu ids  meets a l l  the design 
c r i t e r i a .  The s i l icone o i l s  require high pumping power. 

No major problems. Double-walled separation is required- 
between the toxic heat  t ransfer  f lu id  (ethylene glycol)  and 
domestic water supply: This requirement lowers the heat  
t ransfer  efficiency of the heat  'exchanger and increases i t s  
cost  . 

Low heat t ransfer  ef f ic iency.  
Need f lu ids  with be t t e r  high-temperature capab i l i t i e s ,  a t  a 

lower price.  



Table 10.. Concentrating Collectors; Physical ~erformance F-equirements for Fluids 1121 

Mfr. a e r a t i n g  Maximun 
'org. tempmature range Stagnati3n .temperature vapor pressure Viscosity Hal f - l i fe  
nn . ' (OF) ("C) (OF) [ a m )  ( p s i )  Starsup Operation pumping (years)  

C- 2 60 t o  316 140 t o  600 >538 >1,000 23.8 350 L.000cs 0 . 7 c s C  >lod 
C-39 991 t o  316 375 t o  600e 

377 t o  843 1,250 t o  1.55C' 
C-43 5316 S O 0  >538 >1,000 0.6' 8. 8' 
C-54 66 t o  260 150 t o  500 . 

' 5550 
h 

C-154 5288 
C-lET 5149 5300 370 700 1 
C-,216 2 1 t o 8 8  70 t o  190 UO to 159 230 t o  300. 
C-221 -1 t o  327 30 to' 620 649 1,200. 3.00.3 cs  ' 0.3 t o  0.6 cs 0.02 
C-256 -29 t o  93 -20 t o  200 177 KO i i 6 . 8 .  100 0.06 10 
C-258 ' 38 t o  121 100 t o  250 249 4 80 8.5 125 - - 

60 t o  177 140 t o  350 '416 . 780 0.01 5 
C-316 -12 , t o  302 - 10 t o  575 ' 316 600 7 
C-359 21 t o  110 70 t o  230 2 88 550 . 0.13 1.9. % cp 10 cp 20 
C-340 -18 t o  427 0 t o  80.0 .-J 10 t o  20 

C-380 -34 t o  193 -30 t o  380 
204 400 6.8 100 

k 
C-489 66 t o  93 150 t o  200 3 cp 10 

177 350 . . C-49 3 S177 5350 >5 

"Typical of p a r a b 3 . z  t rough 'co l lec tor .  aTbe required power is  expressed .as a f r a c t i o n  of 
pcuer del ivered by the  s o l a r  c o l l e c t o r .  i 

Prefer  t o  have v i s o s i t i e s  up t o  60% of t h e  values of water. 

b ~ t  -290'2 (-20°F). joes i rab le  t o  have vary low vapdr pressure.  

'At 316OC (600°F). k .  . A t  93'C (200°F). 

d ~ e n  percent  Low-boiling v o l a t i l e 3  i n  10 y a r s .  ' ~ t  2i°C (SOOF). 

e ~ i o e - f o c u s i n g  co l lec tor .  m . ~ t  316OC t, 538°C ( : ~ o o "  t o  1 0 0 0 ~ ~ ) .  
f .  
P n t n t - f o c u s i y  co l leccor .  n ~ t  -19'12 t-3-F). 

'At 3 ' 1 ~ ' ~  (60.l0F). .O 
A t  31b°C 460C5OF). 



'Table 11. Concentrating Collectors;  F i r e  Resistance Requirements f o r  Fluids [I21 

Mfr. Maximum h o t  s u r f a c e  
org  . exposure temperature F i r e  r e s i s t a n c e  s p e c i f i c a t i o n s '  

no. (OC) (OF) a s s o c i a t e d  with t h e  s p e c i f i c  c o l l e c t o r s  Codes and r e g u l a t i o n s  

2.900 
650 
550 

700 to, 800 
380 
400 ' 

Approximate maximum temperature of r e c e i v e r  
s u r f a c e .  

The temperature is  h o t t e s t  on the  s u r f a c e  
of t h e  p ipe  a t  t h e  c o l l e c t o r  o u t l e t .  

Under opera t ing  condi t ions .  
I n  f a i l u r e  mode. 

None. 
' I n t e r n a l  l e a k ' o n t b  a 2421°C i2800°F) sur-. 

face  i n  an evacuated tube.  Externa l  
l eak  onto  a 177°C (350°E) manifold 
during normal o p e r a t i o n ,  and onto  a 
371°C. (700°F) .manifold dur ing  s tagna t ion .  

Should meet ASHRAE and.HUD minim? 
s tandards  f o r  h e a t  t r a n s f e r  f l u i d s . a  

I f  a  r e c e i v e r  should reach i t s  
s t a g n a t i o n  temperature o f  64g°C 
(1,200°F),  it would leak f l u i d  
t h a t  would touch i ts  h o t  s u r f a c e .  
The a u t o i g n i t i o n  temperature must 
exceed t h e  normal opera t ing  temper- 
a t u r e .  The f i r e  p o i n t  must exceed 
149'C 0OO0F). . 

Would not  use a ' f l u i d  having a f l a s h  
p o i n t  be,low 31S°C (600°F). 

P r e f e r  "noncombustible" f l u i d .  
Absorber p l a t e .  
Absorber p l a t e  under s t a g n a n t .  

condi t ions  . 
Flash  p o i n t  ibove 232'C (450°F).  

NFPA, Class  I .  

HUD r e g u l a t i o n s .  

Auto igni t ion  temperature above the  
o p e r a t i n g  temperature.  

Auto igni t ion  temperature above the  NFPA n a t i o n a l  f i r e  codes. 
opera t ing  temperature.  i h e  leak ing  
f l u i d  would g e n e r a l l y  encounter  s u r  
f a c e  temperaturcs lower than i ts own 
temperature under opera t ing  c o n d i t i o n s ,  
except  f o r  the  s u r f a c e  of the  backup 

, 

h e a t e r .  

''The f l u i d  should be labe led  a t  the  f i l l  p o i l ~ t  o f  t h e  closed .loo? with a rccurd of i t s  p r o p e r t i e s .  



Table 12. Concentrating Collectors;  Compatibility Requirements f o r  Fluids 1121 

Hfg. A t  max. Metals P l a s t i c  Elastomers Other materials 
org. 0 . tern . A': mar. . . A t  max. A t  max. A t  max. 

no. (-1 At. 21°C I7O0F) cup. tenp. A t  21°C 17O0F) cp. temp. A t  21°C (70'F) ' op. tenp. A t  21°C ( 7 0 ' ~ )  op. temp: 

Eiastomeric 
gasket 

Pipe f i t t i n g s  Pipe f i t t i n g s  
Carbon 

C-2 . 316 600 Carbon s t e e l  Carbon s t e e l  None . None None Pipe f i t t i n g s  Pipe f i t t i n g s  
C-39 316 600 I32 SS HMA Nme SBR Basalt . Basalt 

€061 Aluminum HDPE Bur~a-N Granite Granite 
Si lver  PVC Viton Rocks . Rocks 
Copper w lon Rn' Silicone 60/40 solder 60/40 solder 

Epexy/amidcs 
C-41 538 1,000 Girbon s t e e l  Ca~bol  s t e e l  

s t a in less  s t e e l  S t z n l e s s  s t e e l  
CL54- <316 <600 S t e e l  

CWPW 
C-1E7 127 260 Copper CCPPR 

Stainless  s t e e l  S t a n l e s s  s t e a l  
C-2CO 177- 350- Copper 

204 400 Iron pipe . . 
C-2;6 316 600 Carbon s t e e l  . C+r>cn s t e e l  None 
C- 2 ::l Copper cc.p.x~ Teflon Viton 

PLild s t e e l  Mi13 s t e e l  
Zirconium Z j  r c n i u m  

C-246 177 350 c ~ p p e r  C o w ~ r  Ethylene- 
Stainless  s t e e l  Stipirless st-1 ?ropy lene 

. . copolymer 
. C-290 177 350 Copper CORE z V i  ton Viton 

S tee l  Steel 
C-316 204 400 .2opper Comer CP'IC 

PVC 
C-337 110 230 Nluminum Aluni aum Silicone Silicone 95/5 solder 95/5 solder 

ZoFper Comer V i  ton Vi ton 
s t e e l  s:ee: 

C-489 Aluninum ALunl3um EPDM EPDM Typical 
3ronze Brcnre Neop cene Neoprene roofing 
Zoppe r GDEper Silicone materials Silicone 
Steel  S tee l  

C-4.33 . , ' Copper EPDM 
Viton 

C-533 Alloy s t e e l  All07 s t e e l  Iron ore Iron ore 
L a  carbon s t e e l  b xrbon s t e e l  mcks Rocks 
Stainless  s t e e l  S t c i l l e s s  s t e e l  . , 

c-531 399 750 Carbon s t e e l  c3rb.m s t e e l  Iron ore Iron ore 

S ta in less  s t e e l  S t r i l l e s s  s t e e l  



Table . 13 .  Concentrating Collectors; Physiological Safety, 
Biodegradability and Other Requisenents [12] 

None. 

- -- 

Maximum 
Mfr. acceptable 
org . ~hys~ological Biodegradability price per 
no. . safety requirements requirements gallon ( $ 1  Other requirements 

C-2 Should be nontoxic. Depend on local codes. 1.00 Usable to 39g°C (750°F). 
C-43 Should be nontoxic upon 5.00 

inhalation and contact with 
skin. 

C-54 ' Should be nontoxic. Should be biodegradable.. 
C-167 None.. None. 
C-200 5.00 
C-226 Nontoxic dyes should be incorporated into 

ethylene glycol-based fluids. 
C-231 None. None. 5.00 
C-246 Should be'nontoxic and safe . ' 10.00 

in potable water.. 
C-298 10.00 
C-316 0.80 
C-337 Should be nontoxic. 12.50 
C-380 . 50.00 
C-489 6.00 Fluid should not leak through threaded pipe 

connections. 
C-493 Need nontoxic fluid for 3.00 

single-wall heat exchangers. 
Documeztation of toxicity 
test results for transmittal 
to 1ocal.code officials. 

C - 5 7 3  Liquid and vapor, and reacticn 1.00 to 2.00~ 
products with air and water 2.00 to 3.00~ 
should be nontox=c at handling 3.00 to 4.00' 
and operatir.9 temperatures. 

C-581 Nontoxic. 20.00 The degradation products should not deposit 
\ on heat trqnsfer surfaces. Specific heat 

greater than 0.49 cal/g0C at 316'C (600°?). 
Density greater than 0.67 g/cm3 at 316'C 
(600°F). Thermal conductivity greater than 
0.12 watts/meter OX [0.067,But/hr f't OF at 
316OC (6OOoF) 1 .  

%or a fluid that has a useful operzting temperature range from'21°c (70°F) to 316°C (600°F). 

%or a fluid that has a useful operating temperature range from .21°C (70°F) to 427'C (800°F). 

%or a fluid that has a useful operating temperature range from 21°C 170°F) to 538'~ (l,OOOO?). 



Table 14.  Infomation on Commercially Available and Developmental Heat Transfer Fluids 1121 

- 
P r i c e  per  g a l l o n  ( 5 )  

Company Trade name of f l u i d  Chemical type o r  composi'ion 5 g a l  55 g a l  Tank t ruck  

Bray O i l  Company 

Dow Chemical USA 

Bray=@ 888 
~ r a y c @  888 HF 
cawf c o s d  
-$he& A 

S y n t h e t i c  hydrosarbon 
S y n t h e t i c  hydrocarbon 
Propylene glycok w i t h  i n h i b i t o r  
E u t e c t i c  mixture of  b iphenyl  and 

dipheny 1 oxide 
Mixture of d i -  m d  t r i a r y l  e t h e r s  
Alkylated a romat ic  hydrocarbons 
Mixture of  diphenyl  o r i d e  and. 

methylated bipheny 1 
Ethylene g l y c o l  wi*. i n h i b i t o r  
Poly (dimethylsi1cxar.e) 
Poly (dimethy l s i l c x a n e )  
Fluorocarbon 
Fluorocarbon 
Mixture o f  f luorocarbon and 

a l i p h a t i c  k e t o m  
H y d r ~ e n a t e d  pol ' falphaolefin . 
Hydro~cnated  polya lphaolef in  
Hydrgena ted  po-ya lphaolef in  
PetroBeum hydrocarbons and 

a d d i t i v e s  
Poly (Cime thy l s i h x a n e )  . 
P a ~ a f f i n i c  type oil wi th  o x i d a t i o n  

. i n h i b i t o r  . . 

S y n t h e t i c  polymeric hydrocarbon 
P a r a f f i n i c  base h:/drocarbon 
Mixture o f  'aromatic and p a r a f f i n i c  

hy drocarbpns 
Modified e s t e r  
S y n t h e t i c  hydrocarbon mixture 
Polyarav+tic compounds 
Modified terpher-y 1 
Mixed terPheny 1s 
E u t e c t i c  mixturr; of  3i?henyl  a d  

diphrny 1 oxide] 
Halogenated a r o n a s i c  
Mixed te+henyls  and h i g h e r  

poly?hgnyls 
Mixed t e r p h e n y i s  and h i g h e r  

polyphenyls 

~owC?e@ SR-1 
~ y l t h e r r n m  444 
Request X2-1162 
F K ~ O *  11 
 reo on@ 114 
  re on@ TA 

Dew Coming Corporat ion 

Du Pont Comprny 

Ethy 1 Corporat ion ESH- 4 
ESH- 5 
ESa-6  . 
~ a l o z i a a  HT-'43 

5.90 
5.90 
5.90 
NO t 

a v a i l a b l e  
Exxon Companb 

General  E l e c t r i c  Ccmpacy 
A. Margol:s rnd Sons Carp- 

S F 9 6  (20) 
S i  loqram Heat T r a n s f e r  43 

Mark E n t e r p r i s e s  
Mobil O i l  Corporat ion 

H-30 S o l a r  Co1:ector F l u i d  
Mc;~i:therm 600 
Mc-~il therm 603 

Monsanto I n d c s t r i a l  Chenicals  Co. 



TABLE .:14 (continued) 

T r a d e  name of f l u i d  
P r i c e  p e r  g a l l o n  ( 5 )  

Chemical type o r  composition 5 g a l  55 g a l  Tank t r u c k  

puclt iar  ~ e c h " o l o &  .Cdrporation/ ~ u n ~ a f e ' ~  100 
'NPD Energy S y s t e m ,  Inc.  

~ u n s a f e m '  130 

PPG I n d u s t r i e s  ~ e r e f i  
, 

P r a c t i c a l  S o l a r  Heat, Inc.  P r a c t i c a l  S o l a r  F l u i d  
Resource Technology, Corporat ion Sun-Temp C o l l e c t o r  F l u i d  

. . 
S h e l l  O i l  Company Dial& AX 

.Eth?lene g l y c o l  forinuli t ion with ' 

i n h i b i t o r s  ( t o  -la°C) 
Ethylene g l y c o l  formulat ion with 

i n h i b i t o r s  ( t o  -34-C) 
Propylene g l y c o l  formulat ion wi th  

i n h i b i t o r s  ( t o  -18°C) 
Propylene g l y c o l  formulat ion w i t h  

i n h i b i t o r s  ( t o  -34OC) 
Ethylene g lycol  wi th  i n h i b i t o r s  

a a - - 
Propylene' g l y c o l  wi th  i n h i b i t o r  

6.42 4.50 
Refined mineral  o i l '  and o x i d a t i o n  - - 

i n h i b i t o r  
Refined m i n e r i l  o i l  and oxidati 'dn 

a a a 
~ h c r m i a @  O i l  C - - - 

i n h i b i t o r ,  

S t a u f f e r  ,Chemical 4Compa?y S t a u f f e r  3663A Polyol  es te r -based  f l u i d  a .  a .  a . - Sun O i l  Company Sunoco Heat Transfer  P a r a f f i n i c  type petroleum o i l  - - 
O i l  21 . a a .  

Sunoco Heat Transfer  
a 

P a r a f f i n i c  type petroleum o i l .  - - - 
O i l  25. 

Sunworks Suns01 60 a a a 
Texaco Texatherm Refined p a r a f f i n i c  o i l  from - - - 

petroleum s tocks  
3.40 Union Carbide Corporat ion 

a 
Pres tone  I1 Ethylene g l y c o l  with i n h i b i t o r  3.50 - 

Uniroyal  Chemical Uniroyal  PAO-13C S y n t h e t i c  s a t u r a t e d  po lya lphaolef in  .7.75 7.00 

a ~ r i c e s  provided by l o c a l  d i s t r i b u t o r s .  '10- t o  14-lb bags. 
h 

bFor 4,000-gal l o t s .  40- t o  229-1b bags. 
i 

'For 4,706-gal l o t s .  . 300- lb bags. 
d .  P r i c e  range f o r  d e l i v e r e d  f l u i d .  j26.5 w t - %  biphenyl and 73.5 wt-% diphenyl  oxide.  

e ~ . ~ . ~ . . ~ a y t c w n ,  Texas. k ~ s t i m a t e d  p r i c e  f o r  commerical q u v t i  t i e s :  

'For 5,000-gal minim& order .  .Pr ice  a p p l i e s  t o  t h e  
Eas t  Coast  r e g i o n . .  



2.4 THERMAL STORAGE 

2.4.1 Introduction 

Problems in thermal storage units have been characterized by degradation of insulation, 
thermal expansion problems, fluid leakage and loss, internal flow blockage, deterioration of 
storage walls, and in some pebble-bed storage units, settling of the pebbles with resultant 
unwanted flow channeling or short circuiting. 

Both water tank and pebble-bed storage have been used extensively in solar installations 
and constitute the two major storage methods. Both these storage forms require substantial 
space. It is important to make good use of space and therefore storage may be located in a 
basement, garage, or crawlspace or by burying the storage installation. Maintenance and 
liquid thermal expansion considerations must be included in any design/installation. For ex- 
ample, some allowance must be made for the expansion of the large volume of liquid in a storage 
tank over an operating temperature range of 35'~ to over 210°F (Z°C to 9g°C). Iii some cases the 
expansion tank has not been sized properly to account for this expansion. 

Due in part to the thermal expansion and to the pressure of the water in the tank, leakage 
and fracture of the tank wall has been a problem at some installations. Concrete tanks in par- 
ticular are susceptible to this durability problem. In one system, a four-inch thick foam tank 
with metal strap reinforchg showed signs of sagging (bulging out) under its own weight and , 

developed a leak. A set of plastic cool storage tanks demonstrated similar behavior until they 
were fully and continuously supported on the bottom half of the horizontal cylindrical mount. 
There have Also been steel and fiberglass tanks in unpressurized systems that have cracked under 
the pressure of the weelit of water. The linings of concrete tanks have not proven satisfactory 
in leak proofing, especially at temperatures higher than 180°F (82OC). 

In drain-down systems, where the collector liquid drains back into the storage tank, the 
tank sizing should allow space for the liquid draining back. Some earlier designs did not 
adequately allow for this. 

A problem occurring in pebble-bed storage is a lack of cleaning the pebbles or rock prior 
to installation. In thlse cases the rock had a great deal of fine material and dust in it, 
which created problems by adding dust and fine particles to the air in the building. Rock with 
dust and impurities can also affect the pressure drop across the storage and the heat transfer 
properties. Even though this problem can be taken care of by cleaning the rack before i.n- 
stalling it in a storage bin, there have been some cases where the rock bins have failed to 
charge fully because of partial or complete flow blockage. In some cases the flow blockage 
was due to the use of the pebble-bed storage bin as a trash receptacle during the building con- 
struction phase. 

In other pebble-bed storage systems, there is evidence of wood warping, wall settling, etc. 
Such walls and the lid of a pebble-bed unit must be designed so as to be durable under large 
temperature changes. Warping may not be a serious concern in a pebble-bed unit with vertical 
air flow, however numerous air systems have been used with horizontal air flow through the rock 
storage. Because of the tendency of rocks to settle over time, air gaps above the rocks have 
occurred. These air gaps allow air to take the path of least resistance and pass over the top 
of the rocks, thus short-circuiting the storage. This effect can be reduced by allowing the 
rocks to be tamped down and settle for a few weeks before the top of the rock box is installed 
and also by installing baffles from the top of the box into the rock and perpendicular to the 
air flow. 

In a few cases flow channeling has inadvertently been designed into the rock storage. 
This occurrs when the inlet and outlet plenums do not allow flow through the entire cross- 
section of the pebble-bed. Only when the plenums are open to the entire cross-section of the 
pebble-bed can the full volume of rock be active in the energy storage process. 

2.4.2 Types of Thermal Storage 

2.4.2.1 Sensible heat storage (most common) 

1. Water storage (see Table 15 for advantages and dbadvantages of tank types) 
a. Steel tanks 
b. Concrete tanks 
c. Wood containers 



d. Fiberglass tanks (limited to 140°F/600~ temperature - refer to manu- 
facturer's literature) . Polypropylene tanks are capable of withstanding 
higher temperatures than polyethylene. However, there is little 
experience with using these materials in solar systems. 

2. Rock box (or pebble-bed) 
3. Other design types 

a. Storage for drain-down systems 
b. Rock/oil storage 
c. Direct contact liquid-liquid heat exchanger/storage 
d. Cool storage 
e. Off-peak storage 
f. Multiple temperature storage using: 

(i) , Multiple tanks 
(ii) Stratification methods and/or devices 
(iii) Multiple materials (e.g., latent heat units) 

2.4.2.2 Latent heat storage 
1. Encapsulated phase change 

a. Air 
- b. Liquid 

2.4.2.3 In-ground storage 
1. Seasonal storage - ground water aquifers 
2. Other 

Due to limited experiences and a lack of availability of sufficient data 
for in-ground solar storage it will not be discussed i.n this handbook 

Table 15. Advantages and Disadvantages of Tank Types 

Wood Tank 
Steel Tank Fiberglass Tank Concrete Tank with Liner 

, ADVANTAGES 

Can be designed to Factory-insulated Cost is moderate Cost is low 
withstand pressure tanks are available 

Much field experience Considerable field ex- May be cast in place Indoor installa- 
is available perience is available or precast tion is easy 

Connections to plumb- Some tanks are designed 
are easy to make specifically for solar 

Some tanks are de- Fiberglass does not 
signed specifically ' corrode or rust 
for solar storage 

DISADVANTAGES. 

Coa~ple~e tanks arc Maximwn temperature I s  Careful design is re- Maximum tempera- 
difficult to install limited, even..with quired to avoid cracks, ture is limited 
ir~doors special resins leaks, excessive cost 

Are subject to rust Fiberglass tanks are Concrete tanks must Must not be 
and corrosion relatively expensive not be pressurized pressurized 

' Steel tanks are rela- Complete tanks are Connections.to plumbing Not suitable for 
tively expensive difficult to install are difficult to make underground in- 

j.ndonrs leaktight stallation 

Must not be pressurized 
-. 

2.4.3 Characteristics of Thermal Storage 

Any evaluation of thermal storage units must consider the following: 
I 1. The operating temperature range 

2 .  The heat capacity per unit volume 
3. The cllaracteristios of the container 
4. The method of supplying heat to (charging) and extracting heat from [discharging) 

the storage unit 



5. The pumping energy requirements (e.g., electrical) for charging and 'discharging 
the unit 

6. The heat loss characteristics of the unit, insulation requirements 
7. Other characteristics of the storage medium 
8. Cost 
9. Temperature stratification/distribution 
10. Input/output temperatures (collection may add heat but decrease the maximum 

temperatures, particularly in pebble-beds). 

2.4.4 Specification Design Problems 

2.4.4.1 Sensible heat storage - Water Storage 
Some common problems experienced with water tanks or containers are outlined below: 

2.4.4.1.1 Thermal expansion. Allowance has to be made for the expansion of the 
large volume of liquid in the storage tank over a temperature range of 35°F to 210°F (2°C to 
9g°C) in most cases. The expansion tank or storage tank in drain-back systems has to be sized 
appropriately to allow for: ,this. One of the thermal design problems is not allowillg suffi- 
ciently for thermal expansion. 

2.4.4.1.2 Leaks. Cracking and leaking of storage tanks has been a problem in 
several solar installations [ 2 ] .  The primary reason is that the storage tank design did not 
allow for the large pressure exerted by the water. There have also bccn stcel and sometimes 
fiberglass tanks in unpressurized systems that have cracked under the pressure of the weight of 
water. 

2.4.4.1.3 Corrosion. Corrosion of steel tanks has been a problem at some installa- 
tions. Tanks with appropriate storage lining material for corrosion protection should be selec- 
ted which can withstand the temperature and pressure conditions that will be experienced. 

2.4.4.1.4 Stratification. Stratification in liquid and air storage tanks is desir- 
able. High velocity discharges into liquid tanks can destroy this stratification [13,14]. 
Storage tank sensors should be located to take advantage of this stratification [14]. 

2.4.4.1.5 Evaporation. Vapor loss from the unsealed and unpressurized storage tanks 
can lead to undesirable condensation on a cold wall of a storage room [IS]. This evaporation 
may be minimized by sealing of the tank lid, being careful not to restrict the overflow line. 
This is particularly applicable to concrete tanks and wood containers. An unsealed tank can 
also be a safety hazard [16]. Storage tanks should not vent excess humidity/condensation to thc 
rest of the housc. In addition, air from across the top of a water tank should not be allowed 
to reach the conditioned space (i.e., don't make space conditions equivalent to that of an in- 
door pool). 

2.4.4.1.6 Flow channeling. Flow channeling is undesirable if it occurs across the 
storage tank within one flow loop.' For example, in some systems the inlet and outlet to the 
building heating loop were installed on thk same end of the storage tank. The inlet and outlet 
from storage should be installed at locafions which will tend to improve flow distribution. A 
submerged horizontal discharge pipe with,many holes along its length will help greatly.in. assur. 
ing that flow channeling will be reduced within a given loop. 

2.4.4.1.7 Concrete tank experi-enc,es. Unlike steel, concrete i s  porous, Tf the tank 
is supplied in two halves, the joint should be well sealed and it is preferable that the two 
halves have grouted-in steel tics to prevent any leakage due to niovqment. In addition, the 
coating should be able to span minor cracks that often tend to develop. Therefore cementatious 
and epoxy waterproofings would tend to be less desirable because they cannot span cracks. 
Liquid applied lastomers or plastic liners are capable of spanning minor cracks and might be 
considered if the temperature and liquid water additives are compatible. Also insulate the 
bottom of the concrete tanks. In some cases it was found that designers have integrated the 
concrete storage container into the general structure of the building and used the foundation 
walls as sides of the storage tank [17]. This approach, though less expensive, has two related 
drawbacks. One is that there is a tendency to draw off and dissipate the heat through conduc- 
tion within the wall which wastes heat in the tank and, secondly, it can add to the summer 
cooling load by radiatkng heat into an occupied space. 



2.4.4.2 Sensible Heat Storage - Rock Box 
The most common storage type for air systems is the rock box. Some of the experiences as- 

sociated with rock storage are outlined below. 

2.4.4.2.1 Meat losses. Heat losses from rock storage boxes are a serious problem 
in some installations. Inadequate sealing around the perimeter has often led to air leakage 
into and out of the rock boxes, leading to serious degradation in performance. Adding flashing 
around the perimeter of the rock bin and proper sealing, especially around the lid, during in- 
stallation can help reduce these heat losses. 

2.4.4.2.2 Uncleaned rock. A problem that has arisen with rock storage is the use 
of rock that has not been properly cleaned or rock with a great deal of fine material in it. 
This can create problems by adding dust and fine particles to the air. Rock with fine dust or 
particles can also affect pressure drop and heat transfer properties. It is recommended that 
the rocks be cleaned before installing [18]. 

2.4.4.2.3 Health factors. Bacteria, radon gas, odors, etc. can arise in connection 
with rock bed storage units (see Section 2.3). 

2.4.4.2.4 Stratification and flow channeling. Stratification is especially impor- 
tant in rock box storage. Furthermore, charging and discharging of storage in a rock bed 
should be done in reverse directions to enhance system efficiency making proper use of stratifi- 
cation. There are basically two charging/discharging designs for rock boxes, horizontal bed 
and vertical bed. Rock beds designed for horizontal air flow do not always achieve good 
stratification and, if a space is left at the top during construction, the air flow by-passes 
the rocks [13]. This is caused by rocks settling over time and creating an air space above the 
rocks [4]. If the rocks are tamped down and allowed to settle for a few weeks before the top of 
the rock box is installed, the air gap will be minimized. If an air gap does occur, air will 
take the path of least resistance and pass over the top of the rocks, essentially by-passing 
storage. To be certain this will not occur, baffles should be installed from the top of the 
box into the rocks perpendicular to the air flow. 

In a few cases flow channeling has inadvertently been designed into the rock box. This 
occurs when the inlet and outlet plenums are not large enough and do not allow flow through the 
entire cross-section of the rock box thus leading to a part of storage being inactive and there- 
fore less efficient. 

In vertical flow boxes, there have also been cases of channeling of flow [18]. This can 
be avoided by designing entrances to the box as large as possible with well-designed (not 
abrupt) transition pieces leading to a low pressure drop plenum. Vertical boxes with cinder 
blocks have resulted in too large a pressure drop in the plenum [18]. Plenums are a critical 
design feature of rock boxes and must be carefully considered. 

2.4.4.2.5 Box deformation/buckling. Improper design of the box, leading to bulging 
under its own weight, can lead to failure of wood supports over time [2,18). Bulging can also 
lead ro leaks if not propcrly soaled and can he a soiirce of heat losses. In some systems the 
rock box shows wood warping or wall settling. The walls and lid of a rock box must be designed 
to be durable under large cyclical temperature stresses. 

2.4.4.3 Sensible Heat Storage - Other design types 

2.4.4.3.1 Storage for drain-down/drain-back systems. In drain-down or drain-back 
systems in which the collector fluid drains back into the storage tank, the tank sizing should 
allow room for the fluid draining back. Some earlier designs did not allow adequately for this 
fluid return [2]. Using collectors with steel absorber plates with drain-down design could 
lead to corrosion problems due to the cyclic exposure of the plate to air and water. 

, 

2.4.4.3.2 Rock/oil storage. A novel storage medium has been employed in one case 
where the solar syste~ii consists of trough type concentrating collectors using Therminol 44 as 
the energy transport fluid [19]. Solar energy pr0vides.a portion of the heating, domestic hot 
water, and cooling (using Rankine cycle power systems) requirements of the building. Solar 
storage consists of 60% (by volume) rocks and 40% (by volume) Caloria HT 43.  The use of rocks 
for storage was primarily to cut down on use of the more expensive Caloria HT 43. 

One of the problems encountered during the early stage of operation was the difficulty ex- 
perienced in attempting to provide clean rocks for the storage tank due to residues and moisture 



that accompanied the small rocks. The investigators recommended incorporating an additional 
rock washing following placement within the tank 1191. Following this wash, the rocks should 
be dried as much as possible and the tank must be heated slowly to allow venting of the moisture 
without a rapid pressure increase. 

2.4.4.3.3 Direct contact liquid-liquid heat exchanger/storage. This type of storage 
is of both sensible heat r201 and latent heat r211. Due to their limited use and due to lack of 
sufficient data, they wili not be covered in this-handbook. However, references have been pro- 
vided for further reading. 

2.4.4.3.4 Cool storage. The use of cool storage has been made at a few solar cool- 
ing installations. Its use is dependent on: 

1. Whether cycling of the chiller will lead to significant degradation of'the 
coefficient of performance during periods of low cooling loads. This has 
been a problem where the heat capacity of the chiller has been large [2] 

2. Space requirements 
3. Design requirements 
4. Cost 

The advantages of cool storage are present1.y 11nder investigation and its use has Lee11 made prf- 
marily where system design requirements justified its use [14]. There is some evidence that, 
with proper control of the chiller, cool storage J s  not necessary. 

2.4.4.3.5 Off-peak storage. Unless low off-peak electric rates are available for an 
electric boiler, it is generally undesirable to use an ai.~xiliary heat sourco to heat the storage 
tank C4J. There is usually no technical benefit in storing auxiliary energy since its avail- 
ability at most times is assured. And there is a penalty associated with energy storage due to 
stand-by heat losses. However, waste.heat from other sources may be useful. 

However, there con be economic advantages for off-peak storage if the local utility pro- 
vides differential rates for the off-peak and peak electricity usage. These' differential rates 
should be at least 2Q/kW-hr [22]. In this case electrical resistance heating,provides thermal 
heat to a ceramic or brick thermal storage unit (instead of heating the solar storage unit with 
electricity). This may however, result in high demand charges and may require a substantially 
increased size of service (i-e,, large transformer). In any case, it will require the coopera- 
tion of the electrical service company. 

2.4.4.3.6 Multiple temperature storage. Problems in achieving temperature stratifi- 
cation in water or liquid tanks include the possibility of increased electrical pumping energy - - 
in using multiple tanks (large pressure drops may result) or multiple latent heat units. ~ i l  
ternatively, a stratified vertical storage unit has now been successfully operated in a solar 
heating and cooling system [ 22 ] .  

2.4.4.3.7 Latent heat storage. An outstanding feature of latent heat storage is the 
compactness of the storage unit compared with sensible heat storage units. The volume of Phase 
change Material (PCM) required to store a given amount of heat is-less than the volume of sen- 
sjble heat storage material required to store the same amount of heat. This allows much greater 
flexibility in choosing a location for the storage unit. Further, since the unit is small, much 
less insulation is required to maintain reasonable thermal losses. 

Thermal stratification does not occur in phase change storage systems because theii tempera- 
tures remain nearly constant throughout the change/discharge cycle. If the melting point is 
chosen so that the storage unit provides heat at slightly above the minimum tomperature r e -  
quired by the system, then the output from the collector need be only a few degrees warmer than 
the minimum temperature regardless of whether the storage unit is charged or discharged. By 
contrast, a sensible heat storage system typically operates at 40 to 60°F (22 to 33OC) above its 
minimum operating temperature when it.is fully charged. Thus a collector coupled to a phase 
change storage system can operate at a lower, more efficient average temperature than a collec- 
tor coupled to a sensible heat storage system. 

Due to a lack of availability of information with operating experiences of PCM's, it will 
not be further discussed here. 

2.4.5 Specific Location and Installation Problems 

After the storage type has been selected and properly sized, the next decision to be made 
is the best location. This involves: 



1. Space considerations 
2. Insulation, waterproofing and freezing protection (if needed) 
3. Functional design application (cooling, heating) 
4. Aesthetics 
5. Structural considerations 
6. Safety considerations 

The storage choices are: 
1. Above grade - inside the building 
2. Above grade - outside the building 
3. Below grade storage 
4. Combination inside/outside storage 

2.4.5.1 Above grade - Inside the building 
2.4.5.1.1 Advantages 

1. An interior installation is relatively easier and less costly to insulate 
than the other alternatives 

2. boes not require external waterproofing 
3 .  Heat losses from storage are utilized in heating the space in winter. 
4. Leaks are easily detected 
5. Access for repairs is relatively easy 

2.4.5.1.2 Disadvantages 
1. If installed within the conditioned space and used to store heat during the 

cooling season, it could add significantly to the cooling load [23]. Also, 
an improperly insulated storage could lead to overheating of the space 
during the heating season. 

2. Living space is occupied by the storage 
. . 3. Uninsulated tank supports could be a source of heat loss. A thermal break 

between the supports or between the supports and the underlying slab 
should be used. 

4. If boiling of the storage water is a possibility, it should be vented to 
the outside. This has often not been done. 

5. Some concrete and rock boxes have been installed without appropriate lids. 
These could be safety hazards. 

6. Leaks in a tank could pose several problems, including damaging the building 
interior 

7 .  Steel or FRP tanks are difficult to install in an existing building 

2.4.5.2 Above grade - Outside the building 
2.4.5.2.1 Advantages , 

1. Saves valuablw Luildilig space 
2. Heat losses from storage do not add to the cooling load (when applicable). 

Overheating of space due to uncontrolled heat losses are not a problem 
since losses are to the ambient air. 

2.4.5.2.2 Disadvantages 
1. Greater degreo of detail required in insulating. The insulation should be 

impervious to water in case a leak should develop in the waterproofing. If 
the tank is supported by insulation, the insulation should be capable of 
supporting the filled tank without crushing. If the tank sits on supports, 
it is important to isolate or insulate the support in order to minimize 
losses. 

2. Adequate waterproofing required. Rain and snow require close attention to 
waterproofing. If waterproofing fails, the insulation effectiveness can be 
severely reduced. All penetrations for valves, supports, piping, sensors, 
aic. sl~ould Le adequately waterproofod. 

3 .  Freezing can be a problem. The storage tank and piping need to be suffi- 
ciently insulated or other means provided to ensure freezing does not occur, 
particularly in climates where severe cold spells are experienced. 

4. Lack of aesthetic considerations could lead to an unsightly extension of 
the building. 

5. Uncontrolled storage and piping heat losses could be significant and are 
not. useful  in heating the house. 

6. Leaks and boiling are not easily detected, therefore tank sights for monitor- 
ing the water level will be required. 



2.4.5.3 Below grade storage 

2.4.5.3.1 Advantages 
1. They combine the building space saving feature of exterior location and 

eliminate the aesthetic problem. 
2 .  Elimination of the possibilities of conditioned space overheating as in the 

above grade storage locations. 

2.4.5.3.2 Disadvantages 
1. Cost of excavating, weatherproofing, insulating, and supports can be 

significant, particularly in periodic flood plain areas. 
2 .  ~ccess for repairs or maintenance could be a-problem. 
3 .  Ground water and moist soil could lead to large heat losses and add to the 

possibility of corrosion and degradation of storage wall materials. If 
possible, buried tanks should not be located below the water table where 
conductive losses and chances of degradation of materials can be increased. 
Below grade storage also ~equires special hold down structures and water- 
proofing details. One investigation [17] has noted that: 

"The first and foremost concern that should be considered 
pjriojr to decidang on a burpiod location is c1evaLlu11 UP ihe warer 
table. If it is above the height of the bottom of the proposed 
tank, there are several problems which require a special hold 
down structure and waterproofing. It is best to avoid this condi- 
tion. However, if there is no alternative, you must design the 
support so that the tank i s  held up when f~11.i. and down when empty. 
This is usually accomplished with a large concrete footing with 
tank saddles and steel straps to hold down the tank. It is most 
important that the supporting.members do not break the waterproof 
integrity of the tank, One way of doing th.is i.s t.o reinsulate 
and waterproof the tank prior to installation and to install 
insulation capable of withstanding the point lnads imposed by 
the supports and steel straps and to strengthen the waterproofing 
in these areas. Remember that just as the supports can crush 
the insulation and tear the waterproofing under compression, the 
steel straps can do equal damage if the tank tends to float. 

"If there is no water table problarr, then there probably is 
no need for any concrete support, espsci.al.l.y j.f the soil has good 
drainage. A common approach to installation is to prefoam the 
tank with urethane and then wrap it with nylon fabric and a 
bitumastic material and set i t  in x sand bed. If dnne carefully, 
this socms to work well. Another approach is to s e t  the tank in 
granular insulation and place a plastic sheet over the top. S f  
the surro~inding ground is porous', this approach can work. How- 
ever, if it is not, water will tend to back up into the insulation 
and extract your hard w.on solar energy. 

ltAccess to buried tanks is another area that must be thought 
uut carefully.. If access is required, then many of the same 
freeze problems encountered with exterior above ground installa- 
tions are encountered here and must be solved. We have found a 
comparatively large number of systems that di.d nnt include water 
level indicators -- much to the operator's chagrin. Again, if 
access is provided and if the exiting pipes, etc. are bunched, 
tho aocecs aroa can bc minimized. Please provide drainage so rhae 
water will not be trapped. 

"When locating your buried tank, especially in retrofits, be 
sure to locate it sufficiently far from the building so as not to 
cause undermining of the foundations. A good rule of thumb is to 
locate the tank at least three feet (one meter) away from the face 
of the building for each foot (0.3 m) below the footing you 
excavate -- but check. with your structural enginecr for your 
particular site." 

2.4.5.3.3 Some guidelines for underground storage tanks [17]. For tanks installed 
underground, anchorage must be provided to prevent buoyant uplift when the tank is empty. The 
tank should be anchored to a concrete pad at least 6 inches (15 cm) thick and weighing at least 
as much as the water the tank can hold. The concrete should be covered with a layer of fine 
pea gravel, sand, or number 8 crushed stone at least 6 inches (15 cm) deep and spread evenly 



over the concrete,to separate ir from the tank. Fiberglass or steel hold-down straps should be 
anchored one foot (0.3 m) beyond the sides,of the tank. The hold-down straps should pass over 
the top.of the tank and should be tightened with turnbuckles to give a snug fit. Use at least a 
5 to 1 safety factor when you calculate the strength of the hold-down straps and turnbuckles. 

Backfill with pea gravel, sand, or number 8 crushed rock at least 2  inches ('5 cm) all 
around.the tank. The remainder of the backfill may be clean tamped earth or sand to a depth of 
24 to 36 inches (60 to 90 cm) above the tank. Provide concrete pads for nozzles and manholes 
extending to grade. 

In areas with a high water table, the tank insulation must be impervious to water or the 
tank must be installed in a vault provided with a sump pump. 

It should be noted that both basement-like concrete shells with concrete slab roofs and 
ground-coupled heat pumps have worked well in the demonstration program [24] .  

2 . 4 . 5 . 4  Combination inside/outside storage or garage 

The combination storage incorporates the advantages of both the inside storage and outside 
storage. The best location is in a corner of the building [25] .  In the summer the room con- 
taining storage is open to the outside on two sides and completely insulated from the rest of 
the building. In the winter the room containing storage is open to the interior of the build- 
ing on two sides and is completely insulated f ~ o m  the outside. Advantages include the fact that 
the heat losses will be partially utilized by the building in winter and significantly reduced 
in the summer. Easier maintenance on the storage tank and smaller problems if leakage occurs 
are some other advantages. 

2 . 4 . 6  Expansion Tanks 

Incorrect sizing of expansion tanks has been a frequent cause of trouble in solar systems. 
A method of determining expansion tank size is given in the ASHRAE Handbook and Product 
Directory, 1976 Systems, Chapter 15, "Basic Water System Designu. Since the volumetric expan- 
sion of antifreeze solutions is greater than the volumetric expansion of water, systems using 
antifreeze require a larger expansion tank than do systems using water. For these systems, the 
method of calculating expansion tank size given in the ASHRAE Handbook - and Product Directory 
must be modified as follows. [26] : 

o From the distributor or manufacturer of the fluid, obtain data on how the fluid's 
density changes with changes in temperature. 

o Multiply the volume of fluid in the system by the fluid's density at the lowest 
temperature that you expect and divide theresult by the fluid's density at the 
highest temperature that you expect. The result will be the total expansion of 
the fluid in the system (Part E in Equation 7 of the ASHRAE handbook mentioned 
above). All other parts of the ASHRAE method of sizing expansion tanks can be . 
used without modification. 

Two types of expansion tanks are available. One is a simple tank with an air space;, the 
other uses a flexible diaphragm to separate the water from the air in the.tank, thus preventing 
the water from absorbing the air. Both are effective, but the diaphragmless tank requires 
periodic replacement of the air absorbed by the water in the tank. 

2 . 4 . 7  Common Problems Experiences with Storage Systems 

Table 16 presents some examples of problems actually experienced with solar energy storage 
systems, what caused the problems, and how they were dealt with [27] .  



Table 16. Storage System Problems Encountered [27] 

Description Problem Resolution 

Diffusers were installed to minimize 
-- - 

Stratification 
in liquid tank 
not 
accomplished 

- - 

High velocity input prevented strat- 
ification and reduced efficiency 

High thermal 
loss in buried 
tank 

Water getting into insulation of 
buried tank increased heat loss 

Provide ground drainage, provide 
waterproof insulation or locate 
above ground 

High heat loss at night was thought 
to be caused by heat escaping through 
the tank insulation because of high 
groundwater. Further investigation 
showed a faulty thermocouple that 
allowed pump to run all night, reject- 
ing heat to atmosphere. 

Heat loss Thermocouple was replaced and replace- 
ment also failed. It was then found 
that the thermocouples used were not 
suitable for the temperatures exper- 
ienced; They were replaced with high 
temperature thermocouples. 

Heat loss Groundwater around tank ca11r;ed high 
hear lass 

Additional insulation and stones were 
placed under and around the tank to 
improve drainage. 

By-pass of 
rock bed 

A rock bed designed for horizontal 
flow had an air space at the top 
which permitted the air to by-pass 
the rocks. 

Redesign to use vertical flow through 
the rock bed. (Horizontal flow also 
seduces the desired stratification 
effects.) 

Leakage Leakage existed at joints of fiber- 
glass tank after tank was assembled 
on-site from two halves. 

. Carefully assemhle foJ.Lowi..ng the manu 
facturerls recommendations and using 
the recommended sealing materials. 

Fiberglass tanks leaked through wick- 
ing action in some fiberglass threads 
that extended through the tank. 

Leakage Seal all exposed fiberglass threads 

Sewer gas in 
the house 

A sewer drain was installed under a 
rock bed to remove any water. The 
heat in the bin evaporated the water 
in thc drain trap, letting sewer gas 
into the house. 

Changed drain to a location outside 
rock bed 

Heat I oss 
through 
insulation 

Heat loss 

Ellricd concrete tank leaked wator 
through the t.ar seal, soaking the 
insulation, increasing heat loss. 

Changed to aLwe gruund sturage rank 

Heat loss from DHW tanks exceeded 
manufacturer's specifications. Inves- 
tigation showed the added solar pip- 
ing and instrumentation provided an 
increased heat leak path. 

Adequately insulate all exposed 
piping and instrumentation connected 
to the storage tank 

Oversi.zed 
storage 
tank 

Contaminated 
hetit 
exchangers 

Heat 
transfer 
losses 

Tank was too large for collector area Replaced tank with one that provided 
2 gallons (7.6 liters) of storage for 
each square f o o t  of collector 

and tank temperature never exceeded 
13S°F (57OF) 

Heat exchangers supposedly.of re- 
frigeration quality were contaminated 
with machine oil and metal filings. 

Units were retinned to vendor for 
cleaning 

lleat transfer from collector loop 
through the heat exchanger into the 
storage tank was not as good as 
assumed. 

A parallel heat exchanger was added. 
(This was considered less expensive 
than replacing with a more desirable 
larger single heat exchanger.) 

Investigation indicated that the 
corrosive condition of the ground 
itself might create problems with 
underground storage tank. 

Installed cathodic protection for the 
tank (sacrifical magnesium anodes) 
and coated tank with a.rubberized 
vapor barrier. 

Corrosion 



Table 16. acorage System Problems Encountered (continued) 

Problem Description Resolution 

Heat loss Underground tank insulation was Check waterproofing prior to installa- 

Incorrect 
inlet and 
outlet 

damaged by lack of proper support in tion, provide proper support, install 
rocky soil. Maintaining watertight carefully, patch any bad spots in 
insulation on underground storage insulation,' . . and' backfill carefully. 
tanks is difficult. Water i n  insu- 
lation increased heat transfer. 

Flow from collector to tank entered Flow from collector to tank should 
at bottom of tank. Flow back to enter at top where water is hottest. 
collector was also from bottom of Flow back to collector should be from 
tank, causing short circuit in flow bottom of tank (on opposite end of 
path and eliminating benefit of inlet if no distribution manifold is 
stratification. ' used. 

Materials Material planned for inside costing Changed to a compound stable at 250°F 
of storage tank melted at 180°F (14S°C) 
(82OC) 

Saturation of An open-cell foam was applied to the 
insulation tank. This acted as a sponge, col- 

lected water, and increased heat loss 

Too many tank The fiberglass storage tank had all 
penetrations feed and return pipes for the solar 

collector loop, house loop and domes- 
tic hot water loop through the tank 
below the water level. This re- 
sulted in leaks that were difficult 
to seal. 

Use closed-cell foam 

Two of the three loops were pressur- 
ized with positive pressure to the 
pump suction. Only suction line to 
the unpressurized loop needed to be 
below the water level to provide 
positive suction to the pump. All 
others could be brought into the tank 
above the waterline and even the one 
suction line tank penetration could 
be above the water level if a foot 
valve was added. 

2.5 PASSIVE SOLAR COMPONENTS 

2.5.1 Introduction 

Solar passive systems are characterized by reliance on natural convection and radiation 
and by heat collection and storage devices that are typically integrated with the building 
structure. Passive space heating is defined here as the direct or indirect collection of inci- 
d&t solar radiation for space and/or 'DHW heating purposes by means not requiring the forced 
circulation of'a heat transfer fluid, either for solar collection or. for delivery of solar heat 
ro.rhe vakiuus parts of'the heating load (with the"excepti.on of an air distribution system 
blower). In brief, solar passive systems accomplish heat transfer by natural means and do not 
rewire forced and/or mechknical movement of the heat transfer medium. .. , .. . . . 

Solar passive systems are qefined so as not to include energy conservation features. 
~ n e r ~ y  conservation includes those design features which are intended to reduce a heating and/ 
or cooling load, solar'passive features are intended to.increase'the'amount of'available heat 
in order to meet the heating and/or.cooling load.' Therefore, this definition of passive solar 

. . ' .  heating excludes: 
1. The effective insulation of walls, ceilings and roof 

, , 

2 .  The provision of tight construction 
3 .  Building entries witli. double doors 
4 .  Walls'without windows on the north side of the building 
5. Windbreaks aroung the house 
6. Partial burying of the'structure in the ground (berms) 

. 7. Double or triple glazing 
8. Wood windows and doors 

All of these measures are useful in'reducing heat loss from the building but they have nothing 
to do with solar heating. They are just as desirable in an electrically or fossil fuel heated 
house as in a solar heated house since they reduce the cost of space conditioning: One or more 



of these features should included in a passive solar home ju .s they should be included in 
any energy-efficient building. & general, energy conservation comes first; then solar. 

In effect, .this definition limits passive solar heating to the use of transparent surfaces, 
primarily on the south wall or roof of the building which transmit solar radiation to the in- 
terior and in which there is generally sufficient thermal mass for storage of a portion of the 
absorbed solar radiation for reducing temperature fluctuations and night time utilization. The 
use of greenhouses attached to the wall of buildings is also considered another form of passive 
solar heating. However, greenhouses may or may not provide direct solar heating of the living 
space. In most cases, greenhouses serve as moderate temperature zones that partially insulate 
the south walls from excessive losses as well as being used to furnish partially warmed air to 
the living space by venting or by circulation. 

The attractiveness of passive solar heating is due to the absence of solar mechanical 
equipment and also to the utilization of additional conventional building components such as 
glass, concrete walls and floors, etc. for solar heat recovery. In reality, most passive heat- 
ing systems do require the use of equipment for air distribution such as fans, temperature and 
humidity control sensors, mechanisms to operate night insulation, and for. excess heat disposal, 
and others. Without this equipment, passive heating would not be able to provide comfort condi- 
tions to building occupants while substantially reducing the cost of space conditioning by con- 
venti.on;ll sources. 

2.5.2 General Problem Areas and Design Suggestions 

A major portion of this soction is based on a study by the Franklin Research Center on 
experiences with passive design [28]. Other problems and design suggestions have been derived 
from otllcr sources [29,30,31, 32, 331. 

2.5.2.1 Insufficient contribution of useful heat from the solar "system" 
to the living. spaces 

This problem typically occurs as a result of a small undersized collector area or inade- 
quate storage mass coupled with a relatively large collector area. In some cases, houses have 
-windows placed evenly on the north, south, east and west facades, ignoring the greater heating 
benefits of south-facing windows. Solar collection area must be carefully sized and placed in. 
the building with adequate control measures to prevent overheating in sunnner or excessive heat 
loss in winter. 

Solar  storage niust also be carefully sized and piaced in the building. Storage materials 
must be chosen on the basis of adequate heat capacity and potential distribution capability. 
In many frame houses, water or masonry elements are not included and thus do not provide solar 
storage for night time or extended periods of solar heating. When storage is added, it is 
often undersized and not adjacent or directly coupled to the collector area. Rock storage beds 
are often included with little understanding of how one efficiently charges and discharges this 
kind of storage or the temperatures needed for effective distribution. All storage materials 
(especially materials such as sand) must be evaluated for their ability to absorb, conduct, hold, 
and emit solar heat gain. Granular materials such'as rock and sand exhibit very little grain- 
to-grain heat conduction. Storage must be charged and discharged by air flow. 

A basic understanding of the collector aperture to storage mass relationship is necessary 
to ensure adequately sized and located collector and storage -- balanced for the optimum solar 
contribution [see, e.g., 34,35,36] . 

2.5.2.2 Inadequate or,i,neffl.cient distribution of collected heat 

This problem ie dirootly rolatod to thc storage mass-to-li.vi~tp spact: relationship. The 
distribution of solar heat needs to be logically conceived and properly executed based on en- 
gineering principles. When radiation distribution to the living space is used, the storage mass 
must be adjacent to the occupants and rooms needing heat, not the less used spaces such as 
closets and stairwells. 

When convective distribution is used, the logical flow of hot and cold air must be under- 
stood., Stratification must be anticipated and handled appropriately. Drawing arrows to indi- 
cate heat flow does not guarantee heated air flow throughout the house. A key to success is 
placing storage in the right position for distribution. This has often not been done. 



The passive solar heat tribution system should provide a c..-,-e and direct' link between 
collection and storage as well as between storage and the living space. 

2.5.2.3 Poor use of controls 

In several cases users have been unable to regulate heat flow. This can be a serious pro- 
blem. The success of passive solar systems depends upon the controls which speed, slow, or stop 
the flow of heat from coming in or going out of the house as required. These controls -- 
registers, backdraft dampers, movable insulation, exhaust vents, etc. -- are often not stock 
items and need to be carefully sized, placed, and detailed to ensure the proper operation of 
passive solar homes. 

2.5.3 Specific Problem Areas and Design Suggestions 

2.5.3.1 Direct Solar Gain - Collection 
1. Do not oversize collector or glazing areas. This could lead to excessive tem- 

peratures and uncomfortable conditions during the day. Avoid direct uncontrolled 
or excessive heating of occupants. Every attempt should be made to diffuse and 
redirect sunlight to the storage mass around the'room or consider direct gain 
systems for rooms without daytime occupancy so that overheating and glare will 
not be a problem to the occupant. 

2. Summer shading devices should be considered in order to prevent overheating from 
the solar collection/storage systems. Proper orientation and proper tilt are 
the first two steps to attain both effective winter collection and summer shad- 
ing. Operable rather than f2xed louver shading devices should be considered to 
allow solar collection throughout the heating season and, at the same time, pro- 
vide for control during spring and fall for best comfort conditions. Adequately 
sized overhangs, exhaust vents, operable windows, and deciduous tree planting 
may help in reducing overheating of the building. Clerestories may be used to 
bring natural light and heat to the north rooms. 

Direct Solar Gain - Storage 
Do not undersize solar storage. If storage is inadequate, the solar gain which 
potentially could be stored could cause uncomfortable overheating or may have to 
be exhausted or vented. 
Try to provide storage mass in proper relation to all collector areas. Often 
second floors lack storage mass although they have significant potential for col- 
lecting energy. 
As much of the storage mass as possible should be located where it will be ex- 
posed to direct sunlight. This eliminates or reduces use of blowers to transfer 
collected heat to storage. 
Avoid use of loose rocks or sand as direct gain storage for incoming sunshine. 
A limited amount of heat absorption of the top layer can be relied on, but the 
conductive distribution of heat down through these materials (charging) is very 
poor. Rock beds charged with hot air from the top of a direct gain living space 
should only be used for secondary storage (for prevention of overheating). 
Water and solid masonry storage, if considered, should preferably be used in the 
living spaces for direct radiant and convective distribution. Direct gain stor- 
age should not be covered with materials such as carpet, linoleum, or fabrics 
which prevent solar absorption and heat radiation. 

Direct Solar Gain - Distribution 

Avoid heating direct gain solar storage away from occupied spaces. Provide for 
solar heat distribution throughout the house, especially in areas which do not 
receive direct sunlight. Small fans can be used to circulate solar heated air 
to remote space ~r existing mechanical distribution systems can be integrated 
for distribution of passively gained solar heat. 
Do not expose storage mass, such as floor slabs and vertical walls, to the out- 
side without insulation to prevent heat loss. The solar storage mass will 
radiate most easily to the coldest side unless prevented by a thermal break. 
Avoid leaving large glass areas designed for direct solar gain exposed at night. 
Much of the stored heat in the house will flow out through the glazed area to 
the cool ambient air. Although double and triple glazing will limit this flow, 
movable insulation over the glass is an additional barrier to heat loss through 



large glass area and is almost always mandatory %achieving energy -- 
savings. 

2.5.3.4 Indirect Solar Gain - Collection 

Include summer shading and/or summer exhaust vents to prevent excessive heat storage or 
degradation of collector glazings in overheated periods. 

2.5.3.5 Indirect Solar Gain - Storage 
Do not size the massive walls heated by direct solar (Trombe walls) by making the wall too 

thick Eor effective radiant distribution to the house at night. While some Trombe walls can be 
12 to 18 inches (30 to 45 cm) thick, walls thicker than 12 inches (30 cm) may radiate stored 
heat many hours later than desired [23]. Therefore thermal lag times of walls should be con- 
sidered. 

2.5.3.6 Indirect Solar Gain - Distribution 
Avoid insulating a storage wall from the space it radiantly heats. Caution must be taken 

not to block radiant heat transfer with closets, bookshelves, and finished wall materials. In 
many climates, heat loss to the outside should be prevented with movable insulation over the 
glass or between the glass and the storage wall. 

Avoid heating by convective distribution alone without adequate heat transfer surface and 
thermal isolation of the 'I'rombe wall at night. Rough masonry surfaces and smaller water storage 
containers will provide better convective heat transfer. Movable insulation over the glass to 
prevent excessive heat loss to the outside is necessary if night time heating is to be provided 
by Trombe wall convection alone. 

Some form of controls (vents and backdraft dampers) are required for effective convective 
Trombe wall operation. Their size, location, and functions must be clearly understood. In 
both convective and radiant Trombe wall heating systems, adequate distribution should be pro- 
vided throughout the house. 

2.5.3.7 Solarium - Isolated Solar Gain 
2.5.3.7.1 Collection. Prevent excessive summer overheating of the solarium space 

Consider vertical glazed areas for shading in the summer or provide vents and movable shading 
devices and possibly ventilating or exhaust fans. 

2.5.3.7.2 Storage. A decision should be made whether the solarium must be thermally 
regulated for the plants or materials within or if it can be allowed to fluctuate for maximum 
solar collection and storage. In order to keep "occupied" solariums comfortable, solar storage 
should be provided within to prevent overheating and movable insulation must be added to all 
glazed areas to prevent excessive heat loss. Balance the storage mass in the solarium with 
the temperature needed and place all other solar storage within or adjacent to the living space. 
In ltunoccupied" solariums, temperatures may be allowed to fluctuate considerably, with care 
taken only to prevent heat loss from the solar storage to ensure that the solar heat collected 
is distributed to the house and not to the colder ambient air. 

If rock or pebble-bed storage is contemplated, proper care should be taken in locating, 
charging, and discharging of storage to maintain comfort conditions for occupants. This has 
often been designed incorrectly, leading to non-optimum performance. In addition, evaluate 
storage materials for their heat absorption, conduction, storage capacity, and emission capa- 
bi1,ities. Do not overestimate the capabilities of loose earth, loose gravel, or sand as heat 
storage materials. 

2.5.3.7.3 Distribution. Care should be taken in locating the solarium space. To 
simplify distribution, the collector/storage arrangements should be adjacent to the living 
spaces which need heat. Passive designs should specify expected temperature swings. Based on 
one study, occupants may expect temperature swings as little as 5°F (3OC) but more often 15-18O~ 
(8-10°C) [31]. 

2.5.4 Conclusions 

. Because most passive solar designs have to be integrated with some form of auxiliary (mech- 
anical, wood stove/fireplace) or active solar heating, sufficient care should be taken to ensure 



a proper interface. Designs should be made to optimally balance percentage of solar contribu- 
tions for winter heating against the cost-effectiveness, complexity, and summer cooling require- 
ments. 

The challenge confronting passive solar energy design is one of storing and controlling 
heat to maintain suitable comfort standards within a building. Moderately effective controls, 
designed to deal with other passive solar problems include movable shades to control sunlight, 
movable insulation panels to reduce night time heat losses, integration of storage, controls 
and vents.to reduce daytime overheating by means of natural convection. 

Passive solar energy concepts can be applied to the design of residential and small commer- 
cial buildings. However for large buildings, particularly those with large ventilation require- 
ments, passive systems are more difficult to implement. 

The incorporation of passive solar heating techniques has been perceived by many people to 
involve substantially lower first costs than other methods. This is not always true because 
passi.ve techniques require a high degree of detailed design and the use of equipment and 
materials in maintaining proper temperature control of the building. 

2.6.1 General Problems 

Problem areas in piping and ducting are generally limited to leakage problems. These may 
be caused by deformation of piping or ducts, freezing problems (see, Section 2.7.1) water hammer, 
and improper drain-down. Thermal expansion problems in extended runs of solar system piping can 
usually be resolved with standard expansion loops or expansion joints. Unfortunately, multi- 
directional movement can present a more serious problem. 

For piping connections, hoses can be damaged by exposure to ultraviolet radiation, stagna- 
tion temperatures, and liquid chemical reactions at elevated temperatures (see Section 2.2.1.1.6). 
Silicone hoses have resulted in long-term creep when held on by clamps and have caused eventual 
leakage. Metal flexible pipe appears to be one of the few long-term.solutions. 

Other problems include pipe sizing and layout. In some systems improper sizing has re- 
sulted in excessive pressure drops and/or in prevention of complete drain-down. Air locks have 
occurred in the collector loop because of an improper fill operation and lack of proper air 
vents. And some systems have lacked a proper fill mechanism, making it difficult to fill the 
system after draining it for maintenance. 

There have been some cases where collector arrays and associated piping were not pressure 
tested prior to insulating, waterproofing, and burying of the pipes and storage tank. Leaks 
were subsequently discovered at system start-up. Insulation had to be removed from buried pipe 
to repair the system. Obviously, installation procedures should call for a pressure test of 
the system prior to insulating and burying the piping and storage tanks. 

Proper provisionshould be made for draining or discharging of fluid from relief valves in 
the layout of the piping; these valves should be located such that any hot fluid spilling over 
will not present a hazard. Special provisions should be made for draining liquids other than 
water. In many systems these questions have not been attended to. 

In many projects, a substantial amount of scale and dirt has been found in the system, 
left over from construction. It is necessary to flush and clean the system in order to prevent 
clogging and degradation of the pumps and valves. 

Material problems in piping have been encountered in,the use of galvanized piping when the 
temperature of the liquid is higher than about 130°F (55°C). Galvanized piping is not recom- 
mended for use in solar systems. Similarly, plastic pipes have ruptured under high pressure 
and temperature. PVC (poly-vinyl-chloride) pipes should not be used above 140°F (60°C) while 
CPVC pipes may be used only up to about 185°F (85°C). At higher temperatures, they become soft 
and are susceptible to rupture. In addition they can also result in curving and bending of the 
pipes and cracking at bends and joints. This can also create air pockets and water pockets, 
which can create problems in draining and venting. 

Another area where leaks have been of some concern is in air collector systems. The per- 
formance of these systems has often been significantly degraded due to leaks in duct seams, 
damper shafts, collectors, and pebble-bed box joints. Duct seams should be caulked (usually 



with silicone sealant) and attention paid to tight quality installation procedures to minimize 
air (and heat) losses. Sloppy workmanship in duct installation has also been noticed at some 
installations, resulting in ducts of the wrong size, leaky ducts, damaged ducts, etc., which 
can lead to deterioration in performance of the system. 

Absence of air filters in air distribution systems has led to dust problems in the air. 
Proper maintenance requires.regular checking and annual replacement of the air filters and sea- 
sonal adjustment of the dampers. When this is not done, the system pressure drop is increased, 
resulting in increased energy beinn used by the blowers. Detailed procedures for calculating 
duct pressure drops and losiks can-be found in the ASHRAE 1977   and book of Fundamentals [l] ,- 
"Air Duct Design Methods". 

Seals 2.6.2 

The temperatures, pressure, chemistry, and hardness of the solar system working fluids re- 
quire that careful attention be given to the seals used in pumps, valves and fittings. Seals 
used in water heating collectors have failed due to high temperature, chemical attack, and/or 
ultraviolet radiation. In addition, sealed joints used in the collector loop have shown de- 
gradation due to weathering (see Section 2.2.1.1.6). 

Rcliability/operational problems include difficulties encountered in the operation of the 
solar system, which in general caused an interruption of energy supplied by the solar system 
and resulted in unpredictable system operation. The problems experienced included freezing or 
boiling of .the collector heat transfer liquid, control system malfunctions and failures, and 
failures of other components in the solar system, such as pumps and fans. 

2.7.1 Freezing Problems 

The problem with freezing in solar systems has been considered in some d,etail by Chopra 
and Wolosewicz [37] .  According to these investigators, a review of 47 operating solar systems 
(all part of the National Solar Demonstration Program) indicate an occurrence of freezing in 
approximately 30 percent of these sites. The data available from these sites indicated that 
water/glycol systems have provided more reliable freeze protection than water systems as long 
as an adequate glycol concentration was initially installed and then maintained. 

In general, Chopra noted that the freezing problem in water systems was more con~plex and 
could in general be attributed to one or more of several problems including freeze detection 
sensor location, power failures, manifold slope, leaking control valves, frozen or improperly 
located vent valves, and a direct connection of the city water main to the thermal storage 
tank. It was clear that more stringent component reliability requirements were needed for a 
water system than for a water/glycol system. 

Chopra also noted that the freezing potential of air collector systems with a domestic hot 
water preheat option was directly affected by the air damper leakage rate and that, with proper 
damper selection, installation and inspection as'well as proper maintenace of the louver seals, 
this freeze problem could be avoided. Specific problems and/or recommendations are shown below. 

2.7.1.1 Air Systems with Donlestic Hot Water Heating 

Freezing occurs when the air damper to the hot water heat exchanger leaks and causes the 
heat exchanger to rupture. The usual protection method for this component consists of properly 
spccified, itistalibd, and maintained ieak-tight air dwpcrs. It has been found that %reczing 
can occur even when the leakage rate through the air damper system is only 15 percent of the 
total air flow rate. 

2.7.1.2 Water/Glycol Systems 

Freezing may occur due to an improper glycol concentration and/or in the event of develop- 
ment of a leak in the system, causing the make-up system to add water only to the collector 
loop. Glycol/water systems require frequent checks of the concentration of the antifreeze in 
order to ensure freeze protection and subsequent avoidance of damage. Automatic glycol make-up 
systems have been used successfully in some locations, however several investigators warn 
against their use due to the possibilities of malfunction. Another problem associated with 
glycol/water systems that will have an impact on system performance and durability, and could 
affect solar system freezing, is the degradation of the glycol over time. 



2.7.1.3 Water Drain-Down Systems 

Figure 2 [37] lists many of the experimental and possible freeze-related problems. Because 
drain-down systems require the water from the collector array and any exposed piping to drain 
before freezing can occur, these systems can operate reliably only if: 

1. The air vents or the nitrogen purge valves open (May require a "heater strip" 
for vent) 

2. The circulating pump must shut off, and 
3. The inlet and outlet manifolds must be properly sloped (1/16 inch per foot; 

5 mm/m) to ensure that the system can drain. 

Vent Valve Inlet/Outlet 
Problems Control Valve Problems Manifold Problems Other Problems 

Vent frosted Valves not bubble tight, holding Improper slope System back pressure lost 
shut tank fills with water and collec- to lines (DB) and city water floods the 

tors cannot drain collectors (DB) 

Vent Control valves leak and holding Manifold sags Pinhole leaks draw in cold 
orientation tank level too low to trip due to improper air and cause remaining 
incorrect switches support (DB) moisture to freeze (DB) 

Vent Back check valves leak and city Manifold bent After system inoperative 
location water pressures fills the when stepped on and on refilling, cool 
incorrect collectors by workman (DB) 'storage water froze in 

manifolds (DB) 

Internal Combination valve and flow meter Improper use of Freeze detection problems 
mechanism frosted closed expansion joints 
damaged by (DB) 
operating 
conditions Balancing valve orifice frosted Collector hoses 

closed had low spot and 
trapped water 

Valves improperly located in 
drain lines 

Valve resistance too high to 
allow water to drain 

Figure 2. Freeze-Related Problems for Drain-Down and Drain-Back Systems [37] 

Water Drain-Back Systems 

Drain-back systems are inherently simpler systems than drain-down systems; drain-back de- 
signs do not require control valves. Consequently valve and vent problems do not occur. On 
the other hand, many problems occurring in drain-down systems also occur in drain-back systems. 
These common problems are denoted by ff(DB)tt in Figure 2. 

2.7.1.5 Water, Circulating Water Systems 

Freezing may occur in this case due to freeze protection sensor problems and/or failure of 
the circulating pump to run because of power failures. With a gravity drain-down system, the 
pump may not run and, therefore, the system cannot.drain properly (see Figure 3) [37]. 

A circulating water system is a form of freeze protection technique most appropriate for 
areas where only brief freezing periods occur, generally in the warmer sections of the United 
States. Because this technique requires the circulation of warm water from the thermal energy 
storage tank through the collector array, it assumes uninterrupted supply of power to drive the 
freeze protection puinp on demand. Power failures are especially prevalent under freezing rain 
conditions due to the ice-break of power lines. 



Freeze Detection Circulat ing Pump Gravity Drain- 
Sensor Problem Problem Down Problem 

Sensor f a i l s  t o  Pump f a i l s  t o  run Pump does not tu rn  
operate  because of power on and system can- 

problems not  d ra in  

Improper sensor 
ca l i b r a t i on  

Sensor located i n  
c lo se  proximity t o  
warm d ra in  l i n e  

Figure 3. Freeze-Related Problems f o r  Ci rcu la t ing  Water Systems [37] 

2.7.1.6 General Component Guidelines 

From t h e  information reviewed on t he  operating s o l a r  systems, f reezing problems a r e  found 
t o  be pr imari ly  a t t r i b u t e d  t o  malfunctions and improper design use  of t he  following components 
besides t h e  o ther  f a c t o r s  ou t l ined  e a r l i e r :  

1. Vent valves 
2. Control valves 
3 .  I n l e t  and o u t l e t  manifold design 
4. A i r  dampers 

2.7.1.6.1 Vent valves. Automatic vent valves must be spec i f ied  f o r  a l l  a i r  a s s i s t ed  
drain-down systems [3].  The spec i f i c a t i ons  of t h i s  component must t ake  i n t o  considerat ion t he  
following: 

i. Maximum operating condit ions (temperature and pressure) 
ii. Materials  t h a t  can withstand these  conditions 
iii. The proper venting r a t e  
i v .  The e f f e c t  of f r o s t  formation on t he  valve mechanism (consequences of vent 

f a i l i n g  i n  closed and open pos i t ions)  
v. 'I'he loca t ion  of t h e  valve ( i dea l l y  a t  every t u rn  down i n  t he  piping) 

One of t h e  methods of preventing vent valve f ro s t i ng  is t o  wrap t he  valve with e l e c t r i c a s  
Weat tape. The success of t h i s  technique, however, is dependent on t he  r e l i a b i l i t y  of t he  loca l  
,power supply. 

(c) The spec i f i c a t i ons  f o r  manual vent valves used i n  glycol/water systems o r  c i r cu l a t i ng  
water systems a r e  not  a s  s t r i ngen t  a s  those used i n  drain-down systems., These manual vents  a r e  
ba s i ca l l y  small globe o r  needle valves.  

2.7.1i6.2 , Control valves.  s o l a r  systems a r e  general ly  b u i l t  from off- the-shelf  
va lves  used i n  r e s i d e n t i a l  plumbing systems. ~ h e s e  valves a r e  adequate f o r  t h e i r  intended ap- 
p l i c a t i ons  but t h e  dec is ion  t o  use  drain-down systems with o r  without a ni t rogen purge requi res  
t h e  valves t o  be leak t i g h t  f o r  both water and a i r .  Obviously, drain-back systems do not need 
valves.  

The valves t h a t  a r e  normally se lec ted  for . . so la r  system appl ica t ions  have s o f t  s ea t s  t h a t  
s e a l  t he  supply and t he  r e tu rn  l i n e s  aga ins t  water and vapor when the  system is  not operat ing.  
The spec i f ied  s e a t  mater ia l s  must be compatible with t he  s o l a r  system working f l u i d s .  

Three-way valves have been used i n  severa l  so l a r . i n s t a l ' l a t i ons  and leakage problems have 
b e e r r e p o r t e d  [37]. In  normal i ndus t r i a l  appl ica t ions ,  some leakage can be t o l e r a t ed  without 
causing ser ious  operat ional  problems. However, s o l a r  systems t h a t  a r e  designed t o  drain-down 
r equ i r e  leak t i g h t  valves.  Unti l  leak proof three-way valves a r e  made ava i lab le  and i den t i f i ed ,  
it i s  usua l ly  b e t t e r  t o  use  two s ing l e  funct ion valves.  

I 

2.7.1.6.3 I n l e t  and o u t l e t  manifold design. The major problems associated with 
s o l a r  system manifolds a r i s e  e i t h e r  because of improper support o r  improperly sloped l i ne s .  I f  
t h e  proper loca t ion  f o r  t h e  manifold supports i s  not  spec i f ied ,  t he  manifolds w i l l  d e f l ec t  under 
t h e i r  own weight and t h i s  def lec t ion  could el iminate  any designed-in slope. 



FiIrther, these lines must be designed for thermal movements. If expansion joints are used 
to absorb the thermal effects, the manifolds must be guided and anchors must be provided. If 
these conditions are not met, the expansion joints can be deformed permanently, thereby prevent- 
ing the manifolds from draining. Some expansion joints (e.g., bellow, bulbous type, etc.) may 
not be drainable. In ttnon-drain-downw systems, these joints may freeze during maintenance or 
may suffer mechanical damage after freezing. 

Depending on the solar system configuration and on the available space, expansion joints 
can be r.eplaced by properly designed U-bends. These U-bends must be horizontal to facilitate 
draining. 

2.7.1.6.4 Air dampers. The possibility of freezing in solar air-heating systems 
can bereduced by using double damper systems, butterfly type valves (commonly used in isolation 
systems), or by use of better dampers. These higher quality dampers have self-inflating edges 
that are forced to mate with the fixed portions of the damper. 

The designer must 'also consider the seals, bearings, and l'inkages when motorized dampers 
are selected. Because these components are installed in the hotter sections of air systems, 
seal deterioration could lead to freezing. 

2.7.1.7 General Design Suggestions to Avoid Freezing Problems 

Most'freezing problems have been identified to occur due to: 
1. Lack of attention to engineering details 
2. Lack of knowledge of the specific requirements of solar systems. For example 

in conventional heating and ventilating systems, a,valve does not usually re- 
quire special sealing characteristics. Consequently a valve manufacturer's 
claim that his valves have a "tight closure" does not necessarily imply that 
they are air tight or bubble tight. 

Chopra and Wolosewicz made several important conclusions. Although water systems are 
attractive because of the thermal and physical properties of water, the system designer must be 
aware of potential freezing problems. The design of a freeze-proof water solar system and the 
selection of its components requires careful evaluation of at least the following: 

1. The freeze detection sensor must be reliable and must be properly located so 
warm convection currents from the water storage tank do not affect it. Not a 
concern in drain-back systems. 

2. All joints must be properly designed and must be made so that pinhole leaks 
cannot develop. Such leaks can cause frost blockage that leads to more exten- 
sive freeze damage. 

3 .  The manifold design must consider deflection due to the weight of a water-filled 
manifold and the effect of thermal expansion. A slope of at least 1/4 inch per 
foot (21 mrn/m) after the manifold deflections are accounted for is recommended 
by Chopra [37]. If properly and frequently supported (i.e., no sags, assured 
slope, constant slope), 1/16 inch per foot (5.3 mm/m) is adequate [24]. 

4. Avoid installation of manifolds which "encouragett being stepped on by 
installatian/maintenance workers. 

5. The vent valves or the nitrogen purge valves must be specified to withstand 
stagnation conditions and must be freeze protected. Not a concern in drain-back 
systems. 

6 .  The collector loop holding tank or the expansion tank must be properly located 
with respect to the system pumps and must be placed in a warm place. 

7. The system pumps must be properly specified, must be located so that cavitation 
effects do not occur, and must maintain the proper system water level. Pumps 
should be located as low as possible in the piping system. 

8. Water level indicating switches at the top of the collector array or evidence of 
water returned down the down pipe should be interlocked with a timer to stop the 
collector loop fill pump if the solar system does not fill in a specified time. 
Not a concern in drain-back systems. 

3. The control valves for drain-down systems must be properly located with respect 
to head loss considerations, be air or water tight, and fail in a manner that 
assures system drainage. Not a concern in drain-back systems. 

10. In the event of a power failure (and power failures will occur for as long as 
three days), all control valves in a drain-down system should be powered shut 
and fail open so that the solar system will he drained. Not a concern in drain- 
back systems. 



11. Don't use globe valves. Ensure stems of ball or gate valves are in'horizontal 
position for draining. Not a concern in drain-back systems. 

12. The water storage tank should not be connected directly to the city water mains. 
Water/glycol systems should provide freeze protection as long as the proper 
glycol concentration is initially installed and maintained and any glycol make-up 
is performed manually and the proper glycol concentration is maintained. One of 
the problems associated with water/glycol solutions is the possibility of de- 
gradation of the glycol over time. Not a concern in drain-back systems. 

The freezing potential of an air collector system with a domestic hot water option is 
directly affected by the air.damper leakage rate. With proper selection, installation, inspec- 
tion, and maintenance of the louver seals, as well as the addition of back-up'dampers, by-pass 
loops, or the use of butterfly type valves, this freezing problem can be avoided. 

It appears that the component reliability requirements are greater for water systems than 
for water/glycol or air systems. As the systems become more complex, the reliability of each 
component must be an important design consideration. However, a reliable component incorrectly 
used can still fail. The solar system designer must, therefore, be aware of the special require- 
ments for these systems and be sure that the important engineering details are carefully worked 
out and that the installed system closely resembles the system that was designed. 

2.7.2 Boiling Problems 

These have been occurrences of boiling problems in liquid-heating collectors for the 
following reasons : 

1. Interruptions of electrical power to the collector or heat exchanger pumps 
2. Mechanical malfunction of pumps 
3. Inadequate cnllectnr fluid flow ra tes  
4 .  Inadequate thermal capacity in storage in relation to the collector area 
5 .  Insufficient load and/or lack of provision of heat rejector mechanism 
6. Incomplete draining of water in a drain-down or drain-back system 
7. Evolution of non-condensibles which block flow in a portion of the collector 

array 

Because of the nature of some of the factors [e.g., power failure) which could precipitate 
boiling, it is to be expected that over the life of the system some of these problems will occur 
Therefore measures should be adopted to prevent damage to the system. Some of the design fea- 
tures that should be incorporated in the system are: 

1. Means to provide pressure relief forthe boiling liquid 
2, Appropriate location for b~iling liquid to be discharged or condensed 
3, Means to replace the liquid in proper concentrations 
4 ,  Co!!sideration for the effects of liquid degradation 

Specific problems have occurred in pressure relief valves due to obstructions or manual 
valves being placed between the collector and the pressure relief valve. Some relief valves 
have been set at too high a pressure, therefore increasing the possibility of damage [381. 

Furthermore, the discharge location .of the boiling liquid should be properly selected so 
that it does not pose a danger to people or hardware in the vicinity. This is particularly 
true when the collector fluid is other than water due to the toxicity and high temperature 
characteristics of some fluids. Boiling fluids have also resulted in a reduction of the in- 
tegrity of watertight roofs by discharging to the underside of flashing. Some collector de- 
sips tend to trap air bubbles within the collector which in turn traps liquid. At stagnation 
this liquid can boil and possibly rupture collector tubes. Without proper drainage of fluid, 
this problem can lead to winter freezing too. In addition, this loss of liquid by boiling, 
leading to entrapped air, increases the probability of corrosion. This is particularly true of 
glycollwater systems whichxequire approximately 30 percent concentration for corrosion pro- 
tection and a range of 20 to 60 percent for freeze protection. Therefore a proper make-up sys- 
tem should be designed to ensure appropriate concentrations. 

Ethylene glycol degrades at temperatures higher than 270°F C13O0C) by breaking up and form- 
ing organic acids which may result in corrosion of the collector materials and sealants. Ethy- 
lene glycol is also toxic, which requires double separation at the heat exchanger if utilized 
for DHW or connected in any way to the potable water supply. Most propylene glycols are con- 
sidered non-toxic enough to waive the double separation requirements but its use should be 
prevented because of the ,possibility of replacement with a toxic glycol. However, at high 
temperatures, propylene glycol also breaks up and forms corrosive organic acids and thus it may 
also require double separation [3]. 
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Furthermore, the effects of boiling fluid on rubber hose connections between collector 
modules and collector array manifolds and collector mateials should be considered with.respect 
to degradation. 

Partial shading of collectors has al.so sometimes led,to freezing/ boiling problems. 

2.7.3 Control Subsystem Problems 

Controls are a major factor to consider in the successful operation and reliability of a 
solar system. An unsatisfactory control system or improper logic can lead to serious degrada- 
tion in performance or even complete failure of the solar system to perform [38]. 

Many of the larger systems are over-engineered and have complicated control systems and 
several modes of operation. The simpler systems have been found to be more reliable [3]. 
Failure of the more complicated control systems have often resulted ,in freeze-ups and over- 
heating. Furthermore, the time and effort in determining a malfunction could be substantial. 

Improper selection of the set point temperatures to activate pumps has often resulted in 
excessive cycling. This condition often occurs during periods of low insolation and could re- 
sult in premature failure of the pump [3]. Allowing for an adequate deadband can remedy this 
problem. ! 

.Control system components have sometimes been defective. Some examples of this in actual 
systems include: 

1. Defective temperature sensors 
2. Failure of differential controller because of faulty,circuitry and component 

failure 

Proper location of sensors has very often been overlooked. Extraneous heat flow effects, 
stratification (especially. in rock boxes [39]), thermosyphoning [ll], and other dynamic effects. 
can .often lead to a deceptive signal being received by the controller. This can result in 
cycling and a non-optimum operation. 

A control system not performing as designed can lead to a serious degradation in operating 
efficiencies. Example: Collector temperature sensors provide more accurate control when 
located on the absorber plate rather than in the return pipe above the collectors [4]. This is . 
due to the fact that during start-up there is no flow and therefore the sensor mounted in the 
return pipe has to rely on natural convection and conduction for a very indirect measurement of 
the collector temperature. 

Some of the other factors to be considered in selecting temperature sensors are ease and 
integrity of mounting, corrosion protection [4], heat and electrical capacity of sensor [ll], 
and quality of sensors (accuracy, precision, linearity, repeatability, response time, drift, 
etc.). 

Control logic should consider failure contingencies so that the occupants are not subjected 
to extreme changes in comfort conditions as a result of failure. In addition, the possibility 
of damage to hardware should be considered. Electronic monitoring of control, system malfunc- 
tions has often proven to be useful in alerting occupants of the need for corrective measures. 

2.7.4 Pump/Fan Problems 

A problem often found in solar projects is the incorrect sizing and selection of 'ljlimps. 
Parasitic'power consumption can be sufficient to negate the advantages of solar energy .collec- 
tion. A pump should be sized so that it operates at a high pumping efficiency. Furthermore, 
incorrect sizing of pumps has led to flow balance problems. Higher collector temperatures and 
lower collector efficiency'also result if the pump is undersized for the collector arrgy [3,12], 

Other problems relating to pumps in a solar system have been the following: 
1. Pump cavitation 
2. Pumps burning out because of the rupturing of defective piping or because of 

faulty controls 
3. Pumps with expansion tanks on their suction side have been subject to wear out 
: from cavitation problems [3,40]. The expansion tank should be on suction side, 

but noods sufficient liquid head to prevent cavitation. 

Improper desigmhas led to vapor locks/air locks and the need for manual priming of pumps. 
Pumps should be mounted at the lowest possible point in the system. 
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Erosion may occur.with fluid velocities of over three feet per second (0.90 m/sec). This 
results in the need for streamlining at the heat exchanger (within 1.5 diameters of inlet). 
Note however that too low a velocity may result in scaling. 

The analysis of static pressure for each mode of operation is often not done in sizing 
fans. Furthermore, all sources of pressure drop should be considered in sizing. Also leakage 
of air has often not been considered in sizing, leading to inappropriate flow rates and degrada- 
tion in performance. In addition the fans are often not properly sized to handle the excessive 
pressure drops imposed by duct turns, collectors, coils in the air stream, backdraft dampers, 
heat exchangers, and the pebble-bed storage. In one case, two blowers placed in series caused 
flow pulsations and poorly controlled flow rates. Blowers have in several cases operated 
noisily because the air ducts were sized srna1;er than required by good HVAC design. 

Pump and/or fan damage has in general been minimal and limited to pump damage from backflow 
conditions or from chemical attack of the heat transfer liquid. Blowers have performed wcll, 
particularly when routine maintenance, such as oiling bearings, tightening or replacing belts, 
checking pulley tightness, and cleaning fan blades have been performed. Pump seals have also 
been damaged due to chemical attack by fluids at elevated temperatures. 

Problems with valves and dampers have sometimes seriously affected the reliability and per- 
formance of solar systems. However, in terms of durability, valves and dampers have performed 
well. In some cases, however, leaky dampers have resulted in freezing of air heating DHW sys- 
tems (See section 2.7.1). Reyulhl liiailitsnanee of damporo ic o~centisl to keep ;;lir leakage t.0 

a minimum. 

2.8 CASE STUDIES t 

Appendix B includes several examples of specific problems encountered and corrective action 
taken. 

2.9 ANNOTATED BIBLIOGRAPHY 

Numerous publications include detailed reports on the lessons learned in attempting to make 
systems work and to keep them working. These include: 

Collector Subsystem 2.9.1 

1. "Lessons Learned on Solar Systems Design Problems from the HUD.Solar Residential 
Pruyraa", H. R. Sparkes and K. Raman. Proceedin s sf the Sn lar Heiltfng and Cuuli!~g. 
Ey3tom5 Operational Results ~ n f w e n ~ e ~ ~ ~ i . ~ , ~ .  

--Design problems encountered in the National'Solar Data prpgrw 

2. "Solar System Start-Up and Operational Concernsw, J.L. Easterly. Proceedings of 
the Solar Heating and Coolipg Systems Operatios Results Conference, colorado- -- 
3pxiilgs, 1378, 

--Ide~~LiPication of dcsign, oporationol problems 

3. "Hail Resistallce of Solar Collcctors with Tempered Glass Covers", G.O.G. LUf and 
R.R. French. Proceedings of the Second ~nnuai Solar Heating and Cooling Operational 
Results Conference, Colorado Springs, 1979. 

--Cover plate hail resistance 

4. "Lessons Learned on Solar System Installation, Operation,  an^ Maintenance. Problems 
from the HUD Residential Demonstration Program", H.R. Sparkes and K. Raman. 
Proceedin s of the Solar Heating and cooling Systems Operational Results Con- 
f d o T Z d T S p r l n g s ,  1978. 

--Installation, operational problems of solar systems in the National Data 

5. National Solar Heating and Cooling Demonstration Program Project Experiences Handbook, 
DOE/CS/OO45-0, Preliminary Issue. U.S. Department of Energy, September 1978. Order 
from NTIS, U.S. Department of Commerce, 5285 Port Royal Road, Springfield, VA 22161. 

--Coverage of design guidelines and problems areas, precursor to this handbook 



6. Solar Energy Therittar Processes, J.A. Duffie and W.A. Bec~man. (New York; Wiley Inter- 
science), 1974. 

7. Active Solar Energy System ~esign Practice Manual, prepared for the U.S. Department -- 
of Energy, October 1979. SOLAR/~~-.- 

--Blueprints showing design and instal la.tion problems in solar systems 

2.9.2 Heat Transfer Fluids 

Installation Guidelines for Solar DHW Systems, Franklin Research Center. Prepared --- 
for the U.S. Department of Energy under contract H-2377. 

--Heat transfer fluid selection guidelines also additional reading on solar 
DHW systems 

Superior Heat Transfer Fluids for Solar Heating and Cooling Applications, Monsanto --- 
Research Corporation. Prepared for the U.S. ~ e p z m e n t  of Energy under contract 
EM-78-C-04-5356, September 1979. 

--Heat transfer fluids experiences survey 

Storage Subsystem 

"Lessons Learned on Solar System Design Problems from the HUD Solar Residential 
Demonstration Programu, H.R Sparkes and K. Raman. Proceedings of the Solar Heating 
and Cooling Systems Operational Results Conference, Colorado Springs, 1978. - 

--Good coverage of solar design problems 

"Hardware Problems Affect the Performance of Solar Heating and Cooling Systemstt, 
Mitchell Cash. ' Proceedin s of .the Solar Heating and cooling Systems Operational 
Results Conf eren&o~p~~n78. 

--Flow channeling stratification 

"Solar Cooling Performance in CSU Solar House IIItt, D.S. Ward, J.C. Ward and H.S. 
Oberoi. Proceedings of the Solar Heating and Cooling Systems Operational Results --- 
Conference, Colorado Springs, 1978. 

--Stratification during cooling 

"Installation and Operational Problems Encountered in Residential Solar Systemsn, 
D.W. Abrams. Proceedings of the Solar Heating and Cooling Operational Results - 
Conference, Colorado Springs, 1978,. 

--Operational problems 

"Electricity and Gas Consumption of 24 Solar Homes Compared with 26 Conventional 
Homes Having Identical Heating Loads", J.C. Ward. Proceedings of the Solar Heating 
and Cooling Systems Operational Results Conference, Colorado Springs, 1978. - 

--Design, sizing problems 

6. "Solar System Design and Installation Concernstt, S.D. Weinstein. Proceedin s of 
the Solar Heating and Cooling Systems Operational Results C o n f e r e n d o -  -- - 
Springs, 1978. 

--Unde~ground storage tanks 

7. "Solar System Start-Up and Operational ConcernsM, J.L. Easterly. Proceedings of 
the Solar Heating and Cooling Systems Operational Results Conference, Colorado -- 
Springs, 1978. 

--Flow channeling in rock bed 

8. "Direct Contact Liquid-Liquid Heat Exchanger for Solar Heated and Cooled Buildings: 
Pilot Plant Results", J.C. Ward, W.M. Loss and G.O.G. Lof. Annual progress report 
to U.S. Energy Research and Development Administration, COO-2867-2, 1976. 

--Additional reading 

9. "Latent Heat. Energy Storage Using Direct Contact Heat Transfer", D.D. Edie, et al. 
Proceedings of the International Solar Energy Society, Sun 11, Vol. 1, Atlanta, 1979. -- 

--Bibliography on direct contact heat transfer 



. 7 J ,  A*-, 
10. :"Honeywell General offices' concentrating Collector iJaL2m - Installation and Opera- 

tion", R.C. Gee and R.D. Kruger. ~roceeiin~s of the International -- Solar ~ner~y' 
Society, Sun 11, Vol. 1, Atlanta, 1979. 

--Rock/oil storage 

11. "Preliminary Performance of CSU Solar House I Heating and Cooling Systemw, D.S. Ward, 
T.A. Weiss and G.O.G. Lof. Solar Energy, Vol. 18, No. 6, pp. 541-548, 1976. 

--Cooling storage 

12. gfPerformance of the CSU Solar House I11 Heating and Cooling Systemn. D.S. Ward. 
H.S. Oberoi and J.M. Grebe. Proceedings ----- of the second' ~nnial. solar- eati in^ and - 
Cooling S stems Operational Results Conference, Colorado Springs, 1979. 

- - I b u t s i d e  storage 

13. "Performance Evaluation of a State-of-the-Art Solar Air-Heating System with Auxiliary 
Heat Pump", S. Karaki, et al. Prepared for the U.S. Department of Energy, Report 
C00/30122-4, January 1980. 

--Additional reading on performance of air systems 

14. Heating and Air Conditioning Systems Installation Standards for One and Two Family ---- 
Dwellings. Prepared by the Sheet Metal and Air Conditioning Contractors National 
Association, 1979. 

--Additional reading on solar standards developed by SMACNA 

15. Design and Installation Manual for Thermal Energy Storage, Argonne National Labora- 
tory. Prepared for the U.S. Depertment nf Energy, repart. ANT.74-15, Second Edition, 
January 1980. 

--Detailed design procedures for storage systems 

2.9 .4  Passive Solar 

1. "Passive Solar Buildings", Sandia ~aboratories . Prepared for the U. S. Department of 
Energy, report SAND 79-0824, July 1979. 

--Passive design types 

2. "A Problem with Passive", G.O.G. Lof. -- Solar Age, September 1978. 
--Definition of passive 

3 .  "The First Passive Solar Home Awards", Franklin Research Center. Prepared for the 
U.S. Department of Housing and Urban Development, January 1979. 

--Problem areas with passive and design guidelines 

4 ,  tlS~las Heating and C0oling Systems Operational Results conference", Pre-conference 
proceedings, Colorado Springs, November 1979. Available as report S E R I / T P - ~ ~ ~ - ~ ~ O ,  
preliminary. 

--Additional reading 

5. The Passive Solar Energy Book, E. Mazria. (Pennsylvania: ~odale Press), 1979. 
- X t i o n A l  reading- 

6. See #S, Section 2.9.1 

2.9.5 Design, Operational Problems 

1, ~~Froozinp Problems in Operati nna 1 Solar nemonstrati an Si.t.esH, P .S. Chopra and R.M. 
Wolosewicz. Proceedings of the Solar Heating and Cooling Systems Operationai 
Results Conference, Colorado Springs, 1978. 

--Froozing problems 

2. *ILessons Learned on Solar System Installation, Operation and Maintenance. Problems 
from the HUD Solar Residcntial Dcmonstration Program", H,R, Sparkec and K. Raman. 
Proceedin s of the Solar Heating and Cooling Systems Operational Results Conference, 
d r i n g s ,  1978. 

-- oili in^-problems, general problems 

3 .  "Technical Concerns Swnmary Report of DOE Solar Commercial Demonstration Project.s", 
' W.E. Shipp. Report prepared for the U.S. Departmcnt of Energy, April 1979. 

--Valve problems, hardware problems 
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"Solar System Start-up L.-? Operational Concerns", J. L. Easterl,,, Proceedings,.of the -- 
Solar Heating and Cooling Systems Operational Results Conference, Colorado Springs, 
1978. 

--Sensor location problems 

"Hardware problems Affect the Performance of Solar Heating and Cooling Systems",. 
Mitchell Cash. Proceedings of the Solar Heating and Cooling Systems Operational 
Results Conference, Colorado.Springs, 1978. 

--Sensor location problems 
. . 

Private Communication, S. Karakl and T. Brisbane, Colorado State University, 1979 
--Sensor location 

"Solar Cooling. Performance in CSU Solar House IIIu, D.S. Ward, J.C. Ward, and H.S. 
Oberoi. Proceedings of the Solar Heating and Cooling Systems Operational Results -- 
Conference, Colorado vrings, 1978. 

--Pump/blower sizing 

"Installation Guidelines for Solar DHW Systemsf1, Franklin Research Center. Prepared 
for the U.S. Department of Housing and Urban.Development, 1979. 

--Bibliography 

Inspections and Case ~istories of Private sector' Solar System Installations & 
Florida, Florida Solar Energy Center, December 1979. 

--Additional reading 

Volume Two: Invited Papers and Appendices.' Proceedings of the U.S. Department of 
Energy's Regional Solar Updates, 1979. 

--Additional reading 

Volume One: Federal Program Presentations and National Solar Data Program. Proceed- 
ings U.S. Department of Energy's Regional Solar Updates, 1979 

--Additional reaEng 

See #5, Section 2.9.1 



3. PERFORMANCE OF SOLAR HEATING AND COOLING SYSTEMS 

3.1 INTRODUCTION 

In order to maximize savings in alternative fuels, it is essential Fo identify solar 
systems that have performed efficiently, and to distinguish between levels of performance in 
different solar instaltations. For the purposes of this handbook, a measure of the performance 
of a solar heating and cooling system, is defined in terms of: 

1) System and subsystem effjciencies, and 
. , 

2) System and subsystem energy outputs. 

The principal objective is to document the relevant results, and to present an overall 
assessment of the performace of solar heating and cool'ing systems'. Only those installations 
which have sufficient data, information, and documentation on which to base an objective 
opinion on a system's performance, have been considered in this assessment. In addition, 
certain installations of' solar systems have been considered in greater detail than others, in 
order to determine cause and effect in system performance, i.e. the effect of design variations 
in increasing or decreasing the overall performance of a solar system. 

Solar systems that performed well, achieved substantial savings in nonrenewable energy 
resources. In brief, these energy savings amounted to: 

Type Solar System 

Domestic Hot Water 
Passive Space Heating 
Active Space HeaLlug 
Active Space Cooling 
Potential Active Cooling 

Savings in Nonrenewable Energy Resourccs 

(million ~tu/~oar.ft' nf cn l l ~rt.or:lL* 

This chapter is divided into the following sections: 

Criteria for Design and Performance Analysis 
Performance of Domestic Hot Water ('UHW) Systems 
Performar~ce 01 Yassive Heniiug SysLer~rs ' " ' 

Performance of Active Space Heating Systems 
Performance of Active Space Cooling Systems. 

3.2 CRITERIA FOR DESIGN AND PER~;oPMNCE ANALYSIS 

The criteria for design and performance analysis, presented here, is based on the 
following requirements: . I .  + , 6  . 

1) The establishment of an unambiguous set of parameters, which allow for an 
objective and practical evaluation'of solar system performance. . 

. ! ?  1 

2) Parameters which will provide a measure of the quality of design, ins~alla~iuu, 
and operational performance of a solar system and its ma~or components. 

3) Identification of the energy inputs/outputs of ?he solar system and fts major 
components. . ~ 

4) Clearly defined efficiencies, which allow tor direct comparisons to be made 
between distinct installations and system designs. 

9r 
Based on certain assumptions (see section on Performance Evaluation of Passive. Systems). 

@~ased on certain assumed system modifications and subsequent improvements (see section on 
"Comparison with Conventional Cooling Systems"). ' 

2 2 
*:Multiply (million Btu/yeareft ) by 11.4 to get (GJ/year.m ). 



3.2.1 Collector Parameters 

Qc is defined as the average1 daily useful solar energy collected by the solar 
collector array. Units are Btu/day (kJ/day). 

A is defined as the gross area of the solar collector array. The gross area of an 
array encompasses the entire area within the outer perimeter of the array, including 

2 2 
space allowed for interconnecting individual collector modules. Units are ft (m ). 

I is defined as the average daily total integrated value of the solar radiation 
incident upon the tilted surface of the solar collector array, per unit area o£ the 

2 ' 2 
collector. Units are Btu/day ft (kJ/day m ). 

qc is the average daily solar collector array efficiency, (dimensionless), and is 
defined as the fraction of the incident solar energy, collected by the collector 
array, i.e.: 

3.2.2 Thermal System Parameters 

C is defined as the Coefficient of Performance (COP) of the heating or cooling unit 
(e.g. the C.O.P. of an absorption chiller), i.e. the heating or cooling of the condi- 
tioned space accomplished by the unit, divided by the thermal input to the unit 
(dimensionless). 

f3 is defined as the system heat loss factor, i.e. the factor used to account for the 
degree of non-usefulness of the solar system's thermal losses to the interior. of 
the conditioned space (dimensionless). 

Heating Season. f3 equals the fraction of the solar system's thermal losses to the 
conditioned space, which is not useful, i.e. constitutes overheating of the space. 
In general those heat lossesare not useful, whenever the heating demand of the 
space is less than the internal heat generation of the space (exclusive of the solar 
system's internal heat generation). During cold periods and for systems with low 
heat losses, most of the heat lost from a solar heating system to the conditioned 
space may be considered useful even with small, temporary temperature increases, 
because of the fact that much of the excess energy is stored in the thermal mass of 
the conditioned space's structure. In thjs case f3 0. Nevertheless it is desir- 

able to minimize uncontrolled heat losses in order to avoid significant overheating 
of the conditioned space. 

Cooling Season. f3 accounts for the heat lost to the space and thus its 
non-availability to be used in operating a cooling unit, plus the solar heat 
required to operate a cooling unit (at some C.O.P.) in order to remove the addi- 
tional cooling load caused by the solar heat losses to the space. Thus 

where C is the coefficient of performance of the cooling unit when operated with 
solar energy. 

QI is defined as the average daily solar system heat losses to the interior of the 
conditioned space. Units are Btu/day (kJ/day). 

QE 
is defined as the average daily solar system heat losses to the exterior of the 
conditioned space. Units are Btu/day (kJ/day). 

QU is defined for space and DHW heating systems, as the average daily solar system heat 
delivered to the heating unit. Units are Btu/day (kJ/day). 

'~vera~es for all parameters are, for the purposes of this handbook, taken over monthly time 
periods. 



QU is defined for .space cooling systems, as the average daily solar system heat 
delivered to the cooling unit, in excess of that required to remove the heat losses 
of the solar system from the conditioned space. Units are Btu/day (kJ/day). 

These heat quantities within the thermal system can be related by: 

qT is the average daily solar heating and cooling system thermal efficiency 
(dimensionless); and is defined as the average daily total useful heating and/or 
cooling of the conditioned space, divided by the solar radiation on the collectors; 
i.e.: 

3 . 2 . 3  Solar System Electrical Parameters 

E is defined as the average daily electrical energy required to o erate the solar 
system (e.g. pumps, controls, etc) . Units are Btu(elec)/day (k~/day* 

S is the ratio ok uselui solar heating and/or cooling t b  the electrical 
solar-operating energy used, and is defined as the average daily useful heating 
and/or cooling by the solar system, divided by the average daily electrical energy 
used to operate the solar system (dimensionless). 

This ratio, S, .is defined by: 

Sc 
is the ratio of controlled useful solar heating, to the electrical/solar-operating 
energy used, and is defined as the average daily useful and controlled heating by the 
solar system, divided by the average daily electrical energy used to operate the 
solar system '(dimensionless). 

In the  d e f i n i t i o n  o f  Sc, the heat losses to the space are not considered useful in any 

manner, so that B = 1. Sc is therefore defined as: 

Sc = S for solar cooling systems, by definition. 

3 . 2 . 4  Total Energy System Parameters 

Qs 
is the average daily savings in nonrenewable energy resources by the solar heating and 

cooling system. Units are Btu/day (kJ/day). Qs is defined by: 

where 

Q C = Solar useful heating and/or cooling, Btu/day (kJ/day) u 

E = Electrical solar-operating energy, Btu(elec)/day (kJ(elec)/day) 



qE = Overall efficiency7- of fuel-generated electrical power generation, distribution, 
and transmission (dimensionless). 

qA = Conversion efficiency of the auxiliary or conventional heating and/or cooling 
unit. 

Depending on the type of conventional heating and/or cooling unit chosen, qA may be quantified 
as : 

' 1 ~  = "E for.electric resistance heating. 

- 'IA - qF for a fuel-fired furnace (e.g. natural gas, fuel oil, etc.) (qF = furnace 
efficiency, dimensionless). 

: 
qA = CcqE for a heat pump or conventional air-conditioning vapor-compression unit, where 

C = Coefficient of Performance of the heat pump or conventional air-conditioning, 
C 

vapor-compression unit (dimensionless). 

'IS is the average diily solar heating and cooling iystem overall efficiency 
(dimensionless); and is defined as the average daily total energy savings by the 
solar system, divided by the sum of the average daily total solar radiation on the 
collector plus the average daily electrical solar,-operating energy (converted to its 
fuel energy equivalent). qS is given in equation form as: 

3.2.5 Example Calculations 

3.2.5.1 . . Typical Efficiency Values of Conventional Equipment 
. . 

The overall efficiency of fuel-generated electrical power generation, distribution, and 
transmission, qE , is approximately 0.26 [41] . For Hydroelectric. plants, qE - _ 0.87 (prime 
denotes hydroelectric). 

For conventional DHW heating units, the conversion efficiency for natural gas heaters 
varies over a considerable range but typically averages 0.55 [24], i.e. qc (DHW) = 0.55. For 
electric hot water heaters, qc (DHW) ; qE. 

For conventional space heating, natural gas and fuel oil furnaces have typical 
efficiencies of 0.60 and 0.55, respectively. (These figures are national averages [42].) 
Therefore qF (natural gas) 0.60, and .qF (fuel oil) ; '0.55. However, it should be noted 
that furnace efficiencies may easily range from 20 to 80 percent, depending upon the age and 
maintenance hi~tory of the unit. 

Heat pump C.O.P.'s vary from 1 to 4 (or higher) for heating purposes. On a seasonal basis - 1.5 to 2.5. Thus 
Cc - 

For space cooling, the, seasonal coefficient of performance for a heat'pump and/or a - conventional air-conditioning vapor-compression unit is 1.8 to 2.5. Therefore qA - Cc qE 
0.47 to 0.65. Gas-fired absorption chillers have C.O.P. 's ranging from 0.65 for residential- 
sized units to greater than 0.9 for larger units. 



For the purposes of this handbook, we will assume: 

qE = 0.26 Electrical power generation, distribution 
and transmission, overall efficiency 

I')~ (DHW Systems) = 0.55 Conversion efficiency for natural 
gas DHW heaters 

'IA = 0.60 Conversion efficiency for natural 
Heating) gas or fuel oil furnaces 

qA ('pace = 0.65 Seasonal vapor-compression 
Cooling) C.O.P., times Q = 0.26. 

E 

3.2.5.2 Example System 

Assume that an example space cooling system has the following measured values: 

2 I = '1,586 ~tu/da~.ft~ (18.080 kJ1day.m ) 

The other major parameters may then 'be calculated. For eqample 

3.2.5.2.1 Collector Efficiency: 

3.2.5.2.2 System Thermal Efficiency: 

f3 = (space cooling) = 1 + 1/C = 1 + 11.527 = 2.90 

3.2.5.2.3 System Energy Savings: 



3.2.5.2.4 System Overall Efficiency: 

,. 

q = 11.2 percent 

3.3 PERFORMANCE OF DOMESTIC HOT WATER (DHW) SYSTEMS 

The performance of a wide variety of solar DHW systems is given in Tables 17 through 22. 
Table 23 provides a more specific identification of each of these systems. Tables 18 and 20 
provide for direct comparisons of different designs under similar solar and load conditions. 

In developing these tables, several assumptions are made, including: 

C = 1.0, i.e. the coefficient of performance of converting solar heat into useful DHW 
heat, is unity, 

= 1.0, i.e. all of the heat losses from the solar system are nonuseful in meeting the 
DHW load, and 

In addition, the interior and exterior heat losses from the solar system, QI and QE 
respectively, are combined to yield the total heat losses from the solar system, QL, i.e. 

Finally, the solar useful heatinglelectricity solar-operating energy used'ratio, S, is 
.assumed equal to Sc, and is therefore not included as a separate column in Tables 17 through 

22, for DHW svstems. 

3.3.1 Performance Evaluation . . 

Evaluation of the performance of solar DHW systems is detailed in the section on "Analysis 
of Systems Performance"; subsection: 1) "Overall Evaluation of Performance," 2) ''Problems in 
Design and Sizing," 3) "Major Factors in Reduced Performance," and 4) "Performance Evaluation 
of Solar DHW syst.ems . "  

In general the performance of solar DHW systems .was excellent. With few exceptions, 
iystem thermal efficiencies of 17 to 42 percent were achieved. Several systems (identified in 
Tables 19 and 20 as systems 17, 20, 23, and 27) had system overall efficiencies of 35.1 to 55.7 
percent, and corresponding average energy savings (of these four systems) of approximately 13.4 ,. ,, 

Z L 
million Btu/year.system (14.1 GJ/year.system), or 0.22 million Btu/year.ft (2.5 GJ1year.m ) of 
collector. 



Tabde 17. DHW Systems Annual Average eerformance Parameters. 

:System I d e n t i f i c a t i o n  Number (see Tab12 23) 1 2 3 4 5 6 7l . 8' 1 
9 

I - Sola r  Radiat ion on t i l t e d  sur face  of 1528 ( I A  = 1590 4568 1349 (IA = (IA = (IA = (IA = 
2 

s o l a r  c o l l e c t o r  (Btu/dayaft") 1.43 x 3.28 x 0.78 x 0.33 x 0.37 x 

A . - Gross area  of c o l l e c t o r  a r r a y  ( f t .  2 3  ) 76.6 lo6 520, 6500 6254 lo6 lo6 lo6 lo6 

Btu/day) 4 Btu/day) 4 Btu/day) 4 Btu/day) .4 Btulday) 4 

Q - -  Average d a i l y  use fu l  s o l a r  energy 
C L 

c o l l e c t e d  by array '  (1,000 Btu/day) 33.2 397.7 359.2 2717.9 2894.8 1084.6 195 ..8 50.2 51.4 

qc - Average d a i l y  s o l a r  c o l l e c t o r  a r m y  
e f f i c i e n c y  (%) (Qc/AI) 28.4 26.6 43.4 ' 26.: 34.3 33.0 ' 25.2 15.0 13.8 

QL - Average d a i l y  s o l a r  system hea t  
m m losses ,  (1,000 ' B t u / ~ ~ ) '  2.6 58.1 119.2 430.0 95.6 624.8 119.3 25.0 51.3 

QU - Average d a i l y  s o l a r  system hea t  
de l ive red  t o  heat ing/cool ing unit 

4 
(1,000 Btu/da).) (=Qc - QI I? - Q$ 30.6 321.6 240.0 2187.9 2799 2 459.8 76.5 25.2 0.1 

qT - Average d a i l y  s o l a r  heating!cooling 
system thermal e f f i c i e n c y  (QUC/.4I) 26.1 22.5 29.0 22.4 33.2 14.0 9.9 7.5 0.0 

1. . Systems 7, 8, and 9 a r e  combined space and DHW hea t ing  systems, b u t  include only d a t a  from DHW s o l i t a r y  opera t ions .  

2 2 2. Multiply [Btu/day.ft  ] by 11.4 t o  ob ta in  [krJ/day.m 1 .  
2 2 3. Multiply [ f t  ]  by 0.0929 t o  ob ta in  [m 1. 

4. Multiply [Btu/day] by 1.055 t o   main [kJ/day]. 



Table 18. Comparison of DHW System Performance [48]. 

unite System System Losses (XI Thermal system3 Solar Collection 
Co1:Lector Piping Storage Efficiency Efficiency Fraction 
Los:;es Losses Losses (XI (XI (XI Ar5a4 

(ft I 

Thermosyphon 

10 Single tank direct,-liquid 69.5 o1 7.2 23.3 22.6 50.3 5 4 

Active 

11 Single tank direct, liquid 55.4 1.7 14.7 28.2 21.4 40.9 36 

12 Double tank direct, liquid 59.5 1.8 20.9 17.8 12.5 39.8 5 4 

13 Single tank indirect, liquid 70.2 2.0 5.7 22.1 19.6 48.6 5 4 

a 14 Double tank indirect., liquid 65.9 2.8 14.7 17.1 14.6 37.9 54 

15 Double tank indirect, air 78 1 3.3 12.1 6.6 3.1 21.7 80 

'Accurate piping losses incalculable due to characteristic variable flow rate of thermosyphon 
system; piping losses included in collector losses for thermosyphon. - 
"see Table 23 Q; - E 
3~ystem Efficiency = 7 

2 2 4~ultiply [ft I by 0.929 to obtain [m 1. 



Table 19. DHW Systems Annual Average F.erformance Parameters.  

System 1dent i f i :a t ion Number (see  Table 23) 16 17 18 19 20 21 2 2 23 232 

I - Sola r  Radiat ion on t i l t e d  su r face  of 
2 3 s o l a r  c o l l e c t o r  (Btu/day.ft  ) 1486 1486 2093 1360 - 1383 - 1132 - 1312 1339 

4 A - Gross a rea  of c o l l e c t c r  a r r a y  (ft ') 5 4 5 4 585 42.2 44 76.6 1782 105 

Qc - Average d a i l y  u s e f u l  s o l a r  energy 
c o l l e c t e d  by .array (1,000 Btu/dayl 32.5 23.9 433.3 - 17.2 23.2 457.9 51.5  

Qc - Average d a i l y  s o l a r  c o l l e c t o r  a r r a y  
e f  f  i c i e n q  ( X )  (Qc/AI: 40.5. 29.8 35.4 - 28.3 26.8 - 19.6 36.6 

QL - Average d a i l y  s o l a r  system h e a t  
l o s s e s  t o  e x t e r i o r  (1,000 Btu/day) 5 7.6 2 .6  337.2' - 2.6 3.6 123.6 16.9 

QU - Average dz.i ly s o l a r  system hea t  
d e l i v e r e d . . t o  heating/cooBing u n i t  

5 
(1,000 BtuIday) (=Qc - Q1 $ - QE) 24.5 21.3 96.1 14.5 14.5 19.6 334.3 34.6 

qT - Average dkiily s o l a r  heat jng/cool ing 
system thermal e f f i c i e n c y  (QUC/AI) 31.1 26.6 7.8 25.2 24.0 22.6 14.3 24.6 

E - Average d a i l y  e l e c t r i z a l  energy used 
t o  opera te  t h e  s o l a r  system 

(1,000 ~ t n / d a ~ ) ~ '  4.0 1 . 9  27.0 2.3 0 .to 2.0 67.6 10.1 2.6 

S - S o l a r  .use fu l  hea t ing  and,'or cooling/ 
e l e c t r i c a l  so la r -opera t ing  energy 
used r a t i o  (=QUC/E) 6 . 2  11.3 3 .6  6 .3  03 9.8 4 .9  3 . 4  13.3 

Qs - Average d a i l y  sav ings  i n  nonrenewable 
energy resources  by s o l a c  system 

(1,000 Btu/day15 ( = Q ~ c / ~ ~  - E/qE) - 30.3 - 31.4 70.9 17.5 26.5 27.9 347.8 - 24.1 52.9 

qS - Average d a i l y  s o l a r  hea t ing  and 
cool ing system o v e r a l l  e f f i c i e n c y  
(=Qs/(AI + E/qE)) 31.4 35.9 - 5 . 3  26.4 - 43.6 - 29.6 13.4 - 13.4 35.1 

Underlined numbers denotes c a l c u l a t i o n  by au thors  from a v a i l a b l e  da ta .  
1. A l l  h e a t  l o s s e s  a r e  t o  e x t e r i o r  of conditioned space.  

2.  System 23, where e l e c t r i c a l  energy from pumps i s  considered t o  be adjed a s  b e a t  t o  c i r c u l a t i n g  loop. ,-. 
3. Mult iply  [Btu/day.fti] by 11.4 t o  ge t  [ k ~ / d a ~ . m ~ ] .  

2 'l 4. Mult iply  [ f t  ]  by 0.0929 t o  g e t  [m"]. 

5 .  Mul t ip ly  [Btulday] bp 1.055 t o  g e t  [lrJ/day]. 



Table 20. Comparison of D i f f z r e n t  So la r  DHW Systems [54] .  

Collec- So la r  E l e c t r i c a l  
t i o n  So la r  Heat Useful Thermal Operating Energy Overal l  
Area Heat Losses Heating Ef f i c iency  Energy 'Savings Ef f i c iency  

unit2 F l u i d  A Talk Exchanger OL Qu 'IT E 
2 1 Arralgement 3 3 

Sc. Qs "' s 
( f t  1 ( d t d / d a y )  ( k ~ t u / d a ~ ) ~  (%) (kBtu/day) ( k ~ t u / d a y  1 (%I 

24 S i l i c o n e  38.9 Double Computer 16.9 35.0 35.8 7.6 - 4.6 - 34.4 22.6 
Flow 

25 S i l i c o n e  57.4 Single  I n t e r n a l  16.9 - 17.7 8 .0  3 .3  5.4 19.5 - 5.3 
Coi l  

26 Drain- 49.4 S ing le  Wrap 12.2 31.1. 19.6 2.2 - 14.1 - 48.1 26.8 
Back Around 

27 Drain- 34.5 Double I n t e r n a l  24.7 24.0 42.4 2 .0  - 12.0 - 35.9 55.7 - 
Back Coi l  

28 Glycol 62.5 Double Wrap 16.5 22.9 11.0 2.4 - 9.5 - 32.4 12.8 
Around 

29 Glycol 42.3 Double Counter 15.5 18.7 6.2 5.4 - 3.5 - 13.2 - 1.7 
Flow 

ALL MARKETED SYSTEMS 
#25 and $29 have flow r e s t r i c t o r s  i n  o rder  t o  ob ta in  recommended flow r a t e s .  
Underlined numbers ca lcu la ted  by author  from a v a i l a b l e  da ta .  

2 lp iul t ip ly  [ f t 2 ]  by .0929 t o  ob ta in  [m 1 .  
2 ~ e e  Table 23 

3 ~ u l t i p l p  [kB:u/day] by 1.055 t o  ob ta in  [mJ/day]. 



Table 21. DHW Systems January Monthly Average Performance Parameters. 

System I d e n t i f i c a t i o n  Number ( see  Table 23) 16 17 19 20 21 22 23 23' 

I - S o l a r  Radiation on t i l t e d  s u r f a c ~  of 
2 2 

s o l a r  c o l l e c t o r  (Btu!day0ft ) 970 970 929 1860 - 919 - 1122 1352 

54 A - Gross a rea  of c o l l e c r o r  a r r a y  (EX ) 54 42.2 44 76.6 17E2 105 

Qc - Average d a i l y  use fu l  s o l a r  energy 

- . c o l l e c t e d  by a r r a y  (8,000 ~ t u / d a ~ ) ~  22.9 13.5- - - - - 43.7 

qc - Average d a i l y  s o l a r  z o l l e c t o r  ar.ray 
e f f i c i e n c y  (%) (Qc/kI) 43.7 25.7 - - - 30.8 

QL - Average d a i l y  s o l a r  system hea t  

l o s s e s  (1,000 Btulday) 4 1 .6  0.6 - - - - 10.7 

QU - Average d a i l y  s o l a r  system hea t  
de l ive red  t o  h e a t i n d c c - o l i n g  un i t  

4 
(1,000 Biu/daY) (=ac - Q1 fi - 8). 21.3 U . 9  7.7 18.0 19.0 200.0 33.0 

qT - Average !iaily s o l a r  heat ing/cool ing 
system thermal e f f i c i e n c y  (QuC/'AI) ' 40.6 24.6 19.6 12.0. 27.0 . -  10.5 23.2 

E - Average d a i l y  e l e c t r i c a l  energy 
used t o  operate  t h e  s o l a r  sys ten  

(1,000 Btu/day) 4 2.3. 1.1 1.5  

.S - Sola r  u s e f u l  heat ing and/or cocl ing/  
e l e c t r i c a l  solar-operat ing energy 
used r a t i o  (=QUC/E) 9 .1  11.6 5 .1  a3 10.0 4.0 2.8  15.7 

Qs -.Average d a i l y  savings i n  nonrerewable 
energy resources  by s o l a r  system 

4 
(1,000 Btujday). (=SC/ilA - E/rlE) 29.9 19.2 - 8.2 

qS - Average d a i l y  s o l a r  heat ing and 
cooling system o v e r a l l  e f f i c i e n c y  
(=Qs/(An + E/rlE)) - 48.e - 33.9 - 18.2 

Underlined numbers denotes c a l c u l a t i o n  by a u t h o n  from a v a i l a b l e  da ta .  

1. System 23, where e l e c t r i c a l  energy from pumps is considered t o  be add2d a s  h e s t  t o  c i r c u l a t i n g  loop. 
2 2 2. Multiply [Btu/day.ft  ] by 11.4 t o  ob ta in  [kJ/&y.m..]. 

2 2 3.  Multiply [ f t  ] by 0.0929 to -obza in  [m 1. 
4. M u l t i ~ l v  IBtu/davl bv 1.055 t o  ob ta in  [kJ/davl .  



Table 22.  DHW Systems July Monthly Average Performance Parameters: 
. . :, 

, 'System Identification Number (see Table 23') 16 1 7' 18 19 23 23' 

I - Solar Radiation on tilted surface of 
2 3 solar collector (Btu/day.ft ) 1843 1843 1941 1500 1641 

' A - Gross area of collector arriy (ft ) 4. 54 5 4 585 . 42.2 105 

Qc - Average daily usefcl solar energy 
collected by array (1,000 Btu/day) 39.5 34.2 347.1 . - 68.4' 

qc - Average daily solar collector array 
efficiency (%) (Qc/AI) 39.6 34.3 30.6 - 39.7 

QL - Average daily solar system heat 
losses (1,000 Btu/cay) 5 12.3 3.0 297.22 - 26.6 

QU - Average daily solar system heat 
delivered to heatirg/cooling unit 

- Average daily solar heatingjcooling 
'IT' system thermal efficiency (QuC/AI) 27.2 31.3 4 . 4  29.8 24.3 

u 

E - Average daily electrical energy 
used to' operate the solar system 

C 

S . - Solar useful heatirg and/or cooling/ 
electrical solar-operating energy 
used ratio (=QUC/E] 5.4  12.2 2 .1  6 . 1  3.0 11.6 

Qs - Average daily savirgs in nonrenewable' 
energy resources by solar system 

qS - Average daily solar heating and< . , 

cooling system overall efficiency 
. (=Qs/(AI + E/qE)) - 25.4  - 42.6 .- -0.3 29.8 - 10.2 . - 33.4  

Underlined numbers denotes calculation by authors from available data. 
1 .  System 23 ,  where electrical energy fromzumps is considered to be added as heat to circulating 

loop. 
2 .  Thermal heat losses, are to exterior only. 

2 2 
3 .  Multiply [Btu/dayaft ] by 11.4 to obtain [kJ/day*m 1. 

2 2 4 .  Multiply [ft ] by 0.0929 to obtain [m 1. 
5 .  Multiply [Btulday] by 1.055- to obtain [kJ/day] . 



Table 23. Identification of Systems Described in Tables 17 through 22. 

Description 

Direct, single tank, single-family 

Direct, single tank, multi-family 

Direct, double tank, multi-family 

Direct, Industrial laundry 

Indirect, double tank, restaurant 

Indirect, multi-family, continuous 
circulation 

Space and DHW heating, liquid 

Space and DHW heating, liquid 

Space and DHW heating, liquid 

Thermosyphon, direct, single tank, 
liquid 

Direct, single tank, liquid 

Direct, double tank, liquid 

Indirect, single tank, liquid 

Indirect, double tank, liquid 

Indirect, double tank, air 

Direct, double tank 

Indircct, oinglc tanlc 

Indirect, doublc tank 

Direct, single tank 

Passive, direct gain 

Direct, single-family 

Indirect, multi-family, continuous 
circulation 

I n d i r e c t ,  double t ank ,  I n t e r s t a t e  
H i  ghray Vi s i  tn,r Center 

Indirect, double tank, silicone 

Indirect, single tank, silicone 

Direct, single tank, water 

Direct, double tank, water 

Indirect, single tank, water/glycol 

Indirect, doublc tank, watcr/glycol 

Months of Data 

Feb- Jul 

Apr-Jun 

Mar-Aug 

Nov-Dec 

Jun- Aug 

May-Jul 

Jun- Jul 

Jul 

Jul 

Jul-Dec 

Jul-Dce 

Jul-Dec 

Jul-Dec 

Jul-Dec 

Jul-Dec 

Jul-Jun 

Jul-Jun 

Jul-Oct 

Jan-Jul 

1 year 

1 year 

1 year 

Jan-Aug 

1.3 weeks 

1.3 weeks 

1.3 weeks 

%3  week^ 

*3 weeks 

1.3 weeks 



3.4 PERFORMANCE OF PASSIVE SPACE HEATING SYSTEMS 

As discussed in the section on Durability and Reliability of Passive Solar Heating and 
Cooling, solar passive systems are characterized by reliance on natural convection and radia- 
tion and by heat collection and storage devices that are typically integrated with the building 
structure. Passive Space Heating is accordingly defined herein as the direct and/or indirect 
collection of incident solar radiation for space and/or DHW heating purposes, by means not 
requiring the forced circulation of a heat transfer fluid, either for solar collection or for 
delivery of solar heat to the various parts of the heating load (with the exception of air 
distribution blowers). In brief, solar passive systems accomplish heat transfer by natural 
means and do not require forced and/or mechanical movement of the heat transfer medium. 

Solar passive systems are defined not to include energy conservation features. Energy 
conservation includes those design features which are intended to reduce a heating and/or 
cooling load; solar passive features are intended to increase the amount of available heat to 
meet the heating and/or cooling load. Typically passive systems are & addition to energy 
conservation features or designs. 

The annual performance of a variety of solar passive space heating systems is given in 
Table 24. Tables 25, 26, and 27 give monthly values of three, specific, passive installations. 
Table 28 provides a more specific identification of each of these passive systems. 

In developing Tables 24 through 27, several assumptions are made, including: 

C = 1.0, i.e. the coefficient of performance of converting solar heat to useful space 
heating is unity. 

Sc assumed to be zero (except for system 40, where SC = 5.1) 

Figure 4 (below) provides the total energy flows for a 176-day period for the system 
summarized in Table 25 [34]. 

SOLAR GAIN 81.9 

WDSTOVE 0.6 

Figurc 4. Total cncrgy flows for thc 176-day pcriod from Nov. 1, 1378 
through Apr. 24, 1979. [34] 

3.4.2 Overall Evaluation 

Passive systems performed with minimal operating problems and high efficiencies. System 
thermal efficiencies ranged from 23 to 44 percent, for most of the systems. System overall 
efficiencies were also excellent, ranging from 29 to 61 percent. On the other hand. 



temperature variations in the conditioned space ranged from 3 or 4OC to as much as 20°C, and in 
some cases, resulted in significant overheating. Two solar passive designs (Systems 32 and 37 
in Table 20) which included day/night insulation on glazings, sufficient thermal mass to reduce 
temperature variations to within a few degrees celsius and realistic energy conservation 
features, achieved potential energy savings of 69.5 and 185.5 million Btu/year (73.3 and 195.1 

2 GJ/year), or about 0.29 million ~tu/~ear.ft~ (3.3 GJ/yearem ) of collecting surface area. 

3.5 PERFORMANCE OF ACTIVE HEATING SYSTEMS 

3.5.1 Introduction 

The annual performance of a variety of solar active space heating systems is given in 
Tables 29, 30, and 31. Table 36 provides a more specific identification of each of these 
active heating systems. Tables 32 through 35 show monthly data on several selected systems. 
In developing Tables 29 through 35, it is assumed that C = 1, rlE = 0.26, rlA = 0.6 (see 
section on Criteria for Performance Analysis). 

3.,5.2 Overall Evaluation 

Un average, active heating systems performed at unexpectedly low levels. However, several 
systems which had received careful attention'to details of design, installation, operation and 
maintenance performed quite well. One residential- and one commerical-sized active heating 
system had system thermal efficiencies of 30 and 32 percent, respectively. These two systems 
had overall efficiencies of 39 and 42 percent, respectively. The residential-sized system 
(identified as system 61 in Table 31) achieved an annual energy savings of 106 million Btu/year 

2 (112 GJ/year), or about .16 million ~ t u / ~ e a r * f t ~  (1.8 GJ/year.m ) of collector. The 
commercial-sized system (identified as system 62 in Table 31) had equivalent energy-saving 

2 
values of 1438 million Btu/year (1520 GJ/year), and 0.19 million ~tu/~ear.ft~ (2.1 GJ/year.m ) 
of collector. These factors may be interpreted to mean that well-designed, active space heat- 
ing systems can provide these expected energy savings. 

3.6 PERFORMANCE OF SPACE COOLING SYSTEMS 

3.6.1 Introduction 

The annual performance of a variety of solar space cooling systems is given in Tables 37 
and 38. Tables 39 and 40 provide more detailed, monthly data on several selected systems. 
Table 41 provides a more specifit identification of each of these solar cooling systems. In 
calculating the values in Tables 37 through 40, it was assumed that qE = 0.26, qA (cooling) 
= 0.65, and qA (DHW) = 0.55. 

3.6.2 Overall Evaluation 

All but three of the systems reported on in Tables 37 and 38 had negative energy savings, 
and in some cases the solar cooling system used substantially more energy than a conventional 
system could be expected to use. Two systems (identified as systems 78B and 79 in Table 38), 
however, had significant energy savings. These systems ( 1 residential and 1 commercial) 
obtained system thermal efficiencies of 12-12.4 percent. Their system overall efficiencies 
were 11.2 and 5.1-5.3 percent, respectively. The residential-sized system (#78B) achieved an 
annual energy savings of about 16 million Btu/year (16.8 GJ/year), or approximately .03 million 

2 ~ t u / ~ e a r - f t ~  (. 34 GJ/year.m ) of collector. The commercial system (system 79) had equivalent 
a 

vnluco of 130 million Btu/year (137 GJ/year) , or about .02 million ~t.u/~car.ft~ ( , 2 X  

~ ~ / ~ e a r . m ~ )  of collector. 

It should be noted that these efficiencies are much lower than those of well-designed and 
properly controlled cooling systems in commercial sizes. 



Table 2L. Passive Systems Annual Average Performance Parameters. 

Roof />Windows 
System Iden t i f i ca t ion  Number (See Table 28) 31 32 33 34 35 36 37 ". 38 . 39 40 

I - Solar 'Rzdia t ion  on t i l t e d ' s u r f a c e  of , 

2 1  solar '  cc- l lec tor  (Btu/daySf t  ) 1346 1636 1140 (IAz.15,.  1023 -1127 1226 1667 1866/800 1644 

A - Gr0s.s area  of co l l ec to r  ar ray  ( f t 2 j 2  850 520 - x lo6 1440 720 300 .. 400 3381141 440f' 
~ t u / d a y ) ~  

Qc - Average da i ly  useful  so l a r  energy,3 
col lec ted  by ar ray  (1,000 Btulday) - 494.8 - 73.2 618.7 169.5 291.9 163.5168.6 238.4 

qc - Average da i ly  so l a r  co l l ec to r  ar ray  
e f f i c i ency  (%) (Qc/AI) 45a 58.2 43a 48.7 42a 46a 46.1 43.8 25.9/60..8 33.0 

QE - Average da i ly  s o l a r  system heat 
losses  t o  ex t e r io r  (1,000 Btu/day) - - - 8.3 - - 4.2  - 

p - System heat l o s s  f ac to r  (non- .Ol(Living Area) og ' 0.26 og - 
usefulness of heat  losses  t o  i n t e r i o r )  - .59(Greenhouse) 

QU - Average da i ly  so l a r  system heat - . 
delivered t o  heating/cooling un i t  

(1,000 ~ t u / d a ~ ) ~ ( = ~ ~  - QI p - QE) . 286.6 317.6 64.9 . 383.0 315.0 125.4 287.7 175.1 217.3 

qT - Average da i ly  so l a r  heating/cooling 
system zhermal e f f i c i ency  (Q C/AI) 25b 3 7 . 3 ' '  43.2 26b 3gb 34.1 43.2 23.5 30.1 

E - Average d a i l y  e l e c t r i c a l  energy 
used t o  operate the  s o l a r  system 

(1,000 3tu/day j3 a 3. 2C 5.5 

S - Solar  useful  heating and/or.cooling/ 
e l e c t r i k a l  solar-operating energy 
used r a t i o  (=QUC/E) - 90 60.2 

Qs - ~ v e r a ~ e  da i ly  savings ' in  nonrenewable 
energy resources by so l a r  system 

465.4 508.2 (1,000 B t u / d a ~ ) ~ ( = ~ ~ ~ / ~  E/qE) - - -  476.8 505.8 190.5 

qS - Average d a i l y  s o l a r  heating and 
cooling system ove ra l l  e f f i c i ency  
(=Qs/(AI + E / q E T  . 40.2 58.3 2 9 . 2  60.9 49.3 33.6 

,Underlined numbers denotes ca lcula t ion  by authors from ava i l ab l e  da ta .  . 
Used for ace Heating (Energy. used includes thermal l o s se s  through glazings.) .  a l ' ~ o l a r  U t i l i za t ion  Efficiency" = s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ e n t  solar E:ergy 

b,; . . Savings Efficiency" (Includes heat l o s se s  through glaz ings . )  

C~reenhouse  f a n  

d ~ o l a r  Systao ~ p e i a t i n g  Energy 

e"~eadwal l"  Pperating Energy . . 

f ~ o e s  not include 1055 f t 2  r e f l e k o r  

g~ssumed Values (estimated) 
2 

'Multiply [f?tu/day.ft2] by 11.4 t o  o k a i n  [kT/daysft 1 .  
2 2  

-, 'nult ipiy [ f t  1 by 0.0929 t o  obta in  [m 1 .  
3tlult iply [Etulday] by 1.055 t o  obia in  [k;T/day]. 



Table 25. Passive Systems Monthly Average Perfctrmance Parameters [34]. 

,System Identification Number 32 . Mt)NTH/ NOV DEC J W  FEB MAR APR Season 

I - Solar Radiation on tilted surface of 
2 1 solar collector (Btujday-ft ) 1378. 1474 147E. 2058 1807 1652 1636 

2. 
Gross area of collector array (fc 1' 850 

Qc, - Average daily useful solar energy 
collected by array (1,000 Btuldap) 3 409.3 552.8 563.4 604.5 473.7 346.0 494.8 

qc - Average daily solar collector arzap 
efficiency (%) (Q,/AI) 57.2 72.2 73.4 56.5 50.4 40.3 58.2 

QU - Average daily solar system heat 
delivered to heating/cooling unit 

3 
(1,000 Btulday) (=Qc - QI B - QEi 228.9 392.5 443. I! 390.4 259.5 168.8 317.6 

qT - Average daily solar heating/cool:ng 
system thermal efficiency (QUC/AI) 32.0 51.2 57.7 36.5 27.7 19.7 37.3 

E - Average daily electrical energy 
used to ,operate the solar system 

(1,000 Btulday) 3 5.3 5.3 4.2 7.4 5.3 '5 .3 5.5 

S - Solar useful heating and/or coo1:ngj 
electrical solar-operating energy 
used ratio (=QUC/E) .43.7 78.2 100.6 51.2 52 :6 31.3 60.2 

Qs - Average daily savings in nonrenewable 
energy resources by solar system 

qS - Average daily solar heating and 
cooling system overall efficiencl- 
(=Qs/(AI + E/qE)) 30,3 - 49.8 56.8 35.0 26.5 18.3 36.0 

Underlined numbers denotes calculatior by authors from available data. 

2 2 = 519.7 ft (48.3 m ) 8 Room Temperature 
4 

%otal 2 
= 344.3 ft (32 m2) Low High Averege 

Agreedouse (living area) 0.01 60°F 75OF 68OF 

(greenhouse) 0.59 45OF 64OF 

2 2 
l~ulti~ly [Btn/dayaft ] by 11.4 to obtain [kJ/day.ft 3 .  

2 2~ultiply [ftZ] by 0.0929 to obtain [m 1 .  



Table:26. Pass ive  System Monthly Average.PerformanceParameters [ 3 5 ] .  

System Ident i f icat ion Number '39 / MONTH OCT NOV DEC JAN FEB MAR APR MAY Season 

I - ,  Sota r  -Radiation. on t i l t e d  su r face .  of 
2 1 

.:soLar . co l l ec to r  (Btu lday- f t  ) ROOF 2084 1373 1838 1660 2256 2025 1919 -1732 1866 

I ----Solar '-Radiation .on. t i l t e d  su r face  of 
2 1 

s o l a r  c o l l e c t o r  (Btu/day.ft  ) WINDOWS 1122 75 1765 1788 1174 0 0 0 800 

:Qc -?Average .dai ly  u s e f u l  s o l a r  energy 
codlec.ted-by , a r ray  (1,000 Btulday) 

3 

-ROOF 68.6 .d83.6 138.2 96.0 237.4 270.1 175: l  '126.6 163.5 

Qc - Awrage daily-usef.11 s o l a r  energy 
:col lected-by a r r a y  (1,000 Btulday) 

3 

. WENDOWS 128.7 16,9 107.6 142.4 84.4 0 14 .8  L24.3 68 .6  

- - - Awra.ge -daily.;solar c o l l e c t o r  a r r a y  
O c  - e f f i c iency  ( I ) .  (Qc/AI) 9 .9  39..5 22.2 17.1 31 .1  39 .4  27.0 21 .6  25.9 

.Qu.- Average da i1y : so la r  .system hea t  
' de l ive red  to-heat ing/cool ing u n i t  

a (1,000 ~ t u / d a y j ~ ( = ? ~ - ~ ~  $ - QE) 118.2 177.2 217.3 224.7 227.9 185.7 ,107.6 ,.101.3 175.1 

..qT ---Average d a i l y  s o l a r  heat ing/cool ing 
-.system.thermal e f f i c i e n c y  (QhC/AI) ' 13 .7  37 .3  25.0 27.6 24.6 27.1 16.6 17 .3  23.5 

2 2 
+roof a p e r t u r e  =:338 f t  (31 .3  m ) 

2 2 
Asouth window - =  141 f t  (13 .1  m ) 

2 .  2 
' ! ~ u l t i ~ l ~  [-Btu/.day * f t  ]I by 11.4  t o  ob ta in  .[kJ/day.ft  1 .  

2 2 
2 ~ u l t i . p l y  . [ f t  1 -  by 0.0529 t o  ob ta in  [m 1 .  
5 
.Multiply [Btulday] by 1.055 t o  ob ta in  [kJ /day] .  



Table 27. Pass ive  System Monthly Average 'erformance Parameters [36]. 

System I d e n t i f i c a t i o n  Number 4Cu / MONTH OCT NOV DEC JAN FEB MAR APR MAY Season 
I - Sola r  Radiation on t i l t e d  su r face  of 

2 1 s o l a r  c o l l e c t o r  ( B t u l d a y - f t  ) 1884 1430 1632 1442 1987 1752 1524 1359 1644 
2 2 A - Grcss a rea  o f ' c o l l e c t o r  a r r a y  ( f t  ) 440 

Qc - Average d a i l y  use fu l  s o l a r  energy 
c o l l e c t e d  by a r r a y  (1,000 E-tujday) 227.9 182.5 246.9 230.0 359.8 268.0 204.7 155.1 238.4 

qc - Average d a i l y  s o l a r  col.lector a r r a y  
e f f i c i e n c y  (%) (Qc/AI) 27.4 23.0 34.4 36.4 41.2 34.8 30.6 25.2 33.0 

B - System h e a t  l o s s  f a c t o r  (non-usefulness 
of hea t  l o s s e s  t o  i n t e r i o r  o f  space) 0.23 -07 . 00 . 00 .OO .OO .57 - .67 .16 

QU - Average d a i l y  s o l a r  system h e a t  
de l ive red  t o  heat ing/cool ing u n i t  

(1,000 ~ t u / d a ~ : ~ ( = ~ ~  - Q1 f! - QE) 157.8 175.4 246.9 230.0 359.8 268.0 128.7 79.1 217.3 

qT - Average d a i l y  s o l a r  h e a t i n g / c ~ o l i n g  '. 
system thermal e f f i c i e n c y  (QU2/AI) 22.7 28.5 34.4 36:4 41.2 34.8 19.2 12.9 30.1 

E - Average d a i l y  e l e c t r - i c a l  energy 
used t o  opera te  t h e  s o l a r  system 

,, 

S - Sola r  u s e f u l  hea t ing  and/or cooling/ 
e l e c t r i c a l  s o l i r - o p e r a t i n g  energy 
used r a t i o  (=Q,C/E) . 13.0. b.7 11.6 - 12.2 11.0 9.5 6.2 4.4 9.6 

Qs - Average d a i l y  savings  i n  nonrenewable 
energy resources  by s o l a r  syszem 

3 
(1,000 BtuIday) (=Quc/qA - E/qE) -------  256.1 19?.5 330.3 310.3 473.9 337.1 137.6 63.0 272.9 

qS - Average d a i l y  s o l a r  h e a t i n g  and 
cool ing system o v e r a l l  e f f i c i e n c y  
(=Q,/(AI + E/qE)) - 31.6 - 29.3 45.0 47.7 51.5 41.6 20.0 10.3 36.5 

U n d e r l i n ~ d  numbers denotes c a l c u l a ~ i o n  by ~ u t h o r s  from a v a i l a b l e  da ta .  
2 t 

Aroof a p e r t u r e  = 338 f t  (31.3 m2) $ = 1 when Ta > 50°P (lO°C) 
4 

2 2 
Asouth window = 141 f t  (13.1 q ) f3 = 0 when Ta < 50°F ( lO°C)  

Monthly average c a l c u l a t e d  by average d a i l y  values .  
2 2 ' ~ u l t i ~ l ~  [Btu/day.£t ] by 11.4 t o  ob ta in  [kJ/'day.ft 1. 

2 2 2 ~ u l t i p l y  [ f t  ]  by 0.0929 t o  o b t a i n  [m 1 .  
3 Multiply [Btulday] by 1.055 t o  o b t a i n  [kJ/dap].  



Tabie 28. Identification of Solar Passive Heating Systems described in Table 24. 

ID Reference(s) Description - Months of Data 

3 1 [551 Combination sunspace (greenhouse)/mass Nov-Apr 
wall system, single family 

Greenhouse/mass wall, single family 

Direct Gain (south facing window wall and 
overhead sky light), single family, 
2500 gal (947511) water-filled tubes, 
storage near windows/skylight and concrete 
slab floor 

Direct Gain, Mass wall 

Direct Gain, warehouse 

Combination Direct Gainidrum wall and bead 
wall movable insulation, single family 

Earth covered, Direct Gain, Mass wall., 
Bead wall 

Greenhouse, Mass wall, Remote rock bed 

Clerestory windows across roof, hinged 
insulation panels, water plastic bags 
storage 

~ ~ b r i d :  Active air heating system 

440 ft2 (40.8 m2) 
Passive: Adobe Mass Wall, Direct Gain 
Cooling--Night Evaporative Cooling 

Nov-Apr 

Feb-Apr 

Dec-May 

Dec-Apr . 

Nov-Apr 

Nov-May 

Mar-Ap r 

Oct-May 

Oct-May 



Table 29. Active Heating Systems Annual Average Performance Farameters. 

System I d e n t i f i c a t i o n  Number 

I A  - Sola r  3.adiation on t L l t e d  su r face  of 
s o l a r  z o l l e c t o r  times gross  a rea  of 

c o l l e c r o r  a r r a y  (mi l l ion  ~ t u / d a ~ : l l  .722 .884 .545 .757 .391 .625 .435 -323 .519 13.99 

Q - Average d a i l y  use fu l  s o l a r  energy 
C 

co l l ec red  by a r r a y  (1,000 Btu/day) 212.7 169.8 101.5 133.8 84.4 181.1 38.6 61.1 71.1 3635. 

.Ic - Average d a i l y  s o l a r  c o l l e c t o r  a r r a y  
e f f i c i e n c y  (%) (QciAT) 29.5 19.2 18.6 13.3 21.6 29.0 8.9 18.9 13.7 26.0 

QE - Average d a i l y  s o l a r  system hea: 160.3 6.3 85'5 19.6 47.1 23.2 29. ga 52 '6  1 6 . 2 ~  - 
l o s s e s  t o  e x t e r i o r  (.!,000 Btu/day) ( 1 4 2 . 6 ~ )  (55. 2a) (33. oa)  

QI - Average d a i l y  s o l a r  system hea: - 107.0 '97.7 24.2 140.7 - - - - 
CO. l o s s e s  t o  i n t e r i o r  (L,000 Btu/day) 1 
0 (93. 2a) ~9.!, . 4a) 

3 - System h e a t  l o s s  f i c r o r  (non-usefulness 
of hear  l o s s e s  t o  i n t e r i o r  of space) - 0 .0  0 .0  1.0 0 . 3  0.84 - - - - 

1: - Heating o r  cool ing u n i t  Coef f i c ien t  of 
Perforsance (dimens.ionless) 1 .O 1 .0  1 .0  1.0 1 .0  1 .0  1 .0  1 .0  1 .0  1 .0  

QU - Average d a i l y  s o l a r  system heaz 
de l ive red  t o  heating.'cooling u n i t  

1 (1,000 Btu/day; (=Oc - QI (3 - QE; 32.4 163.5 14.6  30.5  30.1 40.0 8.7 8 .5  54.9 1743 

qT - Average d a i l y  s o l a r  heat ing/cool ing 
system thermal  e f f i c l e n c y  (Q C,'AI) 7.3 18.5  2.7 4.0 7.7 6 .4  2.0 2 .6  10.6 12.5 u - 

1Jnderlined numbers denotes c a l c u l a t i o n  by authors from a v a i l a b l e  da ta .  
a 
Thermal l o s s e s  from s t e r a g e .  

'(3 assumed zo be zero by reference put l l ica t ion.  

l ~ u l t i ~ l y  [Btu/day] by I .055 t o  ob ta in  [AJ/day] . 



Table 30. Active Heating Systems Annual Average Performance Parameters .  

System I d e n t i f i c a t i o n  Number 51 52 53  54 55 56 5 7 ~7~ 58  5gf 
I - S o l a r  Radiat ion on t i l t e d  s u r f a c e  of  

2 1 s o l a r  c o l l e c t o r  ( B t u l d a y - f t  ) 1403 982 1061 1210 1061 1216 1605 1108 

A - Gross a rea  of c o l l e c t o r  a r r a y  ( f t  ) 436 1932 2685 400 2496 512 335 675 . 
Q - Average d a i l y  u s e f u l  s o l a r  energy 

c o l l e c t e d  by a r r a y  (1,000 B t u ~ d a y ) ~  207.6 493.3 106.5 900.4 205.5 128.4 221.9 

'Ic - Average dai . ly s o l a r  c o l l e c t o r  a r r a y  
e f f i c i e n c y  <%) (Q,/AI) 33.9 26.0 14.0 22.0 34.0 33.0 23.9 29.6 

QE - Average d a i l y  s o l a r  system hea t  l o s s e s  

t o  e x t e r i o r  (1,000 Btujday) 3 17.0 61.6a 1 5 . 4 ,  - , 64.3a 29 . ia  5.7 78.7 

QI - Average d a i l y  s o l a r  system h e a t  l o s s e s  

t o  i n t e r i o r  (1,000 Btu;day) 3 163. la - 92.3" 63.2a - - 60.1a 
6.9' 

p - System hea t  l o s s  f a c t o r  (non-usefulness 
' of h e a t  l o s s e s  t o  i n t e r i o r  of space) .05 b - 1.0  t, - 0.7 

C - Heating o r  zool ing  u n i t  C o e f f i c i e n t  of 
Performance ' (dimensionless)  1 .0  1.0 1.0 1 .0  1 .0  1.0 1 .0  . 1.0  

QU - Average d a i l y  s o l a r  system hea t  
de l ivered  to hea t ing /cool ing  u n i t  

(1,000 ~ t u f d a ~ ) ~ ( = ~ ~  - QI p - QE) 109.1 294.5 300.7 80.5 438.7 89.8 59.1h 
d 21.1 

qT - Average d a i l y  s o l a r  hea t ing lcool ing  . . 

sys t emthemale f f i c i ency (QUC/AI)  17.8 15.5 10.6 16.6 16.6 14.4 14.9 

E - Average d a i l y  e l e c t r i c a l  energy 
used t o  o p e r a t e  t h e  s o l a r  system 

(1,000 B t u ~ d a ~ ) ~  29.6 , 17.4 44.2 9.1 9.9 17.6 15.aevg 23.3 18.5e'g 34.3 

S - S o l a r  u s e f ~ l  h e a t i n g  and/or cool ing /  
e l e c t r i c a l  so la r -opera t ing  energy 
used r a t i o  (=Q C/E) - 6.9 16.9 6 . 8  8 . 8  44.5 5 . 1  5 . 1  - - 4.2 3.4 7.7 - 

Sc 1 . 8  - - - - 3 . 5  - - 4.2 . 2.4 7.7 - 
Qs - Average d a i l y  savings i n  nonrenewable 

energy reseurces  by s o l a r  system 

(1,000 B ~ U , ' ~ ~ Y ) ~ ( = Q ~ C / Q ~  - E/qEE - - - - - -  68.0 423.9 331.2 99.2 693.1 82.0 72.9 44.1 167.6 106.8' 
qS - Average d a i l y  s o l a r  h e a t i n g  and 

cool ing  system o v e r a l l  e f f i c i e n c y  
(=Qs/(AI + E/qE)) - 9.4  - - - - - -  21.6 11.0 19.1 25.8 11.9 12.2 7.0 20.5 12.1 - - 

Underlined numbers denotes c a l c u l a t i o n  by au thors  from a v a i l a b l e  d a t a .  

a ~ h e r m a l  13sses  from s t o r a g e .  e ~ o l l e c t o r  pump e l e c t r i c a l  o p e r a t i n g  energy.  

assumed'by rz fe rence  p u b l i c a t i o n .  f ~ i s t r i b u t i o n  f a n  e l e c t r i c a l  o p e r a t i n g  energy.  

 eat l o s s e s  f r ~ m  d u c t s l p i p i n g .  % o l a r  h e a t i n g  pump e l e c t r i c a l  opera t ing  energy.  

d ~ o l a r  energy dpl ivered  t o  DHW load .  h ~ o l a r  energy d e l i v e r e d  t o  space hea t ing  load .  

l ~ u l t i p l y  ' [ ~ t u l d a ~ . f t ~ ]  by 11.4 t o  o b t a i n  [ k ~ / d a ~ . m ~ ] .  
2 2 2 ~ u l t i p l y  [ f t  ] by 0.0929 t o  o b t a i n  [m 1. 

3 ~ u l t i p l y  [Btufday] by 1.055 t o  o b t a i n  [kJ/day].  



Cable 31. Active Heating Systens Annual I.verage Performance ?arameters. 

'76-'77 '77-'78 '77 '78 '77- '78 '77-'78 '78-'79 '77"78 '78-'79 
system Iden t i f i ca t ion  Number 59 5 9 60 60 6 1 6 1 61 62 62 

C - So la r  Radiation on t i l t e d  surface  of 
2 1 s o l a r  col1ec;or (Btulday-ft  ) 1837 1765 1037 900 1499 1733 1697 1654 

A - Gross area of co l l ec to r  ar ray  ( f t  ) 340 340 220 220 722 623 7705 7705 

Qc - Average d a i l y  useful  s o l a r  energy 

'co l lec ted ,  by a r r ay  (1,000 ~ t u / d a ~ ) ~  113.6 l i 3 . 9  60.6 %x 363.2 356.9 4201.9 4226.5 

rlc - Average da i ly  s o l a r  co l l ec to r  ar ray  
e f f i c i ency  ( q b )  (Qc/AI) 18.2 19.0 26.6 sE 33.6 33.2 32.1 33.2 

C!, - Average da i ly  s o l a r  system heat = 
. losses t o  e x t e r i o r  (1,000 Btu/day) 26.2 30.9 10.4 7 2  6.6' 

(4.aa) (3.1a) 13.8' 

- Average da i ly  so l a r  system i e a t  42.5a 58.5a 

lo s se s  t o  i n t e r i o r  (1,000 Bru/day) 30.6' 9.5C 

9 - System heat  l o s s  f ac to r  (no-I-usefulnezs 
of heat  l o s se s  t o  i n t e r i o r  of space) 0 . 0 ~  0.0 b - 0. ob 

C - Heating o r  cooling un i t  Coeff ic ient  of 
Performance (dimensionless) 1.0 1.0 1.0 . 1.0 1 .0  

. QU - Average d a i l y  s o l a r  systiirn heat  
delivered t o  heating/cooling u n i t  73.1h 6 8 . 0 ~  311 .5~  259. 2h 

3 
'(1,000 BtuIday) (=Qc - QI B - QE) 1 4 . 3 ~  15.0d 49.2 31.1' 34.4d 4119.4 4114.7 

qT - Average d a i l y  s o l a r  heating"coo1ing 
s y s t e r n t h e n n a l e f f i c i e n ~ y ~ ~ ~ C / A I ) "  14.0 13.8 22.0 2 3  31.7 27.2 31.5 32.3 

E - Average d a i l y  e l e c t r i c a l  energy 
used t o  opera te  the  Solar  system 
(l,OOO.Btu/day) 3 17.7 13.3 6.4 Z..O 19.4e 35.4e'f 1 3 . 6 ~  263.5 253.1 

8.2g 
S - ,Solar useful  heat ing  and/or cooling/ 

e l e c t r i c a l  solar-operating mergy 
used r a t i o  (=QuC/E) - 4.9 - 6.2 - 7.8 - 9.8 17.7 9.7 13.5 15.6 16.2 

sc 0.8 ' 1.1 - 7.8 - - 9.8 1E.2 8.4 13.5 13.6 14.5 

Qc - Average da i ly  savings i n  nomenewable 
' - energy resources by s o l a r  system 

qii - Average d a i l y  s o l a r  heating and 
zooling system overa l l  e f f i c i ency  
(=Qs/(AI + E / r l E T  11.2 13.4 23.3 % ;2.9 35.7 - 34.9 41.5 42.9 - 

Underlined numbers denotes ca lcula t ion  by a o t h ~ r s  from ava i l ab l e  da ta .  
- 

a ~ h e r n a l  l o s se s  from s torage .  e ~ ~ o l l e c t o r . F u n p  e l e c t r i c a l  operating energy. 

bp assumed t o  be zero by reference publ ica t lon .  f ~ i s t r i b u t i o n  fan e l e c t r i c a l  operating energy. 

'&at losses  from ducts/piping. b l a r  heating pump e l e c t r i c a l  operating energy. 

d ~ o l a =  energy delivered t o  DHW load. h ~ o l a r  energy delivered t o  space heating 'load. 
2 2 'Tlhltiply [Btu/day-ft  ] by 11.4 t o  obta in  [tJ/day-m 1. 

2 2 2filt~ply [ f t  ] by 0.0929 t o  obtarn [m 1. 
3 t t ~ l t i p l y  [Btulday] by 1.055 t o  obta in  [ kJ/cay] . 



Table 32. Aczive Heating (AIR) System Monthly Average Performance Parameters [ 6 4 ] .  

System I d e n t i E i c a t i o n  Number 61 / MONTH OCT NOV UEC JAN FEB MAR APR MAY Season 

1 - Sol.ar Radiat ion on t i l t e d  s u r f a c e  of 
2 1 s o l a r  c o l l e c t o r  ( B t u l d a y - f t  ) 1824 1165 1283 . 1208 1242 1882 1781 1765 1499 

2 2 A - Gross a r e a  of c o l l e c t o r  a r r a y  ( f t  ) 722 

Q - Average d a i l y  u s e f u l  s o l a r  energy 

c o l l e c t e d  by a r r a y  (1,000 ~ t u / d a ~ ) ~  439.0 308.2 352.7 320.2 305.1 439.4 372.6 380.6 363.2 

qc - Average d a i l y  s o l a r  c o l l e c t o r  a r r a y  
e f f i c i e n c y  (%) (Qc/AI) 33.3 36.6 38.1 36.7 34.0 32.3 29.0 29.9 33.6 

Q - Average d a i l y  s o l a r  system h e a t  22.7 23.0 E 3 .5  3..5 4 .2  29.7 6 . 1  28.3 6.6 

l o s s e s  t o  e x t e r i o r  (1,000 ~ t u / d a ~ ) ~  21.7 9 . 8  5.9 4.9 8.7 19.8 24.6 20.2 13.8 

QI - Average d a i l y  s o l a r . s y s t e m  h e a t  

l o s s e s  t o  i n t e r i o r  (1,000 Btu/day) 3 49.2 21.0 29.1 4 .4  10.3 33.2 45.2 50 .3  28.4 

QU - Average d a i l y  s o l a r  system h e a t  
de l ivered  t o  hea t ing /cool ing  u n i t  3 0 4 . 8 ~  263.sh 292.9h 264.1h 292.zh 389.gh 354.1h 332.1h 311.5 

h 

(1,000 ~ t u / d a y ) ~ ( = ~ ~  - QI $ - QE) 89.gd ~ 7 . 9 ~  5 0 . 4 ~  47.7 d 31.3 d 
/ 

q - -  Average d a i l y  s o l a r  hea t ing /cool ing  
system :henna1 e f f i c i e n c y  (QuC/AI) - 30.0 - 38.2 37.1 35.7 32.6 28.7 27.5 26.1 - 31.7 

E - Average d a i l y  e l e c t r i c a l  energy 
used t o  o p e r a t e  t h e  s o l a r  system 21.1 19.3 21.7 17.1 16.7 20.3 19.6 19.4 19.4 

(1,000 Btu/day) 3 3.3 14.8 25.1 27.4 23.7 11.4 6 .2  10 .3  16.0 

S - S o l a r  u s e f u l  h e a t i n g  and/or cooling/  
e l e c t r i c a l  s o l a r - o p e r a t i n g  energy 
used r a t i o  (=QUC/E) 16.2 9.4 - 7.3 - \  7.2 12.3 13.7 11.2 - 9.7 

sc 14.2 8.8 - - 6.7 6.9 - 7.0 11.3 12.0 9.5 - 8.4  

Q - Average d a i l y  sav ings  i n  nonrenewable 
energy resources  by s o l a r  system 

3 
(1,000 Btulday) (=QUcLqA - E/qE) - - - - -  564.0 404.5 392.2 348.5 331.6 527.9 $90.9 439.3 ' 435.2 

qS - Average d a i l y  S o l a r  hea t ing  and 
cool ing  system o v e r a l l  e f f i c i e n c y  
(=Qs/(AI + E / q E T  - 37.6 - 41.6 35.5 33.4 31.5 35.7 35.4. 31.6 - 35.7 

Underlined lumbers denotes c a l c u l a t i o n  by au thors  from a v a i l a b l e  d a t a .  

C ~ o l l e c t i o n  pump e l e c t r i c i t y  2 2 ' t4ult iply [ B t u l d a y - f t  ] by 11.4 t o . o b t a i n  [kJ/day:m 1 .  
d~~~ h e a t i n g  2 2 ~ u l t i p l y  [ f t  ] by 0.0929 t o  o b t a i n  [m2]. 

f ~ a n  d i s t r i b u t i o n  e l e c t r i c i t y  3 ~ u l t i p l y  [Btu/day] by 1.055 t o  o b t a i n  [kJ /day] .  

g ~ e a t  l o s s e s  from duc t ing  

h ~ p a c e  h e a t i n g  

 eat l o s s e s  from s t o r a g e  t o  ground 

p (assumed) = 0 



Table 33. Ac t ive  Heating (Liquid,  Drain Back) System Monthly Average Performance Parameters [62] .  

System 1den t i f i ca . t ion  Number 58 / MONTH OCT NOV DEC JAN FEB MAR APR Season 

I - Sola r  Radiat ion on t i l t e d  su r face  of 
2  1 

. s o l a r  col lect .or  (Btu/day.ft  ) 1267 847 94E 9C7 998 1268 1393 1108 
2 2  A - Gross a rea  o.f c o l l e c t o r  a r r a y  ( f t  ) 675 

Qc - A-gerage d a i l ?  u s e f u l  s o l a r  energy 

c o l l e c t e d  by a r r a y  (1,000 Btu/day) 132.1 158.9 231.8 213.1 350.7 279.4 197.1 221.9 

qc - h e r a g e  d a i l y  s o l a r  c o l l e c t o r  a r r a y  
e f f i c i e n c y  (Y) (Qc/AI) 15.4  27.8 37.9 34.8 52.1  32.6 21.0 29.6 

QE - Average d a i l y  s c l a r  s.ystem .heat 
' 3 l o s s e s  t o  e x t e r i o r  (1,000 Btu/day) 46.3 43.4 57.9 27.0 115.2 135.3 130.0 78.7 

QI - Average d a i l y  s o l a r  system hea t  

l o s s e s  t o  i n t e r i o r  (1,000 Btu/day) 3  - - - - - - - - 
QU - Average d a i l y  s o l a r  system hea t  

de l ive red  t o  ~ lea t ing /coo l ing  u n i t  72.8 .104.4 166.0 180.5 225.0. 129.2 51.6 132.0 
5 (1,000 Btu/dsy) (=Qc - QI b - QE) 13.0 11.1 7.9 5 . 5  10.5 14.9 15.5 11.2 

qT - Ayerage d a i l y  s o l a r  hea t ing jcoo l ing  
03 system thermal e f f i c i e n c y  (QUC/AI) 10.0 20.2 27.2 30.; 35.0 16.8 7.1 19.1  
A 

E - Average d a i l y  e l e c t r i c a l  energy, 
C 

used t o  opqrate  the  s o l a r  system 3.6 5.6, 8  ..9 10.2 13.5 9 .8  6.7 8 .3  

(1,000 ~tu/dzny) g  1.8 7.1. 1G.9 27.8 17.8 6 . 2  1.4 10.2 

S - Sola r  u s e f u l  liea:ing and/or cooling/ 
e l e c t r i c a l ,  so la r -opera t ing  energy 
used r a t i o  (=Q C!E) -, 15.9 - 9 . 1  7 ; 3  - 5 .6  - 7.5 - 9.0 8.3. 7.7 

U - - 
Qs - Average d a i l y  savings  i n  nonrenewable- 

energy resources  by s o l a r  system 
3 (1,000 Btu/dav) [=QuC/qA - E/qE) 122.2 143.7" 198.3 183.2 272.1 178.6 - 80.7 167.5 

qS -.Average d a i l y  soiar .  hea t ing  and' 
cos l ing  systeE overalL e f f i c i e n c y  
(=Qs/(AI + E/rix)l  - 13.9 - 23.2 - 27.1 - 24.8. 34.3 19,.5 - 8 . 3  .- 20.5 

Under l i led numbers ,denotes c a l c u l a t i o n  by authors  f r m  a v a i l a b l e  da ta .  .. n 

hea t ing  
C Co l lec to r  pump 

1 Multiply i ~ t u / d a ~ . f t ~ ]  by 11.4 t o  ob ta in  [k.J]day*mL] 
2  2  

2 ~ u ~ t i p l y  [ f t  ] by 0.0929 t o  o b t a i a  [m 1. 
d~~~ hea t ing  3 ~ u l t i p ~ y  [Btu/day] by 1.055 t o  o b t a i n  [kJ/day] 

g ~ e a t i n g  pump 



Table 34. Active Heating (Liquid) System Monthly Average.Performance Pa.rameters [58]. 

System Identification Number 50 / MONTH OCT NOV . DEC JAN FEB MAR APR Season 

I - Solar Radiation on tilted surface of 
2 1 solar collector (Btulday-ft ) 1290 801 741 1096 1357 1605 1665 1222 

2 2 A - Gross area of collector array (ft ) 220 

00 
VI 

Qc - Average'daily useful solar energy 
collected by array (1,000 .&u/day) 3 3516.1 1833.3 2419.4 3096.8 3750 .O,, 4935 .'5' 5900: 0 3635.9 

qC - Average daily solar collector array 
efficiency (%) (Qc/AI) 23.8 20.0 28.5 24.7 24.1 26.9. 30.9 '26.0 

Qu - Average daily solar system heat 
delivered to heatinglcooling unit 

3 
(1,000 Btuiday) (=Qc - QI I3 - QE) 612.9 500.0 2322.6 3612.9 3607.2 1080.0 466.7 '-1743.2 

?T'- Average d%ly solar heating/cooling 
system thermal efficiency (QUC/AI) 4.1 5.5 27.4 28.8 23.2 5.9 2.4 12.5 

2 2 l~ultiply [Btu/day.ft ] by 11.4 to obtain[kJ/day.m 1. 
2 2~ultiply [ft2j by 0.0929 to obtain [m 1. 

3~ultiply IBtu/day] by 1.055 to obtain [kJ/day]. 



Table 35. Active Heating (Liquid) System Monthly Average. Performance Parameters [66]. 

System Iden t i f i ca t ion  Number 62 / MObTH OCT NOV DEC JAN FEB MAR APR MAY Season 

I - Solar Radiation on t i l t e d  surface  of 
2 1 

so l a r  co l l ec to r  (Btu/dayeft  ) 1851 1203 1446 1410 1829 1878 1880 1860 1654 
2 

A - Cross area  of co l l ec to r  a r r a y  ( f t  ) 7705 

Q - Average da i ly  useful  s o l a r  energy 

col lec ted  by ar ray  (1,000 ~ t u / d a ~ ) '  4779.1 3029.4 3735.5 3380.1 4E37.9 5035.1 4456.9 5029.4 4226.5 

qc - Average d a i l y  s o l a r  c o l l e c t o r  ar ray  
e f f i c i ency  (%) (Qc/AI) . 35.5 32.7 33.5 31.1 34.3 34.8 30.8 , 35.1 33.2 

Q - Average d a i l y  s o l a r  system heat 
E 

lo s se s  t o  ex t e r io r  (1,000 Btu/da)-) 3 - - - - 
QI - Average d a i l y  s o l a r  system heat  

Posses t o  i n t e r i o r  (1,000 Btu/da);) 405.7 296.7 490.0 668.2 728.0 585.8 624.6 922.3 564.9 

$ - System heat  l o s s  f ac to r  (non-usefulness 
of heat  l o s se s  t o  i n t e r i o r  of space) .6  .1 0 0 0 0 .6 .4 .2 

Q - Average d a i l y  s o l a r  system heat 
de l ivered  t o  heating/cooling un i t  . 

(1,000 ~ t u / d a y ) ~ ( = ~ ~  - Q~ $ - Q ~ )  4530.8 3000.0 3735.5 3380.1 4837.9 5035.1 4082.5 4634,l 4114.7 

q,,, - Average d a i l y  s o l a r  iez t ing/cool ing  
system thermal e f f i c i ency  (QUC/AI) 31.8 32.5 33.5 31.3 U . 3  34.8 28.2 32.3 32.3 

E - Average da i ly  e l e c t r i c e l  energy 
used t o  operate t he  s o l a r  system 

3 (1,000 Btu/day) 288.2 206.~5 219.9 200.0. 269.2 291.0 274.9 309.0 253.1 

S - Solar  useful  heating ard/or  coalimg/ 
e l e c t r i c a l  solar-operating energy 
used r a t i o  (=QUC/E) 15.7 14.5 17.0 16.9 18.0 17.3 14.8 15.0 16.2 

Q - Average da i ly  savings bn nonrenewable 
energy resources by sollar system 

- - -  - 

u), - Average d a i l y  s o l a r  heating and 
.a - - 

cooling system ove ra l l  e f f i c i ency  
(=Qs/(AI + E/qE)) - 41.9 - 41.9 44.9 41.8 46.7 37.0 - 42.1 42.9 

Underlined numbers denotes calculatioru by authors from ava i l ab l e  dara.  
2 ' nu l t ip ly  [ ~ t u / d a ~ - f t ~ ]  by 11.4 t o  obta in  [kJ/day.m I .  

2 2 2 ~ u l t i p l y  [ f t  ]  by 0.0929 t a  obta in  [m 1. 
3tlultiply [Btulday] by 1.055 t o  ob ta in  [W/day]. 



Table 36. I d e n t i f i c a t i o n  of S o l a r  Active Heating Systems desc r ibed  i n  Tables 29 through 35. 

I D  Reference(s)  Descr ip t ion  - Months of Data 

41 [431 Space and DHW,(liquid) Jan-Ju l  

42 [ 43 1 Space and DHW ( l i q u i d )  Mar-Apr 

43 [43] Space and DHW ( l i q u i d )  Mar-Jul 

44 [431 Space and DHW ( a i r )  Jan-Mar 

45 1431 Space and DHW ( a i r )  Mar-Apr 

46. [43] Space and DHW ( a i r )  Feb-Jul , 
47 [43] Space and DHW ( a i r )  Oct-Mar 

48 [43] Space and DHW ( a i r )  Dec-Mar 

49 1431 Space and DHW ( a i r )  Dec-Mar 

5 0 [%I Heating and Cooling System, o f f i c e  bldg.  1 year  
(7 d i f f e r e n t  types  of f ' l a t  p l a t e  
c o l l e c t o r )  

5 1 1591 Space and DHW ( a i r ) ,  s i n g l e  fami ly  Mar-Apr 

52 [60] Space hea t ing  ( a i r ) ,  Garage (Tr 2 5O0F; Nov-Mar 

10°C) and o f f i c e  a rea  (Tr 68OF; 20°C) 

53 [@I Space hea t ing  ( a i r ) ,  elementary s ~ h o o l  Oct-Mar 

5 4 [601 Space hea t ing  (water) ,  office/warehouse 0 c t - ~ a  r 

55 (601 Space .heat ing ( a i r ) ,  f o r  gymnasium ' Oct-Mar 
( schoo l ) ,  DHW hea t ing  f o r  locker  room, 
h o t  a i r  f o r  g r a i n  drying 

56 1601 Space and DHW hea t ing  ( u a t e r ) ,  s i n g l e  Oct-Mar 
.family, s o l a r  a s s i s t e d  h e a t  pump, 
drain-down 

57 [611 Space and DHW hea t ing  ( l i q u i d ) ,  water/  Mar-Apr 
g l y c o l ,  s i n g l e  family  

58 (621 Space and DHW hea t ing  ( l i q u i d ) ,  d r a i n  Oct-Apr 
back, s i n g l e  family  

59 1631 Space and DHW ( a i r ) ,  s i n g l e  family  Oct-May 
(mobile home) 

60 [641 Space hea t ing  only ( l i q u i d ) ,  water /  Feb-Apr 77 
g l y c o l ,  o f f i c e  bldg. 

60 [641 Space. hea t ing  only ( l i q u i d ) ,  o f f  i c e  bldg . .  an-~ar 78 

61 164, 651 Space and DHW ( a i r ) ,  s i n g l e  fami ly ,  Oct-May/ 
(used a s  o f f i c e )  Dec-May 

62 [66] Heating and Cooling System,'Conference 2 years  
Center and L ibra ry  



Table  37.  Cooling System; Annual k ~ e r a g e  Performance Farameters .  

Syssem I d e n t i f i c a t i o n  Num.>er 7  1  72 72 73 7  4  75 76 

I - S o l a r  R a d i a t i o n  on t i l t e d  s u r f a c e  of  

s o l a r  c o l l e c t o r  ( ~ t u / d a ~ . f t ? ) '  1621 1542 1681 1854 1969 1483 1652 

A - Gross a r e a  of  c o l l e c t o r  a r r a y  :ft212 714 3840 3640 3656 4950 11000 12660 

Qc - Average d a i l y  u s e f u l  s o l a r  energy 

c o l l e c t e d  by a r r a y  (1,000 Etu/3ay: 287.7 877.5 77L. 7 1977.9 3756.4 2285.0 4629.3 

q c  - Average d a i l y  s o l a r  = o l l e c t o r  a r r ~ y  
e f f i c i e n c y  (%) (Qc/A[) 24.9 14 .8  1 2 . 0  29.2 38.5 , 1 4 . 0  26.7 

QE - Average d a i l y  s o l a r  system hea: 614.4 

l o s s e s  t o  e x t e r i o r  (1,000 Btu/3ay: 1 3 9 . 8 ~  - 627.7 3 1 6 . 3 ~  155. 6a ( 6 0 8 . 7 ~ )  

QI - Average d a i l y  s o l a r  system hea: 307.2 

l o s s e s  t o  i n t e r i o r  (1,000 Btu/3ay: 3 4.6 37.9 ( 3 0 4 . 3 ~ )  
C  - Heat ing  o r  c o o l i n g  u x i t  C o e i f i z i e n t  

of  Performance ( d i m e s s i o n l e s s )  0 .60 0.46 .5E6 .366 .34 .423 .62 

f3 - System h e a t  l o s s  f a c t o r  (non-usefulness  
. of h e a t  l o s s e s  t o  i n t e r i o r  of  space)  3 .17  : .?I  3 .73  3.95 3 .36  

QU - Average d a i l y  s o l a r  iystem hea: 
d e l i v e r e d  t o  h e a t i n g / c o o l i n g  u x i t  446.1 1838.9 2936.0 

3  (1,000 Btulday)  (=Qc - QI f3 - 147.9 249.8 338.3' 1680.9' 2758.7' 638.4 2729.6 

qT - Average d a i l y  s o l a r  ~ e a t i n g / c o ~ l i n g  
system thermal  e f f i c i e n c y  (QUCdAI: - 7.7 - 1 . 9  4.7 11.4 - 11 .4  1 . 7  - 8 .1  

E  - Average d a i l y  e l e c t r i c a l  energ-J 
used t o  o p e r a t e  t h e  s o l a r  spstsm 

(1,000 ~ t u / d a ~ ) ~  115.0 206. ? 1931.5 2851.3 500.2 

S  - S o l a r  u s e f u l  h e a t i n g  and /or  c o ~ l i n g /  
e l e c t r i c a l  s o l a r - o p e r a t i n g  energy  
used r a t i o  (=QUC/E) = S  - 0 . 8  - - 1 . 5  - 0.4 - 0 . 4  - 0 .5  

Qs - Average d a i l y  s a v i n g s  i n  n o n r e ~ e w a b l e  
energy r e s o u r c e s  by s o l a r  systzm 

qS - Average d a i l y  s o l a r  x e a t i n g  an3 
c o o l i n g  system overaPl  e f f i c i e ~ c y  

. ('Qs/iAI + E / q E F  - -19.1 - -4 .1  -43.6 - -44.4 - - 8 . 3 .  

Underl ined numbers denc,tes c a l c u l a t i o n  by a u t h o r s  from a v a i l a b l e  d!ata. . 

a ~ e a t  l o s s e s  from s t o r a g e  

' s o l a r  h e a t  d e l i v e r e d  t o  zoo l ing  u n i t  o n l y  
2  l ~ u l t i p l y  [ B t u l d a y - f t  1 by 11.4 t o  :b ta in  [ k ~ / d a ~ . m ~ ] .  

2  
2 ~ u l t i p l y  [ f r  1 by 0.0529 t o  o b t a i n  [$ I .  
3 ~ u l t i p l y  [Btu lday l  by 1.355 t o  o b t a i n  [ k J / d a y ] .  



Table  C8. Cooling Systems Annual Average Performance Paramete rs .  
. . ' 7 8  ' 79  

System I d e n t i f i c a t i o n  Number 77A 77B 7  8A 78B 79 7  9  

I - S o l a r  R a d i a t i o n  on t i l t e d  s u r f a c e  o f  
2  1  s o l a r  c o l l e c t o r  (Btu /day . f t  ) 1877 

2  2  A - Gzoss a r e a  of  c o l l e c t o r  a r r a y  ( f t  ) 1923 

Qc - h e r a g e  d a i l y  u s e f u l  s o l a r  energy  

c o l l e c t e d  by a r r a y  (1,000 3tu/day13 448.4 

qc - A-qerage d a i l y  s o l a r  c o l l e c t o r  a r r a y  
e f f i c i e n c y  (X) (Qc/AI) 12.4 

$ - Average d a i l y  s o l a r  system h e a t  146.0 

l o s s e s  t o  e x t e r i o r  (1,000 Btu/day)  3  9 1 . 5 ~  

QI - Average d a i l y  s o l a r  system h e a t  

l o s s e s  t o  i n t e r i o r  (1,000 Btu/day) 3  7.7 

C  - E e a t i n g  o r  c o o l i n g  u n i t  C c e f f i c i e n t  
c f  Performance (d imens ion less )  .72 

$ - System h e a t  l o s s  f a c t o r  (non-usefulness  
o f  h e a t  l o s s e s  t o  i n t e r i o r  of  space)  2.39 

QU - Average d a i l y  s o l a r  system h e a t  
d e l i v e r e d  t o  h e a t i n g / c o o l i n g  u n i t  

QT - Average d a i l y  s o l a r  h e a t i n g / c o o l i n g  
,system thermal  e f f i c i e n c y  (QUC/AI) - 5 .7  

E  - I v e r a g e  d a i l y  e l e c t r i c a l  energy 
used t o  o p e r a t e  t h e  s o l a r  system 

,(1,000 ~ t u / d a ~ ) ~  100. sd 
S - S o l a r  u s e f u l  h e a t i n g  and/or  coo l ing /  

e l e c t r i c a l  s o l a r - o p e r a t i n g  energy 
used  r a t i o  (=Q C/E) = S 2 .0  - 

Q - Average d a i l y  sav ings  i n  nonrenewable 
energy  r e s o u r c e s  by s o l a r  system 

(1,000 ~ t u / d a y ) ~ ( = ~ ~ ~ / q ~  - E/qE) - -72.0 

qS - Average d a i l y  s o l a r  h e a t i n g  and 
c o o l i n g  system o v e r a l l  e f f i c i e n c y  
(=Qs/ (A1 + E/qE))  - -1.8 

Undezlined numbers deno tes  c a l c u l a t i o n  by a u t h o r s  from 

a lka :  l o s s e s  from s t o r a g e  

1 . 8  - -5 .5  - 
a v a i l a b l e  d a t a .  

d ~ o e j  n o t  i n c l u d e  e l e c t r i c ~ l  energy t o  blowers  
2  l H u l t i p l y  [ B t u l d a y - f t  ]  t o  11.4 t o  o b t a i n  [ k ~ / d a ~ - m ~ ] .  

2  2  2 ~ u l t i p l y  [ f t  ] by 0.0929 t o  o b t a i n  [m 1 .  
3 ~ u l t i p . l y  [Btu/day]  by 1.055 t o  o b t a i n  [ k J / d a y ] .  



' Table 39. Csoling System (Res iden t ia l )  Monthly Average Performance Parameters.  

System Identification Number 71 ! MONTHLY MAY JUN JUL AUG Season 

I - S o l a r  RadiatLon on t i l t e d . s u r f a c e  of 
2  1 

s o l a r  c o l l e c t o r  (Btu /dayaf t  ) 
2 2  A - Gross a rea  of c o l l e c t o r  a r r a y  ( f t  ) 714 

Qc - Average d a i l y  u s e f u l  s o l a r  eaergy 

c o l l e c t e d  by a r r a y  (1,000 Btu/day) 3  305.3 300.7 247.1 297.7 287.7 

qc - Average d a i l y  s o l a r  c o l l e c t o z  z r r a y  
e f  f  icier-cy (2.) (Qc/AI) - 31.4 26.6 24.1 24.5 24.9 

QE - Average d a i l y  s o l a r  system heat  

l o s s e s  t o  e x t e r i o r  (1,000 Btu/day) 
3  186.7 142.5 81.9 148.2 139.8 

C - Heating o r  cool ing u n i t  Coef f i c ien t  
of Per fo rmane  (dimensionless) 

QU - A v e r q e  d a i l y  s o l a r  system hea t  
del iv?red t o  heat ing/cool ing u n i t  

(1,OCO ~ t u / d a y ) ~ ( = ~ ~  - Q, $ - QE) 

qT - Average d a i l y  s o l a r  heat ing/cool ing 
sys  ten tkermal e f f i c i e n c y  (Q CJ.41) - 12.2 - 14.0 16.1 

ID 

E - Average d a i l y  e l e c t r i c a l  e n e a y  
used t o  opera te  t h e  s o l a r  syseem 

S - Sola r  u s e f u l  hea t ing  and/or' cooling/ 
e l e c t r i c a l  so la r -opera t ing  energy 
used r a t i o  (=QUC/E) 0.9 - 0.8 - 0.8, - 0.6 - 0.8 

. Qs - Average d a i l y  savings i n  nonrenewable 
energy resources  by s o l a r  system 

qS - A v e r a g ~  d a i l y  s o l a r  hea t ing  and 
cool inz  system o v e r a l l  e f f i c i e n c y  
(=Qs/ CAI + E/qE) -17.6 -19 - 5  -19.6 -21.2 -19.1 

Underlined numbers denotes c a l c u l a t i o n  by au thors  from a v a i l a b l e  da ta .  
2  2  

' ~ u l t i ~ l ~  [Btu/dayeFt ]  by 11.4 t o  ob ta in  [kJ,'day.m 1 .  
2  2  

' ~ u l t i ~ l ~  [ f t  ]  by 0.0929 t o  ob ta in  [m 1. 
3 ~ u l t i p l y  [Btu!day] by 1.055 t o  ob ta in  [kJ/day] 



ÿ able 40. Cooling System (Commercial) Monthly Average Performance Parameters. 

System Identification Number 79 / MONTHLY MAY JUN JUL AUG SEP Season 

I - Solar Radiation on tilted surface of 
2 1 solar collector (Btulday-ft ) 1911 1949 1827 1820 

2 2 A - Gross area of collector array (ft ) 

Qc - Average daily useful solar energy 
collected by array (1,000 Btu/day) 3 2834.1 3085.3 3209.5 . 3371.6 

qc - Average daily solar collector array 
efficiency (%) (Qc/AIj . 19.2 20.5 22.8 24.0 

QE - Average daily solar system heat 
losses to exterior (1,000 ~ t u / d a ~ ) ~  * 535.5 535.5 507.1 523.2 

C - Heating or cooling unit Coefficient 
of Performance (dimensionless) .71 .69 .69 .70 

QU - Average daily solar system heat 
delivered to heating/cooling unit 

3 
(1,000 Btu/day) (=Qc - QI B - QE) 2298.6 2548.9 2702.4 2848.3 

qT - Average daily solar heating/cooling 
system thermal efficiency (QUC/AI) 11.3 - 11.9 .13 - ..4 14i4 - 

E - Average daily electrical energy 
used to operate the solar system 

a 

S - Solar useful heating and/or cooling/ 
electrical solar-operating energy , 

used ratio (=QUC/E) - 4.0 3.9 - 3.7 - 4.0 

Qs - Average daily savings in nonrenewable 
energy resources by so,lar system 

qS - Average daily solar heating and 
cooling system overall efficiency 
(=Qs/ (A1 + E/qE) 5.4 - 5.6 - 5.7 - 6.9 

Underlined numbers denotes calculation by authors from available data. 
"Heat losses in machinery space are vented to exterior. 

2 2 l~ultipl~ [Btu/dayeft ] by 11.4 to obtain [kJ/day-• 1. 
2 2~ultiply [ft 1 by 0.0929 to obtain [m2]. 

3~ultiply [Btulday] by 1.055 to obtain [kJ/day]. 



Table 41. Identification of Cooling Systems detailed in Tables 37 through 40. 
J '. t 0 .  

ID Reference(s) Description - . . 
Months of Data 

Space heating, cooling and DHW, single May -Aug 
family . . , . (Data for !pace coplipg % . +lyI ' . 

Solar cooling an! DHW, office buildjng Mar-Aug 78 
Concentrators Jun-Aug . . 79 

Solar cooling, Space and DHW heating, Jun- Aug 
Recreation and Health Center (data' 
for cooling only) 

Heating and Cooling, Elementary School .Jim-Ai~g 
Evacuated tube 2 100-ton absorption units 
No Storage 

Heating and Cooling, Elementary Sch661, . Jun-Aug 
(water) Reflector 

Office building, Heating and Cooling, 1 year 
174-tnn Ahsorption chiller 
7 different types flat plate collectors 

Design Jul-Aug (? yrsi 
A 

? Single family, water/glycol 
B Single family, ~ater/~l~cof 

, . 

Space heating and cooling and DHW Design A Jul-Aug 
(nnto f 8 t  €pare r n n l i n ~  nnly] ncsi .gnB  all^'" 

4 

Conf. Center and Library, 
Heating and Cooling' 

2 years 



' 4. ANALYSIS OF SYSTEMS PERFORMANCE 

4.1 INTRODUCTION 

In evaluating the performance of solar systems discussed in the section, several factors 
are considered. These factors include: 

1. Comparison of predicted and measured performance of specific designs and/or 
installations 

2. Comparison of performance of alternative designs 
3. Design, installation and operational features which affect the overall perfor- 

mance, and 
4. Common errors and/or problems in design, installation, and operational pro- 

cedures and/or methods. 

In comparing the performance of solar systems the emphasis will be limited to two primary 
areas, i.e.: 

1.. Performance comparison of different solar system designs and/or installations 
and 

2. Comparison of high performance solar heating and cooling systems and conven- 
tional HVAC al.ternatives . 

4.2 DESIGN METHODS 

Numerous methods are available for predicting solar system performance, including detailed 
computer simulations, hand-held computer methods, simplified procedures not requiring computers 
and rules of thumb. Tables 42 through 47 [73]  provide information on some of the various de- 
sign methods available. This information includes: 

1. Applications of computer methods and 
2. Characteristics of hand calculation methods. 

Limitations on the usefulness of these methods, which affect the results for different 
methods to different degrees, include: 

o Virtually all methods for active solar designs are based on the Hottel- 
Whillier-Bliss model of the solar collector and are therefore limited by 
the same assumptions of that model (see Section 4.5.2.1 and Appendix C). 

o Testing results for collector characteristics are usually based on optimum 
noon time conditions. 

o Only limited validation of some of the design methods by comparison with 
carefully-measured operating systems has been accomplished. Many of the 
simplified methods have received no validation with experimental results. 

o Methods that deal with passive systems (both computer and hand calculations) 
are limited in number. 

o There are very few hand calculation methods capable of analyzing solar cooling 
systems and they may not be capable of evaluating different types of solar 
cooling systems [ 7 3 ] .  

o blost of the calculation methods do not have the ability to account for all 
design variatjnns (such as different collector characteristics, control system 
variations, modifications in system component integration, operating tempera- 
tures, etc.) . 

o Many of the models do not consider the electrical energy required for operating 
the solar system and the effects of this electrical energy usage on the total 
energy savings capability of the solar system. Alternatively, DOE-2, BLAST, 
SEE and TRACE do; although even these methods do not always provide comparisons 
with conventional systems electrical usage. 

o The accuracy of all models is dependent upon the accuracy of input data. 
Specifically, the estimated heating and/or cooling load may be in error on the 
order o f  15 percent (some calculation methods have been shown to be in error by 
overestimating h e a l i n g  loadc by more than 100 percent). In addition, solar 
radiation data are typically in error by five percent and, i l l  some casos, by a s  
much as 15 percent. 

o Many methods (particularly hand calculation methods) do not consider the effects 
of storage temperature variations. 

o Numerous methods are highly empirical. 



Table 42. Oen?ral Character is t ics  of Computer Methods 1 7 3 1  

Dege1opmer.t Scatus  Life  Load Model So la r  So la r  Co l l ec to r  
Progran: Users Progrm, Public Cycle In t e rna l  Emphasis Type Fluid  Type 
Knse Or ig in l to r  Date Cost Manuai Manual Ava i l ab i l i t y  Economics UA De ta i l c i  ~ x t e = n a l  Primary Secondary Active Passive Liquid A i r  

BLAST U:S. Army Sonstruct .  1977 $300 " t t t *  

Engineering l i b  

CUS Los Alamos Sc i .  Lab 1979 $300 ' t t * * 
DEROB Univers i ty  of Tutas  1973 t 

a r  Austin 

DOE-1 Argcnne Na t ' l  Lab 1977 $400 * * 
EblPSS ? \ r t h r  0. L i t t l e  1978 t t' t t  

I 

FCIIART Jniv .  of IVisconsin 1976 $100 ' I t t  

?:ltlilllilT ;;olorndc. S t n t c  Univ. 1979 $150 t t  

HISPER Marshall  Space F l igh t  1977 t t t  

Cel t e r  

LASL Los A l m s  S c i .  Lab 1975 None t * t t  

FASOLE Bos rlamos Sc i .  Lab 1977 $175 * 
RSVP Eooz, Allen, Hamilton 1977 t t * . t t t  

SESOP Lockheed 1975 $530 . e t t  

SHASP I h i v .  of blarylanj 1978 None 

SIJSEbIOD Jan  F .  KreiCer 1973 t t t  

SIbLSI!A% C3lorado S t a t e  Univ. 1974 

SOLCOST Nsr t in  Unr i c t t a  1976 $300 ' t t  t t t  

SOLHEAT Fa tu ra l  Ecating 1978 t 

Systems 

SOLOPT Texas AEM Univ. 1977 None s t 

. SOLPAS b t r t i n  blar ie t ta  1978 t 

SOLSYS , Szndia Laborator ies  1975 t * * * 
' S1'OLAR C.ilorsdo S t a r c  UNV. 1977 None t t 

SUN Bzkelcy So la r  Group 1974 t 

SZOKO S.V. Szokolay '1977 t * 
SYRSOL S:rracusc Univ. L976 None t L t 

THNSYS Univ. o f  Wisconsin. i974 $200 - . t * * t t  

UWENSOL Univ. ~f Cash.ingto.i 1978 $200 • t t 

WATSUN Ur.-v. o f  Watcrloo 1978 $170 ' t t *  



Table 43 .  Passive System Capability Chart [73] 

2 Prograin Direct Trombe Water Roof ~ h e r m i c l  Attached PCES windo2 Heat Natural Evap. Thermo 
Gain Wall Wall Ponds Diode 'Sun Room. Elements Management Pipe Vent Cooling Syphon 

BLAST * 
DOE- 1 * 
DEROB * * t * * * * * * * * * 

FREHEAT * * C * * * * 

PASOLE * * k * * * * * 

SOLHEAT * 

SOLPAS * * a' * 

SUN * * * * 

UWENSGL * * * * * * * 

1. Thermic diode - This i s  a concept being developed by S. Buckley a t  M.I.T. Such a device allows 
heat flow i n  one d i rec t ion  but not i n  the  reverse d i rec t ion  

2 .  PCES Elements - Phase change material which is encapsulated i n  su i t ab l e  building materials  

3.. Window management - This applies  t o  methods t ha t  increase insu la t ion  over windows by various 
processes. This includes beadwalls, movable insu la t ion  drapes. e t c .  



Table 44. Characteristics of Hand Methods [73] 

Application Collector Life Typical With data 
No. Author (s ) Desa:ription Active Passive Fluid Cycle Calculation supplied 

Economics Interval by 

SH DHV COM SC TW WW LIQ AIR PRIM SEC DAY MO YR USER METH 

1 S.A. Klein F-Chart * * * * * * * * 
Balcomb and 
Hedstrom 

Barley and Winn 

G.F. Lameiro 

S.A. Klein 

Klein and 
Beckman 

USEC 

P. Lunde 

Liu and Jordan 

D. Watsun 

Balcomb and 
McFarland 

J.C. Ward 

Solar Load ratio 

Relati-re areas 

Building code 

Perfornance curves 

Utilizability fact~rs 

Appendix to book 

Passive 

13 Bell and Gossett Design mmual * * x +: * * . * * 
14 D.S. Ward Realis~i: sizing * * * * 
15 D. Hittle et a1 CERL * * * * 
16 Swanson and B.3ehm * * * * * * * 

17 Kreider and G-Chart (tm) * * * * * 
Lameiro 

18 Kohlerand TEANET * * * 
Su 1 1 ivan 

19 Haslett and x * * * * * * * 
Monaghan 



Table 45. , . I  SHAC Manual Design M?thods Summary [74] 

The following t a b l e  de sc r i t e s  s o l a r  heating and cooling manual design methods. This t a b l e  does not  give a l l  
of t he  design methods appl icable  t o  SHAC ana lys i s ,  but it does contain t he  most cur ren t ly  used and bes t  known methods. 
These methods do not requi re  access t o  a  computer although some (e.g.,  F-Chart) have been implemented on computers. 
They vary i n  degree of sophis t ica t ion  from the  simple, almost rule-of-Jhwnb type t o  methods requi r ing  programmable 
ca lcu la tors .  Some of t he  l a t t e r  type methods a r e  ava i lab le  from the  source indicated as  prerecorded programs on 
magnetic cards.  



Table 45 (continued) 



Table 46. SHAC Computer Methods Smmary [74 ]  

The following summary t a b l e  notes t he  most f requent ly used and cur ren t ly  ava i l ab l e  s o l a r  
ana lys i s  computer methods. The information was obtained la rge ly  from a program author survey 
conducted by Arthur D. L i t t l e ,  Inc. f o r  the  E l ec t r i c  Power Research I n s t i t u t e  and primari ly  
r e f l e c t s  t he  opinions of each program author.  

Most summary, t a b l e  categories  a r e  self-explanatory,  however, t he  intended user  category 
needs emphasis. Programs s u i t a b l e  f o r  use by bui lders  were l imited t o  t he  i n t e r ac t i ve  type 
program t h a t  in te r roga tes  the  user  by a question and answer methodology. Archi tects /  
engineers use maSnly design-oriented computer programs and general ly  r e s t r i c t  t h e i r  ana lys i s  
t o  standard input/output options of t he  program. The research engineer general ly  has hands- 
on access t o  t h e  program and is  very fami l ia r  with both t he  operat ion and assumptions of t he  
program and t he  d e t a i l s  of t he  system being analyzed. 

'Programs am pdmadly developed for large-le, multl-zone applketlonr 
A Being added 



Table 4.7. HVAC Computer Programs Summary [ 7 4 ]  

The following table lists programs intended primarily for building heating and cooling 
load analysis. Some provide for solar analysis, but in such cases it is secondary to the 
conventional energy analysis. The programs have been generally developed and maintained by 
heating, ventilating, and air conditioning (HVAC) consulting engineers for their own analysis 
use, however, most are available through special arrangements with the contact. 

Y A  : Nol sppliooble 



. Nevertheless, comparisons of actual performance of operating solar systems with the various 
design methods can provide insights into: 

1. The degree to which actual system performance meets the expectations of the 
design methods, 

2 .  Potential improvements in performance with variations in design and operation, 
3 .  Effects on performance due to changes in installation procedures, and 
4 .  Limitations on performance of specific solar system designs. 

4 . 3  OVERALL EVALUATION OF PERFORMANCE 

In evaluating the performance of various solar heating and cooling systems, it must be 
emphasized that many of the installations which had sufficient data acquisition and information 
available were research and development or experimental projects. Many of the systems utilized 
unique and innovative design concepts and therefore do not accurately represent the perfor- 
mance .of commercially available state-of-the-art systems. In addition, these wexperimentalll 
systems had the majority of system deficiencies and/or problems. 

On the other hand, SYSTEMS THAT FOLLOWED PROPER DESIGN PRACTICES, USED PROVEN DESIGNS, 
AND WERE PROPERLY CONTROLLED PERFORMED WELL. 

It should also be noted that systems that work well do not receive the same amount of dis- 
cussion. Problems are discussed in order to avoid future difficulties. Correct procedures are 
reported only as alternatives to faulty procedures. 

Because of the wide variations in performance of many systems, average performance values 
of numerous systems have limited usefulness. For example, it can be concluded that, on average, 
solar heatyng and cooling systems have not performed up to expectations [75]. On the other 
hand, numerous systems have performed well and within expected design limits. 

A substantial portion of the problems associated with operating solar systems with low 
performance levels are problems that are directly related to conventional HVAC (Heating, 
Ventilating and Air Conditioning) practices. These include: 

o Inadequate or nonexistent specifications 
o Lack of application of good engineering practice 
o Failure to adhere to good HVAC practices 
o Improper toois, methods (e.g., short cuts) used to little or no advantage 
o Unacceptable cost savings attempts 
o Work attempted too quickly and/or with insufficient planning 
o Poor choice of materials due to lack of detailed design 
o Improper or nonexistent maintenance, and 
o Lack of availability of maintenance or operating manuals 

The objective of this handlxjk, however, is not to consider those problems associated 
with conventional heating and cooling systems design, installation, and operation. Such in- 
formation is readily available in other ASHRAE publications and from other sources. Rather, 
it is the problems specific to solar hardware, design, and installation that are addressed 
hare. 

The solar-related problems that have reduced the performance of solar heating and cooling 
systems include: 

o Improper design methods and practices 
o Improper selection and integration of system components (specifically the poor 

matching of components with load and with other components within the system) 
o Inappropriate or unacceptable components which contain serious design flaws 
o Design and installation of llexperimentalll systems without adequate control 

and/or instrumentation to ensure proper 6peration' 
o Improper installation procedures and/or methods 
o Poor selection of operating modes 
o Insufficient analysis of system hydraulics 
o Inappropriate control strategy as related to solar 

Incorporated within the problems listed above are several major factors which have re- 
sulted in reduced performance including: 

1. Excessive thermal losses 
2. Unacceptable electrical energy requirements for solar system operation 
3. Poor choice of controls (equipment and methodology), and 
4. Lack of adherence to architectural constraints. 



4.4 PROBLEMS IN DESIGN AND SIZING 

Design-related problems, based on experiences, include: 
1. Rule of thumb sizing methods provide useful estimates of collector and component 

sizing but are generally inadequate [2]. The primary difficulty appears to stem 
from the fact that the rules of thumb are only applicable to a very limited 
number of designs and applications of solar systems. In addition some rules of 
thumb were.based on inadequate experimental and data information bases. 

2. Space heating load estimates are subject to uncertainties of 15 to 25 percent 
(and as high as twice the actual load). One source of uncertainty is the use of 
the degree day method in which the empirical correction factor is subject to som 
error [2] 

3. Incorrect estimates of domestic hot water (DHW) loads are common. These uncer- 
tainties occur when the design loads are based on a rough average, such as 15 to 
20 gallons (57 to 76 liters) per person per day [2] . 

4 .  Sizing methods are commonly misapplied due to the mismatching of load profiles. 
For example a sizing method for DHW for residential use is not applicable for 
sizing a commercial application because of the substantial difference of the DHW 
load demand profile over 24 hours. 

5. Errors in design calculations arise from uncertain data, especially weather and 
solar radiation data [2]. Direct measurements of these data may not be availabl 
for the site in question, so that data may have to be taken from a nearby or 
similar site. Differences in local topography can result in a sizable differenc 
in the weather data a ~ l d  differences in elevation, cloud cover I:including time of 
day of occurrencej , atmospheric haze, etc., can give rise to differences of 25 
to 30 percent in the estimate of incident solar energy [2]. 

6. Collector efficiency and system efficiency based on collector and.component para 
meters may be in error duo to: 
a. Errors in component test data 
b. Use of net instead of gross collector area (collector characteristics are 

usually based on gross area) 
c. Errors in estimated flow rates and/or temperatures, which in turn may re- 

duce collector and system performance 
d. Errors incurred when collector modules are used in series configurations 

without appropriate corrections boing made (for a given flow rate, series 
configurations reduce performance) 

e. Errors due to use of instantaneous or steady-state parameters that are not 
corrected for daily usage. 

7 .  Incorrect use of such common methods as F-Chart and other simil~r sizing mnt.hods 
The F-Chart method is sometimes being used outside its range of validity [2]. 
The underlying assumptions of sizing methods should be checked before using the 
method for a particular installation. 

8. Sizing of heat exchangers, pipes, ducts, fans, and pumps is generally not. ad- 
dressed in solar design methods. Conventional procedures should nevertheless 
be followed closely. 

9. There has been a general lack of consideration of the solar system operating 
electrical energy requirements. Such lack of consideration of electrical energy 
colrsunlption of pumps, fans, controls, etc. has led to system designs which are 
net energy losers, i.e., the electrical solar-operating energy usage (in terms 
of fossil fuel consumption) has exceeded the thermal solar energy gained. 

10. Insulation for pipes, ducts, components, etc. has generally been inadequate, 
in~tolled impropc~ly, and, in some cases,  onexi xis t e a t .  NOII-IIISUZCL~~UII uf pipes, 
for example, can sometimes reduce the amount of solar energy del ivered tn t h ~  
load by half [14]. Note, however, that in general smaller pipe sizes (approxi- 
mately 1/2 inch, 1.27. cm) with short runs (less than two feet, 0.61 m) should 
not be insulated. - 

11. Selection of collector type (liquid or air heating, flat-plate, evacuated tube, 
or concentrating/tracking) has been done without apparent consideration of costs 
effi.ciency char~ct.eristics, overall system integration, and end use. Operating 
parameters (such as temperatures, flow rates, solar radiation availability, 
diffuse versus beam radiation, efficiencies, etc.) should be considered with the 
selected collector type AND with the solar system requirements. It is important 
to note that flat-plate, evacuated tube, and concentrating collectors have dis- 
tinct performance advantages AND disadvantages in different design applications 
(see' Section 4.5.2) . 

12. Many solar design methods for systems with heat pumps and/or absorption chillers 
and hybrid passive/active components tend to be inadequate and difficult to 



utilize [2]. It is essential that complete design methods which consider all 
factors be used in order to obtain realistic projections on future system perfor- 
mance. 

13. Difficulties in collector flowdistribution, proper filling of liquid-heating 
collector arrays, and air leakage in air-heating collector arrays have been en- 
countered in many systems [76]. This is a critical area (see Section 4.5.3.2). 

14. System designs have apparently b-een conducted backwards in many cases. Rather 
than selecting a collector and then designing a system which will "fitft a parti- 
cular building or application (as has been done in many cases), it is essential 
to consider the building/application requirements first, then select an appro- 
priate system type and, finally, select components. 

4.5 MAJOR FACTORS IN REDUCED PERFORMANCE 

4.5.1 Selection and Integration of Components 

Numerous systems have been designed without proper matching of the system to the load re- 
quirements. In addition, specific components (such as collector types and thermal storage 
units) have been selected without due consideration of load requirements. Inevitably the de- 
sign has violated the KISS principle (Keep It Simple, Stupid). 

For example, selection of DHW system designs have not always been based on the specific 
requirements of a particular site's climate and heating requirements. Different design types 
of DHW systems include: 

1. ~irect heating, combination col lector/storage (non-pumped , passive) 
2. Direct heating, thermosyphon (non-pwnpedj 
3.. Direct heating, pumped 
4. Indirect2 heating, non-pumped 
5. Indirect heating, non-freezing, liquid, pumped 
6. Indirect heating, air, pumped (and/or blown) 

The direct heating, combination collector/storage unit is potentially the simplest of the 
designs and is in keeping with the design principle, that the simplest way to obtain hot water 
is to heat the water directly. Disadvantages of the system are the potential for freezing and 
the architectural and structural constraints on installation of this type of system into exist- 
ing (and in some cases) new buildings. 

The direct heating thermosyphon has been shown to achieve the highest performance of sys- 
tem types 2, 3, 5 and 6 [IB]. However, constraints on the thermosyphon include potential for 
freezing and the requirements for placing the hot water storage at a higher elevation than the 
collector. It follows that thermosyphon systems are more suited for particular climates than 
others. Indirect air-heating DHW systems can be considered competitive in non-freezing cli- 
mates, but may have an even greater potential ih freezing situations. The use of air-heating 
DHW systems in non-freezing regions may nevertheless be competitive, based on tentative results 
of DHW systems for two high schools in New Mexico [77]. 

Use of attached greenhouses to provide additional space heating for a building cannot al- 
ways be considered cost-effective unless aesthetic or other advantages can be gained by the 
addition of the greenhouse. In addition, greenhouses without night insulation have limited 
ability to provide energy to other spaces. 

Installation or incorporation of passive heating features without: 
1. Substantial thermal capacity of walls, floors, ceilings, and/or other storage 

form or 
2. Acceptability of larger interior temperature variations 

cannot be recommended. Buildings with allowable interior temperature fluctuations (e.g., ware- 
houses, et.c.) and/or with large thermal mass constituents (e.g., concrete floors, walls, etc.) 
can utilize passive designs to best advantage. 

Because the intent of an active space heating system is to heat space, i.e., air, water- 
heating systems might be considered less than appropriate for active residential space heating 
systems. This is based on the fact that durability and reliability factors of freezing, 
boiling and corrosion can be expected to potentially reduce the long-term effectiveness of 
water-heating active space heating systems. 

'~irect heating systems have no heat exchangers 
2~ndirect implies the use of a heat exchanger between the collector fluid and the storage 
fluid. 
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For example, spring, fall, and summer boiling problems of water (or water/glycol mixtures, 
etc.) may be a serious problem, particularly with active combined space and DHW heating sys- 
tems [4]. In some cases solar collectors have been damaged by thermal shock when the collec- 
tors were filled with liquid on sunny days (when the absorber plate temperatures were in the 
range of 400 to as high as 800°F, 204OC to 427'~). Thus boiling and thermal shock problems 
can be associated with both drain-down, drain-back, continuously filled, and indirect liquid 
heating systems. While these design problems are not specifically liquid system problems, 
they are important considerations. Alternatively, excessive damper and duct leakage may effec- 
tively nullify any potential gains for an air-heating system. 

Poor integration of components within a system has also been observed. Use of hot water 
storage with air-heating collectors has the disadvantage of severely reducing performance by 
eliminating the stratification of temperature, easily obtainable in pebble-bed (rock) storage 
units. 

The most frequent example of poor integration of components to particular applications is 
the use of "high performance collectors" such as tracking concentrators (operating tempera- 
tures of 200 to 500°F, 93 to 260°C) for lithium bromide absorption cooling. Lithium bromide 
absorption chillers require solar operating temperatures of only 110 to 22n°F (43 tn Jfld°C) 
and typically 1 6 0 ~ ~  (70°C) with proper chiller controls! In addition, ambient temperatures 
associated with cooling requirements for residences are typically 80 to 100°F (25 to 3S°C). 
Thus the difference between collector operating and ambient temperatures is equivalent to space 
heating requirements (i.e., 70 to 80°F, 40 to 4S°C). Flat-plate collectors capable of meeting 
space heating loads can therefore achieve greater energy collection in space cooling applica- 
tions (with proper tilt of the collector array), because of the greater solar radiation inten- 
sity during the cooling season [78]. The use of concentrating collectors for space cooling is 
therefore not required and, in fact, may only be a better choice for space cooling equipment 
requiring substantially higher input temperature requirements (e.g., ammonia-water absorption 
chillers, Rankine cycle cooling, etc.). Such systems, of course, sacrifice most of the dif- 
fuse radiation. 

An "experimental" system as used in this handbook is a system design which does not have 
a proven record of performance. Such a proven record requires that the system shall have been 
operational over a reasonable period of time and the system design's detailed performance 
measured by extensive instrumentation. Innovative, unique, and clever system designs may have 
a high failure probability [78]. The quality of ttimprovedtt components/d,esigns is always a 
significant factor in the ultimate performance of a system. 

4.5.2 Collector Array Performance 

4.5.2.1 Collector Effici.ency 

The Hottel-Whillier-Bliss (HWB) model has been the standard tool for determining collec- 
tor efficiency for four decades, and has been shown to closely represent the steady-state per- 
formance of some collector arrays under uncontrolled field conditions [79]. The HWB model may 
be represented in equation form [80,813 by: 

where: 

F is the solar collector heat removal factor, dimensionless R 
(TU) is the effective product of the cover transmittance and the absorber plate absorp- 

tance [taking into account the internal and m1.11 tiple reflections), climensioilless 

U, is the solar collector overall heat loss coefficient, ~tu/hr-ft'*"~ (W/~"*'C) 
L1 

Ti is the inlet fluid temperature to the solar collector array, "F ("C) 
- 

Ta is the ambient (outdoor) temperature, OF (OC) 
- 
I is Lhe i~istantaneous solar radiation intensity on the plane of the collector, 
I ~tu/hr-ft2 (w/m2) 

The usual method of collector evaluation is to test under steady-state, controlled conditions 
(e.g., ASHRAE 93-77) and measure the energy gains from the collector by use of the equation: 

Qc = ;C (To-Ti) 
P 



where : 

A is the transpo=t fluid mass flow rate, lb/hr (kg/s) 
C is the transport fluid specific heat at constant pressure, Btu/lb*OF (kJ/kga°C) 
P 
T6 is the outlet fluid temperature from the solar collector array, OF (OC) 

The collector efficiency, q_, is then given as the actual energy collected, Q-, divided 
by the product of the incident sblar energy, I , and the gross area of the collectbr, A (the 
net area of the collectorfs absorbing surface.iany definition of "net" area) should not be - 
used!). Experimentally, an efficiency curve of the type depicted in Figure 5 is obtained from 
which applicable values of F~(T~) and FRUL are readily calculated. 

0A0.$2 0.b6 dl 0.14 0.18 0.:2 0;6 310 0.;4 0.4 I 
Operating Point (TI-T,)/ I I  (hr- f t 2  *F/Btu) 

Figure 5. Typical Steady-State Collector Efficiency Curve 

A curve derived in this manner is typically provided by solar collector manufacturers and 
subsequently used by the system designer to predict collector array performance. However col- 
lector arrays in the field are sometimes composed of multiple solar panels in series configura- 
tions (primarily residential applications; commercial installations are typically in array 
banks) and, in addition, seldom operate in a steady-state condition, i.e., they are exposed to 
a variety of dynamic factors such as clouds, wind, diurnal variations in sunlight and shade, 
etc. 

Nevertheless, the instantaneous efficiency curve derived from experimental tests in many 
cases compares adequately to a curve drawn through carefully selected "quasi-steady-state" 
points obtained from operating syst.ems [79]. Thus the experimental curve may often be reliably 
used in design methods provided that corrections'are made for the use of the collector in an 
array rather than as a stand alone panel. 

It must also be noted that collector arrays include headers and piping which are not in- 
cluded in the experimental single collector module tests. Losses from these sources are a 
subtraction against array performance despite the. fact that good manifold design and insula- 
tion can minimize the effects and can be accounted for in the expectations of collector pcrfor- 
mance. (In a system design the losses in headers/piping associated with arrays must be separ- 
ately calculated and subtracted from the array.) The fact that these heat losses must be 
accounted for does not constitute a problem, as treating pipe losses separately is a standard 
HVAC practice. It is noteworthy, .however, that a particular building may not be appropriatc 
for'solar if the piping run is Lou lolip. 



Of p o i e n t i a l l y  g r e a t e r  importance i s  t h e  l e v e l  o f  agreement between t h e  s t e a d y - s t a t e  de- 
r i v e d  curve and t h e  a c t u a l  performance o f  c o l l e c t o r  a r r a y s  under dynamic cond i t ions .  

4.5.2.2 Comparisons o f  Actual  and Pred ic ted  C o l l e c t o r  Performance 

Comparisons o f  a c t u a l  and p r e d i c t e d  c o l l e c t o r  energy ga ines  ( i . e . ,  va lues  of Qc) a r e  shown 
i n  Table  48 [81]. I n  e v a l u a t i n g  t h i s  t a b l e  it i s  worthwhile t o  cons ide r  McCumberts comments. 

Table 48. Comparison o f  Actual and Predic ted Energy Gains [81] 

P red ic ted  Actual Percent  
Monthly Monthly Deviat ion 

System Qc Qc ( from 
(1 ) 1 ) Pred ic ted  (%) 

A-frame 1.56 0.83 -46.5 
Alpha Cons t ruc t ion  6.43 4.69 -27.1 
Aratex 168.97 121.95 -27.8 
Facj 1 i,ti es navelopment. 15 .17  10.46 -31.1  
F l o r i d a  Gas 9.68 9 .23 - 4.6 
Hogate ' s  Res tauran t  95.52 86.08 - 9 .9  
Rccdy Crcck 54.71 25.08 -54.2 

(1) M i l l i o n  ~ t u / m o n t h  (mul t ip ly  by 1.055 t o  oh ta in  G.T/mnnt.h) 

The A-frame s o l a r  energy i n s t a l l a t i o n  is designed t o  supply  t h e  t o t a l  domestic hot  water  
requirements  f o r  a  f ami ly  o f  f i v e ,  bu t  t h e  load i s  i n  r e a l i t y  provided by only  two people .  
The e f f e c t  o f  t h i s  diminished load  i s  t o  cause  a  l a r g e  percentage o f  t h e  opera t ing  p o i n t s  t o  
be loca ted  t o  t h e  r i g h t  on t h e  e f f i c i e n c y  curve.  I n  a d d i t i o n ,  t h e  A-frame s i t e  i s  loca ted  i n  
a  windy a rea  (Hawaii) which i n  t u r n  l e a d s  t o  h igher  c o l l e c t o r  hea t  l o s s e s .  The pe rcen t  e r r o r  
i n  a c t u a l  energy g a i n  from p r e d i c t i o n  i s  c o n s i s t e n t  from day t o  day, i n d i c a t i n g  t h a t  t h e  opera t -  
i n g  cond i t ions  d i d  no t  d e v i a t e  s i g n i f i c a n t l y .  The mean d a i l y  e r r o r  i n  s o l a r  c o l l e c t e d  u s e f u l  
energy i s  a  n e g a t i v e  23,370 Btujday (24,650 kJ/day).  This ,  however, cannot be  considered a  
t y p i c a l  system. 

The Alpha Cons t ruc t ion  Company s o l a r  energy i n s t a l l a t i o n  i s  an a i r - h e a t i n g  system, de- 
s igned  t o  supply  space and DHW h e a t i n g  t o  a  s i n g l e  family  dwel l ing.  The mean d a i l y  e r r o r ,  i . e . ,  
o v e r p r e d i c t i o n  of s o l a r  c o l l e c t e d  u s e f u l  h e a t ,  Qc, i s  56,199 Btu/day (59,290 k ~ / d a y ) .  

The Aratcx s o l a r  cnergy i n s t a l l a t i o n  i s  dcsigncd t o  p rehea t  watcr  f o r  a  l a r g c  i n d u s t r i a l  
laundry.  The system showed a  c o n s i s t e n t  d a i l y  d e v i a t i o n  from t h e  p red ic ted  v a l u e  of -27.8 pe r -  
c e n t .  

The F a c i l i t i e s  Development s o l a r  energy i n s t a l l a t i o n  provided domes t i c .ho t  water hea t ing  
t o  a  31 u n i t  condominium. The monthly d e v i a t i o n  between a c t u a l  and p red ic ted  energy ga in  was 
-31.1 pe rcen t .  The average d a i l y  average i n  Qc was a  r educ t ion  o f  152,032 Btu/day (160,390 
k.l/day). 

The F l o r i d a  Gas s o l a  energy system i s  designed t o  providc  h e a t i n g ,  coo l ing ,  and domestic 
ho t  water  t o  a  1548 square  f o o t  (144 square  meter)  s i n g l e  family  dwel l ing.  Table  48 i n d i c a t e s  
a  monthly . e r ro r  o f  -4 .6  pe rcen t ,  i . e . ,  t h e  a c t u a l  energy g a i n ,  Qc, was 4 .6  pe rcen t  l e s s  than  
t h e  p r e d i c t e d  va lue  f o r  t h e  month of August. Examination of t h e  d a i l y  v a l u e s  i n d i c a t e s  devia-  
t i o n s  between +125 pe rcen t  and -18 p e r c e n t .  The majo r i ty  o f  t h e  p o s i t i v e  d e v i a t i o n s  occurred 
on days when every c o l l e c t i o n  was v e r y  low, which impl ies  overcas t  cond i t ions  and a  h igh r a t i o  
of d i f f u s e  t o  beam energy. McCumber [81] has  concluded from t h i s  example t h a t  t h e  l i n e a r  HWB 
model . i s  a p p r o p r i a t e  f o r  t h i s  a p p l i c a t i o n  o f  t h i s  p a r t i c u l a r  c o l l e c t o r .  

The Hogate ' s  Kestaurant  s o l a r  energy i n s t a l l a t i o n  provides  ho t  water hea t ing  f o r  k i t chen  
use. The Tabular d a t a  g iven i n  'l'able 48 shows t h e  month1 energy g a i n  t o  be 9 .9  percent  lower 
than  p r e d i c t e d .  The d a i l y  e r r o r s  a r e  no t  c o n s i s t e n t ,  wi th  some p o s i t i v e  e r r o r s  showing up on 
days  o f  low energy g a i n .  When energy pain  was lii.gh, t h e  e r r o r s  a r e  nega t ive  and o.f npproxi-  
mate ly  t h e  same magnitude. This impl ies  a  b e t t e r  convers ion of d i f f u s e  s u n l i g h t  than t h a t  of 
beam r a d i a t i o n .  The mean d a i l y  d e v i a t i o n  between a c t u a l  energy g a i n  and p r e d i c t e d  energy g a i n  
was a  r educ t ion  of 304,612 Btu/day [321,365 kJ /day) .  



The Reedy Cr,eek u t i l . i t i e s  so l a r  energy i n s t a l l a t i o n  employs a  concentrating co l l ec to r ,  
cons is t ing  of r e f l e c t i v e  parabol ic  troughs and l i nea r  rece ivers  (absorbers) .  The rece ivers  
a r e  mounted on leve l  arms which r o t a t e  t o  maintain t he  rece iver  i n  t he  foca l  region of t he  
parabolas.  This i n s t a l l a t i o n  provides hot water t o  the  generator of an absorption c h i l l e r  
a t  temperatures i n  excess of 170°F (77OC). Table 48 shows the  monthly energy gain t o  be 54.2 
percent l e s s  than predicted.  The or ig ina l  design had determined t h a t  d i f f u s e  r ad i a t i on  was , 

assumed t o  be concentrated on t he  rece iver  -- an erroneous assumption. 

"Experience has shown t h a t  concentrating co l l ec to r s ,  a s  a  c l a s s ,  have fewer s teady-s ta te  
operating condit ions than f l a t - p l a t e  co l l ec to r s .  This is  thought t,o be due t o  the  added r e -  
quirement of maintaining t he  receiver  i n  focus against  a l l  t he  environmental dis turbances.  A 
higher percentage of t r ans i en t  po in ts  leads t o  a  grea te r  deviat ion from the  expected energy 
gain. The d a i l y  e r r o r  percentages a r e  cons is ten t  with t he  monthly e r r o r  percentagen [81]. 

The general flaw i n  McCumber's ana lys i s  i s  t he  inva l id  appl ica t ion  of the  
pred ic t ion  method. For example, t he  manifold/header and ex t e r io r  co l l ec to r  loop 
piping losses  were not accounted f o r  by t he  IBM (McCumber) ana lys i s .  Thus the  
co l l ec to r  a r rays  do not  perform a s  predicted,  pr imari ly  because t he  losses  i n  
headers and piping associated with so l a r  co l l ec t i on  a r e  v i r t u a l l y  ignored. I f  
these  losses  a r e  accounted f o r  i n  each of t he  i n s t a l l a t i o n s ,  then t he  co l l ec to r  
a r r ay  performance can be reasonable accurate .  

McCumber has subsequently quant if ied t he  dynamic e f f e c t s  of f i e l d  operat ing condit ions on 
t he  energy gain of a  co l l ec to r  a r ray  [82]. This was done by deriving instantaneous e f f i c i ency  
curves from f i e l d  data  by techniques described i n  reference [79] and using t he  f ie ld-derived 
curve ( instead of t he  s i ng l e  panel laboratory-derived curve) i n  t he  energy gain comparison. 
McCumber then concluded t h a t ,  i n  general ,  dynamic e f f e c t s  r e s u l t  i n  e r ro r s  on the  order  of f i v e  
percent .  This roughly corresponds t o  more prec ise  est imates  of reduct ions i n  co l l ec to r  modules 
i n  s e r i e s  flow configurat ions (based on t heo re t i c a l  models) by Oonk, e t  a1 [83]. 

4.5.2.3 Causes of Deviations from Eff iciency Curves 

Figure 6 shows performance comparisons of several  systems. (The tthistogramsu r e f e r  t o  t he  
percentage of time t h a t  t he  co l l ec to r  a r ray  operated under spec i f ied  condit ions of [(Ti-Ta)/I] .) 
Reductions i n  the  e f f ic iency  ax is  i n t e r cep t  ( i . e . ,  when (Ti-Ta/II = 0) may be caused by reduced 
values o f :  

1 .  F t he  co l l ec to r  heat removal f a c t o r .  F i s  a  d i r e c t  funct ion of flow r a t e  and 
tRLrmal conduct ivi ty  of t he  bond between !he absorber p l a t e  and the  f l u i d  t r ans -  
por t  tubes (ducts) and an inverse funct ion of t he  heat l o s s  coe f f i c i en t .  

2. T ,  cover t ransmiss iv i ty .  This may be due t o  opaque substances on t he  outer  sur -  
face  of t he  glazing (dust ,  debr i s ,  e t c . )  o r  condensation and/or outgassing r e s i -  
due on t he  inner surface of t he  glazing,  and 

3. a, p l a t e  absorpvi t iy .  This may be low due t o  t he  de t e r i o r a t i on  of t he  absorber 
coat ing.  

Reduction i n  the  opsrnt,ing point  i n t e r cep t  ( i . e . ,  when nC = 0.0) is  - not caused by va r i a t i ons  
i n  FR, but can be due t o :  

I 1 .  Decreases i n  T arld/or a, and/or 
2. Increases i n  U , the  c o l l e c t o r  heat loss  coe f f i c i en t .  U i s  s t rongly a f fec ted  L 

by wind and amkient temperatures and i s  a l s o  subject  t o  Increase a s  i n s t a l l a t i o n  
and perimeter insu la t ion  decreases i n  e f fec t iveness .  

3 .  Array not t o t a l l y  f i l l e d  ( i . e . ,  some co l l ec to r s  inopera t ive) .  

4.5.2.4 Comparison of Arr.sy Performance t o  Single-Panel Predict ion 

McCumber [81] has analyzed 50 co l l cc to r  i n s t a l l a t i o n s .  Of these,  four  were i n  c lose  
agreement (5%) with t he  s i ng l e  panel p ro jec t ion ,  12 were subs t an t i a l l y  b e t t e r  (ac tua l ly  co l -  
lected more) than t he  s i ng l e  panel p red ic t ion ,  and 34 were subs t an t i a l l y  worse (ac tua l ly  c o l -  
l ec ted  l e s s ) . t h a n  t he  s i ng l e  panel p red ic t ion .  Table 49 summarizes these f indings [82]. 

4.5.2.5 Variat ions of Instantaneous Eff iciency Curve with Time 

Figure 7 presents  t he  monthly instantaneous e f f ic iency  curves f o r  a  s i ng l e  s i t e .  Notice 
t h a t  t he  e f f ic iency  ax i s  in te rcep t  va r i e s  only s l i y l i t l y  but t hc  operating point  ax is  i n t e r cep t  
var ies  from 0.6 t o  0.72 h r * f t * - O ~ / ~ t u  Variat ions i n  t he  operat ing poin t  axis .  in te rccp t  
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Table 49. Comparison of Array Performance to Single Panel Prediction [82] 

Within 
5 % Better Worse 

Liquid Single glazed non-selective 0 6 2 
selective 1 0 3 

Double glazed ndn-selective 1 3 7 
selective 0 0 7 

Evacuated tube 1 0 0 

Concentrator 0 0 2 
- - 

Air Single glazed non-selective 0 0 6 
selective 0 0 1 

-- - --- - 

Double glazed non-selective 1 3 5 
selective 0 0 0 

5 0 .4  December 

January 
0 . 2  

February 

0.0 
0.0 0.2 0.4 0 . 6  0.8 1.0 

Operating Point (Tf,l-T,)/I(OF-hr-fta)/BTU 

Figure 7. Variations of Efficiency Curves by Month [82] 

appear to be due to changes in UL brought about by changes in the external ambient temperature 
without corresponding changes in the operating temperature, i.e., Ti. 

4.5.2.6 Relative Performance of collector Types 

Figure 8 presents the relative performance of representative collector types. Figure 8(a) 
for oxampla, is the HWB curve for a single glazed non-selective absorber collector array plotted 
over a histogram of the collector operating points for an example month. Figures 8 ( b j  lllruugll 
8 ( j )  depict other generic collector configurations. The notes on the curves are the energy 
acquired by the collector array normalized to the number of square feet of collector area. The 
significant aspects of any collector array are: (1) energy acquired, (2) the cost of its acqui- 
sition, and (3) the delivery temperature. 

The curves in Figure 8 indirectly indicate the delivery temperature, higher delivery 
temperatures being implied by a concentration of operating points to the right of the graph or 
low values of solar insolation. Relative comparisons among types must consider the design 
operating point. Thus a single glazed non-selective absorber collector, which has a high 
efficiency intercept and low operating point intercept, will not operate efficiently at the 
inlet temperatures (as reflected by the operating range) required for absorption chiller opera- 
tion (temperatures in excess of 16S0~, 75'~). 

4.5.3 Problem-Related Variations in ~ollector Performance 

4.5,3.1 Introduction 

Significant reductions in collector array performance have also been due to system pro- 
blems. While dynamic effects may reduce performance of field installed collectoss by five 
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percent from that of single panel collector expectations, system desrgn, installation, and 
operation problems or errors may cause much greater degradations of performance. 

Several of the major problems in collector array performance which have been observed in 
the field are: 

1. Inadequate flow distribution, including a lack of adequate filling of the 
collector array with heat transfer liquids, 

2. Unanticipated thermal storage temperature stratification (or insufficiently 
accounted for), 

3. Unacceptable rates of heat transfer fluid leakage 
4. Degradation of collector characteristics due to lack of design, installation 

and operational considerations, and 
5. Prediction methodology does not represent field application, i.e., prediction 

assumptions are not met in real life. 

4.5.3.2 Inadequate Flow Distribution 

4.5.3.2.1 Flows within arrays. Collector arrays composed of more than four collec- 
tor modules are normally connected in a parallel flow configuration. Flow through an inlet 
manifold is distributed to a set of single modules (or series-connected pair or triplets of 
modules -- see Figure 9), with the intent of each module or module pair to receive an equal 
fraction of the total collector flow. For example if the collector flow rate for the array 
shown schematically in Figure 9.is 8 gpm (0.5 l/sec), each of the module pairs should receive 
a flow rate of 1 gpm (.06 l/sec) or one-eighth of the total flow. 

Figure 9. Schematic of Collector Array Flow Configuration Through Modules 

The performance of a solar collector array is dependent upon the absorber area of the col- 
lector. However, if in a collector array several collector modules are inoperative (i.e., no 
useful heating is being accomplished), then the effective area is considerably reduced from the 
absorber area [76]. If, for example, the collector array shown in Figure 9 had the third and 
fourth modules on the top row inoperative, then the third and fourth modules at the bottom are 
also inoperative and thus the area of the array which is collecting useful heat is reduced by 
one-fourth of the gross area. Such reductions could partially account for the differences in 
observed collector array efficiencies and the predicted efficiencies of the collector modules 
for some of' the systems discussed by McCumber [81] (see Table 48). 

A collector module within an array could become inoperative if the flow of the heat trans- 
fer fluid.through the module was in any way interrupt.ed or restricted. This modular no-flow 
condition may be experienced in a liquid-heating collector by: Flow constriction of the col- 
lector tubes by debris, a combination of glycol leak protection and foreign matter combining to 
plug one or more tubes, damage to the collector absorber causing crimping and/or closure of a 
tube, and by air (.or steam) pockets which would prevent liquid flow (particularly in open flow, 
i. e., trickle type, collectors). 

Prevention of plugging of collectors with debris and foreign matter is easily accomplished 
by proper use of filters when flushing the collector array initially and during normal operations. 



Damage to the collector absorber (such as during shipping or installation) can be avoided by 
proper attention to procedures. The elimination of air pockets, however, is a design function 
and depends upon the ability of the system to completely fill, and keep filled, the collector 
array. This is a question therefore of proper hydraulic design. 

4.5.3.2.2 Hydraulics - Interrupted Flow. Several instances of inadequate filling 
of the collector array have been observed with subsequent reduction in the collector's useful 
heat output. These instances have been due, in general, to two specific design features. The 
first case is shown in Figure 10 and involves the characteristics of the pump being used to 
fill the collector and the total static head of the collector loop (including the collector 
array itself). In Figure 10, a pump curve is shown as a plot of pressure head against flow 
rate. The family of curves indicates the pressure head versus flow rate condition for the 
various numbers of collector modules receiving flow (assuming the number of modules in Figure 
9). If the total static head, H, is greater than hmax (as shown in Figure lo), flow wjll not 
be achieved in all of the collector modules. 
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Figure 10. Pressure Head Versus Fl.ow Rnto for 3 Colloctor.Pu~~ip and Calleero~ Array 
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Figure 11. Pressure Head Versus Flow Rate for a Two-Speed Pump and Collector Array 
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A two speed pump could be added in some cases for the initial filling of the collector 
array in order to.avoid this problem (see Figure 11). The two speed pump would also help to 
avoid the potential problem of filling a very cold collector'array by moving the water through 
the array fast enough to prevent freezing upon the initial filling of the day for a drain-down 
or drain-back system. 

However, this will not necessarily eliminate a second design problem of maintaining a 
completely filled collector. For example, Figure 12 shows the relationship between the 
frictional pressure drop, Apm, across the collector module (or series-connected modules) and 
the pressure static head, h caused by the difference in height between the inlet and outlet - 
of the collector module andfir array. If the collector module pressure drop, Ap , is less 
than the pressure head, hAI and one module is momentarily not quite filled, the Tiquid will 
take the path of least resistance and by-pass that module. Inevitably, because of air pockets 
incurred in filling operations, from dissolved air in the collector liquid, or from possible 
steam generation, modules will have their flow occasionally interrupted. If Ap < hA, then 
the module flow interruption cannot be corrected and some collector modules wilf become in- 
operative. The inoperative modules will normally be located in the center of the array (see 
Figure 12b). 

Figure 12. Comparision of Collector Module Pressure Drop and Pressure Head 

4.5.3.2.3 Hydraulics - Flow Distribution. A lack of equal flow distribution through 
a11 collector modul.es in an array (e.g., in Figure 9) can also degrade the performance of a 
collector array. Several cases of poor-flow distribution have been observed [84,85] and are 
again due to inappropriate pressure drops in various portions of the collector loop. Inadequate 
flow distribution is a potential problem in air-heating as well as in liquid-heating collectors, 

Fox' t h e  cast: u.C "diagonal flowtt aarom a collector array b s  shown in Figure 9 where the 
collector fluid enters at one corner, labeled A, and exits at the opposite corner, labeled B), 
the condition for equal flow distribution 1861 i s  that the pressure drop in the modules (or 
series-connected modules)., must be greater than 90 percent of the total pressure drop from 
point A to point B, Ap . This is easily achieved by ensuring that the inlet and outlet mani- 
folds are large enoughA!o ensure a minimal pressure drop (and less than 10 percent of the total 
collector array pressure drop).. 

4.5.3.2.4 Rccomniendations. T f  we combine the flow distribution requirement with 
the requirements for proper filling of the collector, we can summarize three critically impor- 
tant hydraulic design features for the collector array heat transfer fluid characteristics: 

1. Apm > 0.9 ApAB (see Figure Y j  

2. Apm > hA (see Figure 12) (liquids only) 

3. hmax > H (.see Figure 10) (liquids only) 

4.5.3.3 Thermal Storage'Temperature Stratification 

Thermal storage temperature SLL-atilication is the variation of temperature within the 
thermal storage unit along the path of heat transfer fluid flow. Temperature stratification is 
most prevalent in pebble-bed.storage units used with air-heating collector systems. Figure 13 
shows a set of temperature profiles in a pebble-bed storage. 1 
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Figure 13. Pebble-Bed Storage Temperature Stratification Profiles with Respect to 
Time of Day [67] 

The advantage of temperature stratification is that the temperature of the heat transfer 
fluid from storage to the inlet of the collector array is a minimum. This results in the maxi- 
mum efficiency for the collector. In air-heating systems this inlet temperature is typically 
70°F (20°C), even with collector outlet temperatures of 150'~ (65°C). Temperature stratifica- 
tion in hot water thermal storage units is normally more difficult to obtain because of the 
mixing of hot and cold water by forced convective currents. Numerous techniques have been 
developed in order to obtain temperature stratification in water storage tanks. Temperature 
differences of 25°F (15°C) have h m n  arhicvcd in soms ~a305 with n i-esulti~lk Tuur parcenr in- 
crease in collector efficiency r87] . 

Some projects have reported temperature stratification in water storage tanks with a re- 
sulting improvement in system performance. Sllch temperature stratification has been due ill 
many cases to "short circuitfng" of the storage liquid thral~gh a t a n k .  In one caso a ~oduccd 
tlow rate in the collector loop produced a lower mixing of hot and cold water and, when com- 
bined with the location and positioning of the tank connections (see Figure 14), caused a 
three percent increase in collector efficiency [12]. 
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Figure 14. "Short Circuitingtf of Liquid Through a Hot Water Storage Tank Resulting 
in a 22°F (12"~) (approximate) Temperature Stratification 

The important factor is that the reduced collector flow rate, which resulted in slightly 
improved collector performance, used less electrical power .to run the collector pump. Such 
factors must be included in the detailed design of the system if it is to perform up to ex- 
pectations. 



4.5.3.4 Heat Transfer Fluid Leakage 

Heat transfer fluid leakage in liquid systems is unacceptable. Accordingly, the effect of 
liquid leakage on performance has not been considered. 

In air-heating systems, air leaks -the collector loop may not significantly affect the 
overall system performance if the leaks displace the building's air infiltration (and/or ex- 
change) which would otherwise occur during collector operation. Close [88] notes that where 
leakage does replace natural infiltration, collector leaks will result in better performance 
over collectors which don't leak. Jones, et a1 [89] notes that a leak of 10 percent would not 
significantly affect the performance of the system but leaks greater than 10 percent would be 
detrimental to the system performance. In addition, air leaks can bring dirt and other im- 
purities into an otherwise closed system, thus interfering with performance of collectors, heat 
exchangers, storage materials, etc. 

If the air leakage does not displace natural ventilation, the role of air leaks into a 
solar system is to decrease theefficiency of the system over the case where no leaks occur 
[89]. Table 50 provides a theoretical estimate of the effects of air leakage on collector per- 
formance where it is assumed that: 

1. Leaks do not displace natural ventilation and 
2. Leakage of the collector itself is not considered (because such leaks would 

already be realized in the collector module testing) 
In Table 50, FR(~a) and FRUL are the resulting collector parameters and f is the fraction of . 
the load carried by solar. 

Table 50. Effects of Air Leakage on Collector Efficiency [89] 

No leakage 0.52 0.85 30.8% 74.2 

Leaks into collector inlet duct 0.52 1.05 25.8% 70.0 

Leaks equally divided between 0.51 1.10 23.5% 67.7 
inlet and outlet ducts 

Leaks into collector outlet duct 0.50 1.14 21.5% 65.5 

*(Ti-Ta/I)= 50°F/ (200 ~tu/hr-ft') = 0.25 hr*ft2/~tu 

Shingleton, et a1 [go] have analyzed the effects of air leakage on performance by consider- 
ing measured leakage at instrumented sites where air flow measurements were conducted. All of 
the seven systems considered and where air flow surveys were accomplished, exhibited external 
air leakage in the collector array and the pebble-bed storage container as well as internal 
l e a k a g e  t h m u g h  ~ontrol, hackdraft. and shut-off dampers. Some of the systems also exhibited 
leakage along duct seams and localized leakage at duct-to-component joints. Air leakage and 
blower flow rates were found to vary from one operational mode to another in response to the 
varying System pressure drop. Some leak locations were found to infiltrate air in one mode 
and exfiltrate air in another. 

One of the systems surveyed is the basis for Shingleton, et alts 19.01 analysis and is 
described in Table 51. (Figure 15 shows a schematic of the system.) The results of the analy- 
sis are shown in Figure 16. 

Shingleton, et al  [go] has concluded that a system with various external and damper air 
leaks and an annual solar fraction of 40 percent (i.e., f = 40%), can realize significant sav- 
ings by eliminating air leaks. In this example: 

o The elimination of all air leaks results in a 19 percent reduction in 
the seasonal auxiliary energy use. 

o Installation of low leakage dampers (bne percent leakage) results in a . 
six percent reduction in the seasonal auxiliary energy use 1901. 

The effocts of the collector flow rate and installation procedures on air leakage (and 
ultimately on collector performance) has been observed by Karaki, et a1 [67]. Table 52 pro- 
vides data on this system where in the west array all of the collector modules (16 in number) 
were lifted to the roof first. The cherry picker, which was used to lift the collectors, was 



Table 51. Component Air Leaks in Basic Solar Air-Heating Systems [go] 

Air Leak Rate 
(Percent of Design Flow Rate)* 

Operating Mode 
Leak Storage Collector Collector 

Location to house to house to storage 

Collectors - 8 -42 - 1 
Storage -17 - 1 +11 
Solar blower -17 -19 -11 
Damper D2 5 3 14 
Damper BD2 2 -- -- 
Damper MDlA 1 -- -- 
Damper MD2A -- -- -- 
Damper MD2B -- 4 3 

*Design flow rate = 1092 cfm (2325 11s) 
Notes: Leak sign convention for external leaks: 

positive = leak out (exfiltration) 
negative = leak in (infiltration) 

"The air leakage in this system was measured after extensive 
efforts by the HUD support contractor to~educe air leaks 
where practical" [go] . 

Note Figure 15, 

D Y  W SYSTEM ( Not Modeled) 

Figure 15. Solar Air-Heating System Schematic [go] 
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Total Seasonal Heating Load = 56.8 GJ 

Figure 16. Computer Simulation Results for a Solar Air-Heating System in 
Madison, Wisconsin With and Without Air Leaks [go] 

Table 52. Effects of Collector Air Flow Rate and Installation 
Procedure oil Air Flow Leakage, 

West East 
Array Array 

Flow rate = 6.5 cfm/sq. ft 
(1.31 l/s sq. m) * 

Loakngo during ctorage charging 5 % 3.3% 
Leakage during direct space'heating 9 % 22% 

Flow rate = 4.9 cfm/sq. ft 
C0.96 l/s .sq. m) @ 

Leakage during storage charging 5 % 6% 
. . Leakage.during.direct.space.heating 7% 18% 

* Varied from 5.,2 to 7.8 cfm/ft2 (11.02 to 1.53 l/s per sq. m) 
@ A reduction in flow.rate of 27% 

released and then left the job site. The modules were then moved into position by the in- 
stallers and fastened to the roof. For the east array, collector modules were lifted to the 
roof as needed and fastened into position. The first method minimizes use time of the mechani- 
cal lifting equipment but the second minimizes overall installation time. Including pre- 
installation preparation time, cleaning the outer glazing, etc., the 16 collector modul'es in 
the west array were lifted to the roof' in 2.5 hours Cthus limiting the use of the cherry picker) 
and the array was completed in 10 additional hours. The east array was totally installed in 
9.. 5 hours 167.1 . 



Karaki has concluded t ha t  "Leakage of a i r  i n t o  co l l ec to r  a r rays  does not adversely a f f e c t  
an a i r -hea t ing  system." But t h i s  is contingent upon leakage ac t i ng  a s  a  preheat of i n f i l t r a t i o r  
a i r  and t h a t  t h i s  has not  been a t  t he  expense of increasing bui lding i n f i l t r a t i o n .  A i r  leakage. 
o f  5  and 20 percent  ex is ted  i n  t he  west and ea s t  a r rays ,  respec t ive ly .  Leakages across  closed 
dampers a r e  s i gn i f i c an t ,  p a r t i c u l a r l y  when a  damper i s  i n s t a l l e d  i n  a  b i -d i rec t iona l  duct and 
t h e  reverse  s i d e  of t he  damper is subjected t o  increased pressure.  

Jones [89] has shown tha t ,  f o r  a  15 percent leak equal ly divided between i n l e t  and o u t l e t  
ducts ,  t h e  s o l a r  f r a c t i o n  is reduced from 74 t o  68 percent when the  a i r  leakage i s  not a  r e -  
placement f o r  na tura l  ven t i l a t i on .  Thus while t he  west a r ray  i s  probably a c c e p t a b l e n  terms 
of  leakage (5 t o  9 percent) ,  t he  e a s t  a r ray  has 6 t o  10 percent more leakage (depending upon 
flow r a t e ) .  This r e s u l t s  i n  t he  west a r ray  providing 10 t o  15 percent more usefu l  hea t ,  Q-, 
(assuming t h a t  a i r  i n f i l t r a t i o n  i n t o  t h e  co l l ec to r s  does not  replace na tura l  i n f i l t r a t i on ) :  
than  t he  ea s t  a r ray  a t  t he  higher flow r a t e  and 5 t o  10 percent more usefu l  heat a t  t he  lower 
flow r a t e .  Under t he  worst condit ions t he  west a r ray  useful  heat co l l ec t i on  may exceed t he  
e a s t  a r r ay  hea t  co l l ec t i on  by 25,000 t o  30,000 Btu per  day (26,400 t o  32,700 kJ/day) (or  about 
17 percent  more useful  heat)  [67]. 

4.5.3.5 Ef fec t s  of Collector  Degradation on Perfoi~uance 

The e f f e c t s  on performance due t o  the observed degradation of co l l ec to r  cha rac t e r i s t i c s  
include performance reduct ions due t o :  

1. Degradation of p l a s t i c  covers, including f iberglass-reinforced-polyester  (FRP) 
2.  Scaling build-up i n  collector modulca and piping,  and 
3.  i n a b i i i t y  of t he  co l l ec to r  module and/or components t o  withstand s tagnat ion 

temperatures 

A l l  p l a s t i c  covers should be expected t o  degrade over time due t o  u l t r a v i o l e t  r ad i a t i on  
and e f f e c t s  of weathering (see Section 2.2.1.1.1).  Performance degradation usual ly occurs by 
reduct ions i n  t h e  t ransmiss iv i ty  of t he  p l a s t i c .  For example, FRP p l a s t i c  covers with a  t r ans -  
m i s s iv i t y  of 0.95 ( i . e . ,  95 percent of t he  incident  s o l a r  r ad i a t i on  is  t ransmit ted through the  
cover) w i l l  inev i tab ly  degrade t o  about 0.90 within one o r  two years .  However, t he r e  i s  l i t t l e  
o r  no f u r t h e r  performance degradation a f t e r  t h e  t ransmiss iv i ty  has been reduced t o  about 0.90. 
Thus t he  long range performance leve l  of t he  FRP cover i s  about equivalent t o  t ha t  of ordinary 

' g l a s s  covers.  

Several systems which used s t e e l  tubes i n  t he  s o l a r  co l l ec to r  modules and which were 
vented on a  regular  ba s i s  have encountered problems with sca l ing  bui ld up i n  t he  co l l ec to r  
module tubes [91~]. This sca l ing  has i n t e r f e r ed  with flow d i s t r i bu t i on  with a  r e su l t i ng  reduc- 
t i o n  i n  performance (see Sect ion 4.5.3.2) . 

A more subs t an t i a l  problem occurs whenever t he  s tagnat ion (equilibrium no-flow) tempera- 
t u r e  exceeds t he  ra ted  maximum temperature of t h e  co l l ec to r .  In  one case [76] t he  s tagnat ion 
temperature (=450°F, 230°C) was considerably higher than t he  manufacture's r a t ed  o r  guaranteed. 
temperature l i m i t  of t he  co l l ec to r  (300°F, 150°c). The r e s u l t  was t h a t  t he  so lder  used i n  t he  
c o l l e c t o r  melted a t  =350°F (175'~)  and t he  bonding between tube and absorber p l a t e  f a i l e d .  The 
end r e s u l t  was t h a t  55 t o  60 percent of the  co l l ec tp r s  i n  t he  system became inoperat ive [76]. 

4.5.4 Thermal Losses 

4.5.4.1 Introduct ion 

Systems t h a t  perform well have always considered t he  e f f e c t s  of system heat losses  i n  t he  
design phase. Overlooking and/or underestimating t he  system and component heat losses  i n  other  
i n s t a l l a t i o n s  has been a  major f a c t o r  i n  t he  i n a b i l i t y  of these  s o l a r  heating and cooling sys- 
tems t o  achieve t he  expected and/or predicted l eve l  of performance [78]. .  System components 
t h a t  incurred subs t an t i a l  and s i g n i f i c a n t  heat  losses ,  which have i n  t u rn  produced lower l eve l s  
o f  performance, include: 

1. Thermal s torage  u n i t s  
2. Piping and/or ducting 
3.  Heat exchangers, pumps and blowers 
4. Valves ( r e l i e f ,  vent,  shu t  o f f ,  e t c . )  and 
5. Col lec tor  manifolds and co l l ec to r  module interconnect ions 

4.5.4.2 Ex te r io r / In t e r i o r  Heat Losses 

In considering t he  e f f e c t  of heat  l o s se s  on system performance, it i s  necessary t o  d i s -  
t inguish  between e x t e r i o r  and i n t e r i o r  hea t  losses .  Exter ior  heat losses  general ly  do not  



contribute toward reducing the heating load or increasing the cooling load and consequently 
can be accounted for by a simple reduction in the available solar useful heat. In this case 
the remaining solar heat available to the solar heating and cooling system is the collected 
useful heat, Qc, less the exterior heat losses, QE., 

Heat losses to garages, attics or other normally unheated spaces may, during the heating 
season, provide either useful heating of that space (essentially a slight improvement in tem- 
perature) or help reduce heat losses from the conditioned space by providing a partially heated 
"buffer" between the conditioned space and the ambient. While such heat losses may be margin- 
ally useful in some cases and thus may be a system/building design consideration, such losses 
will be considered in this handbook as exterior heat losses and therefore will not be considered 
useful in contributing to meeting the heating load. (This assumption is usually more applicable 
to residential installations.). Such heat losses during the cooling season would, of course, add 
to the cooling load. 

Interior heat losses are those system heat losses which serve to heat the conditioned 
space. However, it is important to recognize that heat losses from solar system components that 
are physically located within the conditioned space include, .in general, both interior and ex- 
terior heat losses. For example, heat losses from a thermal storage unit can occur: 

1. Through the walls of the insulated unit 
2. Through the structural base supporting the thermal storage unit (e.g., a 

horizontal tank with supporting saddles) 
3. Via the piping connections to the unit 
4. Through thermosyphoning of the heat transfer fluid through the collector (or 

storage side of,the collector/storage heat exchanger) loop, load loop, DHW 
loop(s), etc. 

Exterior lo'cated components which are adjacent to the conditioned space may also have interior, 
as well as exterior, heat losses. 

For example, Figure 17 shows an installation where the thermal storage hot water tank with 
foam insulation (R-30) is located on a concrete slab in a building with concrete walls. The 
horizontal tank is supported by a steel saddle with four steel (pipe) legs. There are eight 
piping connections to the tank.(to and from collector, to and from heating/cooling units, to 
and from DHW preheat tank, a drain connection, and a vent valve). The tank 'is also contained 
within an equipment room with wall R-11 insulation between the room and the conditioned space 
and R-19 insulation in the equipment room ceiling. The piping to the storage tank has R-6 . 
piping insulation. 

Insulated Stud Wall 

Equipment Room 5 .- 
L 
4) 
C 
x 
W 

Side View Plan View 

Figure 17. Installation and 111sulaLi011 of a Thermal Storage Tank [9?] 

While the tank supports have a very small cross-sectional area, large heat conductivity of 
steel (relative to R-30 foam insulation) more than compensates for the small heat conducting 
cross-sectional area of the structural legs. The piping connections have an effective resis- 
tance to heat conduction of about R-6 (the value of the piping insulation) and, when combined 
with natural thermosyphoning, may reduce the effective R-value of the thermal storage by 30 to 
60 percent [93]. Clearly the insulation of tank supports, the reduction in the number of 
connections, and the installation of check valves to prevent thermosyphoning will reduce these 
losses, but not eliminate them (see below). 
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Finally the heat losses to the equipment room do not provide useful heating of the condi- 
tioned space as such (but normally do provide overheating of the equipment room). Only that 
portion of the heat generation in the equipment room which reaches the conditioned space 
through the ceiling or stud wall can be considered interior heat losses. Those heat losses 
through the exterior basement walls and concrete slab (to ground) are exterior losses. Table 
53 provides a summary of those heat loss mechanisms as a percentage of the total heat losses 
from the thermal storage unit. 

Table 53. Heat Loss Components from Thermal Storage [92] 

Heat Loss Percentage 
Method (Btu/hr) * of Total 

- - -  

1. Storage tank direct to ground 
(via support structure) 600 23 

2. Storage tank to exterior, direct 100 4 
3. Storage tank to equipment room 

a. Through foam insulatiol~ 400 15 
b. Piping connections (conduction] 600 23 
c. Thermosyphoning in load loops - 5 t, 
d. Total to equipment room 1900 - 73 

4. Total thermal storage heat loss 2600 100 
.- ...- -" . 

1. Equipment room to interior 
a. Through ceiling 6 0 3 
b. Studwall 160 9 

2. Equipment room to exterior 
a. Through Concrete walls 1370 72 
b. To ground via concrete slab 310 - 16 
Total loss to equipment room 1900 100 

Summary : 
1. Heat loss to interior of space 220 9 
2. Heat loss to exterior of space 2380 91 

*Multiply Btu/hr by 1.055 to obtain kJ/hr 

It is important tn real i 7.~: thgf air-heating collector systems have similar piollers. The 
effective thermosyphonfng of cold freezing air in the collcctor loop has in rllarly cases caused 
the freezing of DHW coils located within the conditioned space [94]. 

4.5.4.3 Usefulness/Nonusefulness of Interior Heat Losses 

In numerous evaluations of operating solar systems, the heat losses from solar components 
(such as a thermal storage unit) located within the conditioned space have been considered as 
useful heat delivered to the space heating load. In effect the assumption has been that B=0.0. 
Such an assumption is only true for certain portions of the year. For example, Table 53 pro- 
vides an estimate of the effects of overheating of a residential-sized solar system on a monthly 
basis. It is clear from Table 54 that the assumption that all heat losses to the interior of 
the space are useful is, in general, incorrect. In addition, overheating during the lr~vriths of 
October, February, March, and April could represent an even greater problem. 

Table 54. Solar System Heat Losses/Overheating of Conditioned Space [95] 

6 (November) 
(December) 

B (January) 

B = Number of hours above T/Number of hours in month 
Temperature setting = 72°F (22'C) 
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During the  cooling season, system heat losses  t o  t he  i n t e r i o r  of the  conditioned space 
not  only reduce the  ava i lab le  s o l a r  energy f o r  operat ion of a  cooling u n i t ,  they a l s o  increase 
t he  cooling load of t he  building. The reduction i n  t he  useful  s o l a r  energy space cooling pur- 
poses thus includes the  d i r e c t  loss  of ava i lab le  heat  t o  t he  i n t e r i o r ,  Q I ,  p lus  t he  s o l a r  heat 
required t o  operate  a  cooling u n i t  i n  order  t o  remove t h i s  heat  a t  some coe f f i c i en t  of perfor-  
mance, C, i . e . ,  QI /C .  Thus: 

Qu = Qc - QE - QI - (Q1/C) 

where: 
QU = Useful heat del ivered t o  t he  cooling u n i t  

Q = I l s e h ~ l  col lected heat del ivered from the  s o l a r  co l l ec to r  a r ray  
C 

QE = Exterior  heat losses  

QI = I n t e r i o r  heat losses  and 

C = Coeff icient  of performance of the  cooling u n i t  (See Sect ion 3.2 and Appendix C) 

Ql, = Qc - QE - QI 
where : 

6 = 1 + (1/C) 

Because of t he  f ac to r ,  6, t he  i n t e r i o r  heat losses  have two t o  t h r ee  times the  de le te r ious  e f -  
f e c t  of t he  ex t e r i o r  heat losses .  

Table 55 provides c l e a r  evidence of t he  devastat ing e f f e c t  of thermal losses  t o  t he  in -  
t e r i o r  of t he  building. Relocation of t he  thermal s torage  t o  the  ex t e r i o r  and/or t he  improved 
i n su l a t i on  of t he  s torage has been predicted t o  y i e ld :  

o  Percent increase i n  QUC (improved insu la t ion  of i n t e r i o r  s torage)  = 215% 
o Percent increase i n  QUC (relocat ion of s to rage  t o  ex t e r i o r )  = 47% 
o Percent increase i n  QUC (improved i n su l a t i on  and re loca t ion  of s torage)  = 393% 

Table 55. Ef fec t  of Thermal Storage Heat Losses on Cooling 
Performance ( r e s iden t i a l  3-ton un i t )  1961 

Ju ly  J u l y  
Sept 1-16 17-31 August 

1. I  - s o l a r  inso la t ion  1014.0 993.3 913.1 888.6 
(1000 Btu/day) * 

2 .  Heat del ivered t o  s torage  325.2 325.5 301.0 300.0 
(1000 Btu/day) * 

3. Collector  e f f ic iency  .321 .328 .330 .338 
( l i n e  2/ l ine 1) 

4. Thermal s torage  l o s s  t o  99.2 105.3 65.2 68.4 
i n t e r i o r  (1000 Btu/day) * 

5. C - COP of c h i l l e r  .377 .432 .495 .450 

6. 6  = 1+(1/C) 3.65 3.31 3.02 3.22 

7. Solar  heat t o  c h i l l e r  187.9 161.3 197.5 197.8 
(1000 Btu/day) * 

8. QU - Ilsef~il  heat t o  c h i l l e r  -75.0 -81.9 65.8 90.8 
(1000 Btu/day) * 

9. g C  -28.3 -35.4 32.6 40.9 
(1000 Btu of cooling/day)* 
( l i n e  8 x l i n e  5) 

10. QU ( i f  thermal losses  t o  187.9 161.3 197.5 197.8 
ex t e r i o r ) ,  (1000 Btu/day) * 

11. Q,C ( i f  thermal losses  t o  70.8 56.7 97.8 89.0 
ex t e r i o r ) ,  (1000 Btu/day) * ---- - - .- .P --- - 

* Multiply Btu/day by 1.055 t o  obtain kJ/day 



4.5.4.4 Thermal Storage Heat Losses 

Heat losses  from the  thermal s torage u n i t s  of s o l a r  heating and cooling systems requi re  
ca r e fu l  a t t e n t i o n  i n  both a i r  and l iqu id  systems. A review of t he  chapter on t he  Performance 
of Solar  Heating and/or Cooling Systems provides evidence t h a t  only 14 out of 53 systems with 
ava i l ab l e  da t a  had s torage  heat  losses  of l e s s  than 10 percent of t he  useful col lected heat .  

In DHW heat ing systems the  average percentage heat  l o s s  from storage (s torage loss  divided 
by co l lec ted  heat ,  Qc) was about 20 percent .  Only four  systems had l e s s  than 10 percent losses  
(averaging about s i x  percent ) .  Three combination space and DHW heating systems when operating 
i n  t he  summer had 10, 61 and 97 percent  losses ,  respect ively1 Evaluation of iden t ica l  data  by 
d i f f e r e n t  researchers  [48,49,54] i nd i ca t e  t h a t  the  method of accounting f o r  heat losses  i n  DHW 
systems i s  c r i t i c a l  t o  t he  evaluat ion of r e l a t i v e  performance l eve l s  of d i f f e r e n t  types of 
systems. For example, f o r  double tank d i r e c t  and s ing l e  tank d i r e c t  DHW heating systems, one 
inves t iga tor  obtained thermal s torage  e f f i c i enc i e s ,  nT, of 31.1 and 26.8 percent ,  respect ively,  
while another researcher  obtained contradictory values of 17.8 and 22.1 percent,  respect ively.  
The only bas ic  d i f fe rence  was i n  accounting f o r  t he  amount of usefu l  heat loss .  

Passive systems showed s torage  losses  averaging s l i g h t l y  more than 21 percent although the  
da t a  a r e  l imited.  Percentage l o s s e s ~ w e r e  9 t o  36 percent within s i x  systems. 

Active heating systems incurred s torago losses  averaging 27 percent and ranging from 4 t o  
67 percent.  These va r i a t i ons  included t he  e f f e c t s  of locat ion and type of system ( r e s iden t i a l  
o r  tommercial). However, here t he r e  a r e  d i s t i n c t  d i f fe rences  i n  d i f f e r e n t  systems. Five of 
t he  bes t  systems averaged only 6.5 percent  while t he  remainder averaged 39 percent .  A s ing l e  
subdivision [14] had an average 16ss of L8 percent and one group of f ede ra l l y  funded p ro j ec t s  
averaged over 60 percent .  

In  average heat ing systems, of course, some of t he  heat l o s s  from storage would be usefu l .  
However, i n  one example [14], t h e  not iceable  e f f e c t  was overheating of the  conditioned space 
from a comfort viewpoint. In  another case t he  so l a r  system was e f f ec t i ve ly  losing f i v e  mi l l ion  
Btu per  month (5.3 GJ/month) [59] ! 

In cooling systems, s to rage  heat  losses  averaged about 25 percent of useful  heat co l lec ted .  
However s i x  of  t he  systems averaged l e s s  than 15 percent while four  systems exceeded 40 percent.  

Heat losses  from thermal s torage  u n i t s  cannot be eliminated but a r e  capable of being r e -  
duced t o  10 t o  15 percent  of Q on small systems and l e s s  than 5 percent on l a rge  systems. 
Some systems have done t h i s .  h i s  requi res  carefu l  design of t he  s torage un i t  including tank 
o r  pebble-bed insu la t ion ,  check valves/dampers t o  avoid thermosyphoning, pipe o r  duct insu la -  
t i on ,  low conduct ivi ty  support s t r uc tu re s ,  and well-considered locat ion of t he  s torage u n i t  
with respect  t o  t he  bui lding.  In regard t o  locat ion,  several  noteworthy f ac to r s  should be 
colisriderod : 

1. Double tank DHW systems have 1.5 t o  2.5 times the  heat losses  of s i ng l e  tank 
DHW systems 

2. Passive water wal l s  (because of na tura l  convective cur ren ts  within the  water) 
w i l l  normally have grea te r  heat losses  than so l i d  mass walls 

3. A l l  passive mass walls  lose a s i gn i f i c an t  por t ion  (25%) of t h e i r  heat through 
t h e  foundation cupport t o  t he  ground 

4. Two buried s torage  tanks had heat losses  of 36 and 47 percent of t he  useful  
co l lec ted  heat ,  Qc.  This resu l ted  i n  a system with co l l ec to r  e f f i c i enc i e s  
of 24 and 30 percent  and system tl~ermal e f l i c i enc i e s  of only 15 and 19 percelll 
However, one cool ing  system with buried s torage had s torage losses  of 20 
percent ,  which was corrected i n  following years  t o  l e s s  than 10 percent .  

5 .  Cooling system thermal s torage heat losses  t o  tlie c o ~ l d i ~ i u ~ l e d  space (u~ller.  
than a mechanical equipment room) have i n  many cases  eliminated t he  technical  
f e a s i b i l i t y  of s o l a r  absorption cooling ( i . e . ,  resu l ted  i n  negative overa l l  
system e f f i c i e n c i e s ) .  Table 56 provides a comparison of i n t e r i o r  and ex- 
t e r i o r  s to rage  e f f ec t s  on system performance. 

Note i n  Table 56 t h a t  the  re loca t ion  of t he  thermal s torage u n i t  from the  i n t e r i o r  of t he  
conditioned space t o  the  ex t e r i o r  of t he  condii t ioned space has t he  e f f e c t  of :  

1: A 7 percent  decrease i n  t o t a l  heat  l o s s e s .  
2. A 58 percent increase i n  usefu l  heat t o  c h i l l e r  and 
3. A 112 percent increase i n  t o t a l  energy savings 

In one case, excessive s torage  losses  r e su l t ed  i n  t he  so l a r  cooling system being unused f o r  a 
complete cooling season. Table 57 provides some of t he  performance and design information on 
t h i s  system. 



Table 56. AbsorpL,,,~ Cooling Performance with Respect L U  Location 
of Thermal Storage [76] 

I n t e r i o r  Exter ior  
Storage Storage 

IA Solar  rad ia t ion  on t i l t e d  sur face  of so l a r  1138.4 1113.6 
co l l ec to r  times t he  gcoss a rea  of co l l ec to r  
a r ray  (1000 Btu/day) * 

Qc Average d a i l y  useful  s o l a r  energy co l lec ted  by 332.9 377.6 
a r ray  (1000 Btu/day) * 
Average da i l y  so l a r  co l l ec to r  a r ray  e f f ic iency  29.2 33.9 
(%I (= QC/IA) 

QE Average da i l y  s o l a r  system heat  losses  t o  35.7 56.7 
ex t e r i o r  (1000 Btu/day) * 

QI Average da i l y  so l a r  system heat  losses  t o  
. i n t e r i o r  (1000 Btu/day) * 

C Heating o r  cooling un i t  coe f f i c i en t  of performance .605 .605 
(dimensionless) 

P System heat loss  f ac to r  (nonusefulness of heat 2.65 2.70 
losses  t o  i n t e r i o r  of space) 

QU Average da i l y  s o l a r  system heat del ivered t o  163.4 257.4 
.heating/cooling u n i t  (1000 Btu/day) * 
(= Qc-QIB-QE$ 

,nT Average da i l y  s o l a r  heating/cooling system thermal 8.7 14.0 
e f f ic iency  (QUC/IA) 

E . Average da i l y  e l e c t r i c a l  energy used t o  operate  19.3 19.3 
t he  so l a r  system (1000 Btu/day) 

Qs Average da i l y  savings i n  nonrenewable energy 77.9 165.3 
resources by s o l a r  system (1000 Btu/day) * 
(= QuC/na-E/ne> 

nS Average d a i l y  s o l a r  heating and cooling system 6.4 13.9 
overa l l  e f f ic iency  (= Qs/ (IA+E/nEl 

- 
* Multiply Btu/day by 1.055 t o  obtain MJ/day 

Table 57. Effects  of Heat Loss on Performance 19.71 

Total Sola r  Heat. Cool I Q, 
t o  Load "C 

March 3183.5 2256.1 927.4 - - 1830 7629.4 25.9 
Apri l  4234.7 4082.7 151.7 -- 1523 4783.0 19.5 
May 2893.2 2739.0 154.2 -- 1595 4565.5 17.8 
June 3312.7 2889.7 423.0 -- 1826 4607.0 15.7 
J u l y  2910.0 2910.0 - - -- 1825 2733.9 9.9 

Season 3300.7 2968.8 331.8 - - 1720 4865.9 17.6 

"Storage temperature was too low t o  operate  t he  absorption c h i l l e r  during t he  
axesent season due t o  t he  high leve l  of co l lec t ion  maintenance ac t i v i t y "  [97]. 

1608 t racking concentrating col l 'ectors  
16,080 square f e e t  of f l o o r  space 
Continuous c i r cu l a t i on ,  space heating and cooling and DHW 
352 ton c h i l l e r  
2 each - 20,000 gal lon s torage,  R-20 t o  R-25 observed (usual ly only one tank 

i n  operat ion i n  order  t o  maintain higher TStorags 

Energy u n i t s  a r e  1000 Btu/day (multiply by 1.055 t o  obtain MJ/day) 



4.5 .4 .5  Piping/Ducting Heat Losses 

Ducting hea t  l o s s e s  a r e  caused p r i m a r i l y  by a i r  leakage from duc t s  ( see  Sec t ion  4 .5 .3 .4) .  
However, s e v e r e  r educ t ions  i n  performance can a l s o  be  experienced wi th  un insu la ted  d u c t s .  
Tab le  58 [98] shows t h e  d e v a s t a t i n g  e f f e c t  o f  t h e  u s e  o f  un insu la ted  duc t s  ( i n  l i e u  of one inch 
i n s u l a t i o n  i n  o r  around d u c t s ) .  I n  view of t h e  r e l a t i v e  high performance of duc t s  wi th  only  
one inch o f  i n s u l a t i o n ,  t h e r e  i s  simply no j u s t i f i c a t i o n  f o r  t h e  use  of un insu la ted  duct ing;  
a l though d u c t s  whose h e a t  l o s s  o r  g a i n  i s  t o  t h e  condi t ioned space may no t  r e q u i r e  i n s u l a t i o n .  

Table  58. Ducting and Piping Heat Losses 1981 

Heat Losses Percent  of 
(Btu/day) * Collected Heat 

- - 

Uninsula ted p i p i n g  =44,000 18% 
2 inch i n s u l a t e d  p ip ing  =14,000 6 % 
F i l l e d  p ip ing  h e a t  244,000 18% 

c a p a c i t y  l o s s e s  

Uninsula ted duc t ing  312,000 94% 
1 inch i n s u l a t e d  ducti l lg 49,000 15% 

Appruxir~~alu f i g u r e s ;  JepeiiJ on 1e11gl;ll 01 y i p i a g ,  use1ul lleac 
c o l l e c t i o n ,  e t c .  

*Multiply by 1.055 t o  o b t a i n  kJ/day 

Losses from piping, can reduce t h e  performance i n  two d i s t i n c t  ways. During t h e  o p e r a t i o n  
o f  t h e  c o l l e c t o r ,  h e a t  l o s s e s  from t h e  p ip ing  can account f o r  5  t o  20 pe rcen t  o f  t h e  u s e f u l  
h e a t  gain  o f  t h e  c o l l e c t o r s .  I n  one c a s e  of un insu la ted  p ip ing ,  t h e  h e a t  l o s t  between c o l l e c -  
t o r s  and s t o r a g e  accounted f o r  39 pe rcen t  of t h e  u s e f u l  h e a t  c o l l e c t i o n  [14]. I n s u l a t i o n  of 
t h e  p ip ing  subsequent ly  reduced t h i s  l o s s  t o  about 13  pe rcen t  o f  t h e  u s e f u l  h e a t  c o l l e c t i o n .  
The corresponding thermal system e f f i c i e n c i e s  f o r  t h e  un insu la ted  and i n s u l a t e d  p ip ing  were 
11.4 and 24.3 pe rcen t ,  r e s p e c t i v e l y  ( see  Table 59) .  

Table  59. Energy Losses a s  a  Percentage o f  S o l a r  Energy Col lected [16J 

A s  I n s t a l l e d  Pred ic ted  when 
i n s u l a t e d  * 

( lo6  Btu/day)@ (%) ( l o 6  Btu/day) (%) 

S o l a r  energy c o l l e c t e d  5.92 100 5.92 100 

S o l a r  energy l o s t  between 2.30 39 0.77 13  
c o l l e c t o r  and s t o r a g e  

S o l a r  energy l o s t  from s t o r a g c  1.67 2 8 1.67 28 

S o l a r  energy l o s t  between 0.34 6  0.11 2  
s t o r a g e  and load 

S o l a r  energy d e l i v e r e d  t o  t h e  1 .09  18 2.85 4  8 
space hea t ing  load  a s  c o n t r o l l e d  
energy 

S o l a r  energy d e l i v e r e d  t o  t h e  0.48 8  0.48 8  
DHW load 

S o l a r  energy no t  accounted f o r  0.04 1 0.04 1 

Appropr ia te  nT 11.4% 24.3% 

* I n s u l a t i o n  v a l u e  of R-6 
IA = 490,000 Btu/day 
Q~ = 210,700 Btu/day 
Q , ~  = 56.100 Btu/day 

b lu l t ip ly  Btu/day .by 1.055 to o b t a i n  kJ/Jay 



Heat losses  from piping can a l so  adversely a f f e c t  t he  performance of t he  s o l a r  system when 
the  co l l ec to r  i s  not operating. These losses  a r e  due t o  t he  heat capaci ty of t he  l iqu id  i n  t he  
co l l ec to r  loop (and, t o  a  l e s se r  degree, t he  o ther  pipes a s  wel l ) .  These losses  occur when the  
co l l ec to r  pump shuts  down and t he  l iqu id  i s  allowed t o  cool overnight o r  f o r  extended periods 
of time during t he  day. Because t he  piping is  t yp i ca l l y  not warmed by t he  sun (as  i n  t he  case  
of t he  co l l ec to r  a r ray) ,  the  heat l o s t  i s  i r r e v e r s i b l e  without t he  commencement of co l l ec to r  
operat ions t o  reheat t he  l i qu id .  Experience has shown t h a t  about 75 percent of t h e  reheat ing 
of t he  l i qu id  l e f t  i n  t he  piping comes from the  thermal s torage u n i t .  Consequently t h i s  heat 
loss  i s  s ign i f i c an t .  Ward 1981 has estimated these "heat capacity" overnight losses  a t  40,000 
t o  50,000 Btu/day (42,200 t o  52,800 kJ/day). Table 58 provides an ind ica t ion  of t he  po t en t i a l  
magnitude of these losses  f o r  a c t i ve  space heat ing and cooling systems. I t  is  noteworthy t h a t  
drain-back - systems do not experience such losses  except t o  t he  extent  t h a t  t he  piping i t s e l f  is 
cooled. 

4.5.4.6 Component Heat Losses 

Individual components of t he  so l a r  system t h a t  a r e  not insu la ted  can r e s u l t  i n  s i gn i f i c an t  
heat losses .  In  one case [107] where piping was already insu la ted  (but not the  heat  exchangers, 
valves and pumps), an overa l l  s torage heat loss  coef f ic ien t  of 55 Btu/hro0F (105 kJ/hre°C) was 
measured with t he  s torage tank vent open and no f l u i d  flows i n  o r  out  of t he  tank. When t h e  
heat  exchangers were insulated (but most of t he  valves, sensor f i t t i n g s  and unions were no t ) ,  
t he  l o s s  coe f f i c i en t  was reduced t o  42 Btu/hro0F (80 kJ/hrS0C). This resu l ted  i n  a  reduction i n  
heat  losses  of 1300 Btu/hr (1372 kJ/hr) f o r  a  s torage tank of 216 square f e e t  (20.1 square 
meters) surface area and a  temperature d i f fe rence  between t he  operating l i qu id  and t he  ambient 
of 100°F (56°C). 

I t  i s  pa r t i cu l a r l y  important t o  wrap r e l i e f  valves, vent valves, shut o f f  valves, e t c .  
ind iv idua l ly  when the  valves a r e  exposed t o  t he  ambient. Without such precautions, some i n -  
s t a l l a t i o n s  have experienced freezing a t  t he  locat ion of t he  valves before o ther  port ions of 
t he  co l l ec to r  loop because of t he  higher heat losses .  

4.5.4.7 Collector  Manifolds and Intermodular Connections 

Losses from the  co l l ec to r  manifolds a r e  usual ly considered as  p a r t  of t he  piping losses .  
However, intermodule connections within a  co l l ec to r  a r ray  a r e  usua l ly  not included i n  t he  calcu-  
l a t i o n  of piping heat  losses .  Oonk [83] has shown t h a t  heat losses  from intermodular connec- 
t i ons  can account from one t o  f i v e  percent of t he  heat losses  of t he  co l l ec to r  a r ray  and there-  
fore  cannot be ignored i n  t he  design phase. 

4.5.5 Solar  System Operation E lec t r i c a l  Energy Requirements 

The so l a r  system e l e c t r i c a l  so l a r  operating energy requirements i s  t he  second of two major 
problems which have been experienced i.n reduced performance of some of t he  so l a r  heating and 
cooling systems ( the  f i r s t  major problem i s  excessive thermal losses  [78J. 

Table 60 provides a ranking of Dw systems by e l e c t r i c a l  s o l a r  operating energy per  u n i t  
area of co l l ec to r .  In  reviewing Table 60, several  conclusions regarding t he  e l e c t r i c a l  usage 
by DHW systems cafi be made! 

1.  The r a t i o  of control led so l a r  energy u t i l i z e d  t o  t he  e l e c t r i c a l  operating energy 
use, S-, g r ea t e r  than 9.0 o r  10.0 can be r ead i l y  obtained with well-designed 
systemk. 

2 .  Elec t r i c a l  usage per  u n i t  area,  E/A,  of l e s s  than s i x  percent i s  poss ib le  with 
well-designed systems. 

3. Double tank systems a r e  capable of higher co l l ec to r  e f f i c i enc i e s  than s ing l e  
tanks but,  i n  most cases, a t  t h e  expense of g r ea t e r  e l e c t r i c a l  usage. (This is 
due i n  most cases t o  longer operating hours rji th double tank systems.) 

4 .  On average, s i ng l e  tank systems have lower e l e c t r i c a l  usage and subsequent 
g rea te r  overa l l  system ef f ic iency  than double tanks. However, system #27, a  
drain-down double tank system, outperformed a l l . o t h e r  systems. In addi t ion,  
system #18 had s torage  losses  of 78 percent .  I f  these could be reduced t o  about 
20 percent (as  i n  system #16), t he  system overa l l  e f f ic iency  would have been i n -  
creased t o  47.4 percent,  considerably b e t t e r  than t he  s i ng l e  tank systems. (.In 
general,  double tank systems have higher overa l l  e f f i c i enc i e s  than s ing l e  tank 
systems under lower s o l a r  inso la t ion  conditions, i . e . ,  winter', but have lower 
e f f i c i enc i e s  i n  summer. ) 

5 .  Si l icone  l iqu id  systems general ly  performed poorly. In one case (#23), t he  ex- 
cessive pumping energy i s  due t o  t he  use of s i l i c o n e  l iqu id  and t he  use of a  
second pump t o  achieve t he  desired flow r a t e  [53]. 



Table 60. E l ec t r i c a l  Sola r  Operating Energy per  Unit Area of Collector  

. E/A sc "T "s System Iden t i f i c a t i on  and 

(Btu/ft2*day) * (%I Description 
(%) 

0.0 01 24.0 43.6 20 Direct thermosyphon 
26.1 9.8 22.6 29.6 21 Direct ,  s i ng l e  family 
35.0 11.3 26.6 35.9 17 Ind i rec t ,  s i ng l e  tank 
38.0 9.5 11.0 12.8 28 Ind i rec t ,  double tank, water/glycol 
38.1 4.8 14.3 13.4 22 Ind i rec t ,  continuous c i rcu la t ion ,  

multifamily 
45.0 14.1 19.6 26.8 26 Direct ,  s i n g l e  tank, drain-back 
46.2 3.6 7.8 5.3 18 Ind i rec t ,  double tank 
54.5 6.3 25.2 26.4 19 Direct ,  s i n g l e  tank 
57.0 5.4 8.0 5.3 25 Ind i rec t ,  s i ng l e  tank, s i l i c o n e  
58.0 12.0 42.4 55.7 27 Direct ,  double tank, drain-back 
74.1 6.2 31.1 31.4 16 Direct  double tank 
96.2 3.4 24.6 13.4 23 Ind i rec t ,  dpuble tank, s i l i cone  

128 .0 .  3.5 6.2 1.7 29 Ind i rec t ,  double tank, water/glycol 
1yS.U 4.6 35.8 22.6 24 Ind i rec t ,  double tank, s i l i c o n e  - - . . .  - -. 

" Multiply [ ~ t u / f t ~ * d a y ]  by 11.4 t o  obtain [kY/m2*day] 
See Sect ion 3.2 f o r  de f in i t i ons  of parameters 

Surpris ingly,  s i x  out o f  t en  passive heating systems u t i l i z e d  e l e c t r i c a l  energy t o  operate  
fans  and/or o the r  s o l a r  system components. The r a t i o  of s o l a r  energy u t i l i z e d  t o  the  e l e c t r i c a l  
used, S, ranged from a low of 9.2 f o r  f an  energy i n  a warehouse and 9.6 f o r  a hybrid (combina- 
t i o n  ac t ive /pass ive  system] t o  26.0 f o r  a beadwall and as high as 60 t o  90 f o r  fan di  st.ri.hi~t.i nn 
energy requirements. E l ec t r i c a l  energy requirements i n  passive systems a r e  general ly  t o  i m -  
prove c e r t a i n  aspec ts  of t h e  system's operat ion,  and cannot always be,considered system r e -  
quirements a s  much a s  component requirements. For example, i n  one case ,  the  e l e c t r i c a l  energy 
i s  used only t o  operate  t h e  beadwall system i n  an earth-covered d i r e c t  gain mass wall.  The 
beadwall system has been added i n  an attempt t o  reduce night  time losses .  The energy require-  
ments of t he  beadwall subsystem (about 4800 Btu(e1ec) pe r  day) i s  therefore  associated only 
with t h e  ener-gs a t  night  and not  necessar i ly  with t h e  energy gains during t he  day. 
Thus t h e  value of S of 26 i s  not necessar i ly  represen ta t ive  of t he  passive system. I f  t he  
d i f f e r ence  i n  night  time heat losses  with and without t he  beadwall is ca lcu la ted ,  we obtain an 
energy savings (due t o  t he  beadwall) of about 5400 Btu/hr C5700 kJ /hr ) .  I f  we consider t he  
average night of t en  hours and add two hours f o r  cloudy periods,  then t he  da i l y  energy savings 
from t h e  beadwall a r e  about 65,000 Btu/day (68,600 kJ/day). The value of S f o r  t he  beadwall is 
t hus  65,000 Btu/day divided by 4800 ~ t u / d a y  f o r  a f i gu re  of 13.5. I t  is noteworthy t h a t  t he  
energy savings a t t r i b u t e d  t o  the  beadwaii i s  about one-half of t he  us.efu1 energy del ivered t o  
load! 

Active space heat ing systems use on t he  average approximately ha l f  t he  e l e c t r i c a l  energy 
pe r  u n i t  area of co l l ec to r  (31 B tu (e l ec ) / f t 2  of co l l ec to r ,  350 k ~ / m ~ )  a s  do t he  DHW heating 
systems (68 ~ t u ( e l e c ) / f t ~ ) . )  From Table 61, we see  t h a t  the  r a t i o  of cont ro l led  solar energy 
u t i l i z e d  t o  t h e  e l e c t r i c a l  operating energy used, Sc, range from l e s s  than one t o  over 16. Six 
systems have Sc values g r ea t e r  than 13! 

The amount of e l e c t r i c a l  energy required per  u n i t  energy del ivered t o  load (E/Qu) aver- 
aged 12.1 percent .  In  t he  worst case t he  e l e c t r i c a l  energy reduced t he  usefu l  energy savings 
by two-thirds. Four systems had k / ~ ,  values of 6.5 percent o r  less  and prnvided t he  th ree  
highest  overa l l  e f f ic iency  systems. Two of these systems had overa l l  system e f f i c i enc i e s  of 
42.9 percent.  

I n  comparing a i r  and water systems, we note t h a t  f o r  t h i s  of systems: 

System E/Qu 
l1 5 

Range of ns 
- 

A i r  13.1% 20.6% 9.4 t o  42.9% 
Water* 13.6% 22.7% 11.0 t o  42.9% 
* (and water/glycol) 

Air-heating co l l ec to r s  can achieve higher e f f i c i enc i e s  when operated with higher mass flow 
r a t e s ,  but only with increased e l e c t r i c a l  energy usage (blower,power). As a lower l i m i t  on 
flow r a t e ,  a given depth ( i . e . ,  length of flow path)  i n  a pebble-bed s torage  must be suf f ic ien t  



Table 61.. Electrical Usage and Efficiency of Active Space Heating Systems 

System Number E v e  E/A Sc 'l s Remarks 
and Fluid (%I (Btu/ft2) * 

51 Air 
52 Air 
53 Air 
54 Water 
56 ' Water 
57 Glycol/water 
58 Drain-back 

59 Air 
59 Air 
60 Glycol/water 
60 Glycol/water 
61 . Air 

61 Air 
62 Water 

9.4 
21.6 
11 .o 
19.1 
11.9 
12.2 
20.5 Sc=4.2withfan 

energy 
11.2 
13.4 Second year 
23.3 
28.9 Second year 
42.9 Sc = 8.4 with fan 

energy 
34.9 Second year 
42.9 

Conventional HVAC % 2.5 

*Multiply ~ t u / f t ~  by 11.4 to obtain kJ/m2 
See Section 3.2 for definitions of parameters 

in order to enable effective heat transfer to the pebbles and to ensure adequate flow distribu- 
tion in the rock box. Thus the air flow rate in air systems is critical. The effects of dif- 
ferent air flow rates is described in part by Karaki [67] and is summarized below: 

Flow rate 
'l c E** - Qu* Qs * "s - - - -  

13.1 l/s m2 38% 18.64 324.5 469.6 45.7 
@ 9.6 l/s m2 35% 13.18 320.0 482.6 46.8 

Notes: *(lo00 Btu/day) (multiply by 1.055 to obtain MJjday) 
* *  Collection blower only 

@ 27% reduction in flow rate 

Cooling systems on the average were net energy losers because of excessive electrical 
energy usage and poor control methodologies. But, while five systems had a combined net loss 
of 17.5 million Btu/day (18.4 GJ/day) (aboilt 850 Btu/day*ft2 of collector; 9700 kJ/day*m2 of 
collector), three systems had positive energy savings, totaling over one million Btu/day (1.055 
GJ/day) (about 100 Btu/day*ft2 of collector; 1140 kJ/day*m2) . System efficiencies, nS, for the 
three energy saving systems ranged from 1.8 to 11.2 percent (although in two cases the initial 
designs had rls < 0) and Sc ranged from 3 to 7. 

4.5.6 Solar Control-Caused'Variafidns in'system Performance 

An essential aspect of the reliability and efficient operation of a solar heating and cool- 
ing system is the control subsystem. Control of active solar systems (and, to some degree, pas- 
sive systems) is a major factor in the overall performance of the system. Controls must be 
utilized in such a manner as to take best advantage of components and their integration into 
the solar system. When appropriate.overal1 control strategies are combined with reliable con- 
trol subsystem hardware,'significant energy savings and/or reductions in component sizes are 
possible [ 9 9 ] .  

Control-caused variations in solar system performance can be categorized into two distinct , groups : 
o Control strategy or methodology 
o Control sensors and hardware components 

4.5.6.1 Control Strategies 

Control strategies are particularly important because they establish the method by which 
the solar system is to be controlled. The control strategy includes the determination of when 



pumps, blowers, valves, and/or dampers are actuated, the setting of differential and absolute 
temperature set points, and the design of component protection circuits (e.g., freeze or boil 
protection circuits). The control of when pumps and blowers and other components are actuated 
is extremely important, particularly in solar cooling systems [loo]. Established and proven 
procedures must be followed in order to maximize performance (see, for example, reference 101). 

For example, ffsolar HVAC systems can often be designed for a given performance to require 
no more than 70 percent of the collector area required by the frequently used empirical design 
methodsff [102]. Newton [I021 has proposed dual storage units, one with 25 percent of total 
volume for high temperature operation, and one with 75 percent of total volume for lower tem- 
peratures.  his design is expected to increase the average collector efficiency to the extent 
that 30 percent of the collector area may be eliminated. This performance improvement is based 
on the fact that any solar system which can make effective use of low temperature heat can 
obtain much more heat from a given collector array than a system which must have higher tempera- 
ture heat. The critical factor is that, in both heating and cooling applications, there are 
only a few hours during the year wherein maximum water temperatures are needed in energizing 
the load handling equipment [loll. 

Differential temperature set points can have critical effects on the performance of a solar 
system. For example, Ward [lo31 has reported that, for the case of the temperatilre differential. 
between the collector array and storage of S°F (% 3"~) greater than the specified design setting, 
the system thermal efficiency would be reduced from 39.5 percent to approximately 31.1 percent. 
Note that the tlerrortt of 5'~ may be due to an incorrect setting by a designer and/or installer 
or may be due to the inaccuracies of the control sensors in the collector array and/or storage 
unit. 

Failures of protection circuits (such as freeze and/or boil protection circuits) have re- 
sulted in absorption chiller freeze-ups (i.e., solidification of the lithium bromide/water 
solution) due to the condensing water temperature being too low [104], collector heat transfer 
liquid boil-off and subsequent damage to the collector array L1051, and numerous other diffi- 
culties in the operation of a solar system. 

4.5.6.2 Control Sensors and Hardware Components 

Bartlett [106] has evaluated numerous systems in which the control system has caused ab- 
normal or anomalous operation of the solar energy system. Based on this evaluation of pro- 
jects in the National Solar Demonstration Program, Bartlett classified the control problems into 
t hree groups : 

1. Control sensor problems 
2. Problems with controllers and 
3. Problems with control actuating devices 

Control sensors have been improperly placed in the system (and thus do nnt. reflect the 
actual operating condition of the system), have failed in use, and have provided inaccurate 
information; all resulting in extraneous or non-existent energy flows. Controller problems 
have included malfunctions of equipment as well as incompatibilities with solar system de- 
signs. Control actuating device problems include component failure and improper operation 
(.e.g., valves or dampers do not fully close). 1,eaky dampers, for example, experienced leaks 
of 12 to 40 percent of full flow 181. 

4.5.6.2.1 Control Sensors. Contrnl sensors must meet four major requirements: 

1. Proper location (i.e., placed in a position so that the designed temperature 
(or other variable) is measured directly), 

2. Provide accurate measurement (reliable readings over a wide range of conditions) 
3 .  Resist failure (durable uvef extended periods of rime ahd during worst-case 

conditions; such as sub-zero and/or stagnation temperatures), and 
4. Protected against extraneous flows 

A major difficulty with many commercially available liquid-heating solar collectors is 
that no allowance has been made in the collector module design for the insertion of a control 
sensor. This inadequacy also results in the inability of installers/maintenance personnel to 
quickly insert temporary data sensors into different collector modules in order to check for 
proper flow distribution. Alternatively, solar collectors designed for drain-down,, drain-back 
or trickle type collector systems must have a means of attaching a control sensor to an ab- 
sorber plate. In this latter case, the control sensor being attached to the absorber plate 
will not accurately reflect the temperature of the fluid. This difference in absorber and fluid 
temperature must be accounted for in the control methodology and setting of differential (and/ -- 
or absolute) temperature set points. 
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Control sensors must be chosen so as to provide reliable and accurate readings and at the 
same time act as a durable component. Sensors with variable output for similar conditions will 
result in non-optimum control and subsequent reduced performance, Again, the possible inaccu- 
racy of S°F ( 2 . 7 O C )  may result in a reduction of system thermal efficiency from 39.5 to 31 :I 
percent. 

Control sensors must be able to withstand stagnation (equilibrium, no flow condition) tem- 
peratures. This requirement is particularly noteworthy in evacuated tube collectors because of 
the much higher stagnation temperatures. Repeated failures of the collector array control sen- 
sor in an evacuated tube has been observed [105]. 

A fourth control sensor problem has been the effect of extraneous heat flows on a 
temperature-actuated control sensor. The extraneous heat flow causes either heating or cooling 
in the immediate vicinity of the temperature-actuated control sensor. Extraneous heat flows 
have resulted from solar radiation, wind and ambient temperature. They have also been asso- 
ciated with a storage tank, a boiler, or a hot or cold pipe located near the temperature con- 
trol sensor. In some cases the incorrect signals have been caused by thermal gradients between 
two points along a pipe or duct under normal no-flow conditions. These thermal gradients have 
resulted in either heat transfer along the pipe or duct or free convection cells being set up 
within the piping loop where fluid is transported by buoyant thermal forces from the cooler to 
the hotter region. 

There are two types of abnormal system operation caused by invalid inputs to the system 
controller resulting from extraneous heat flow. The first is degraded system performance as 
typified by the case where the collector inlet temperature is artificially high. Under this 
condition the solar energy collected over an extrended period may be significantly reduced be- 
cause the collector circulation pump is not always operated when useful energy could'be col- 
lected. This condition, even when significant, might go unnoticed. 

Because of these experiences, all temperature control sensors for solar energy systems 
should be reviewed with respect to their location and susceptability to extraneous heat flows. 
Special attention should be given to their insulation. If these sensors are properly insulated, 
their susceptability to the influence of ambient temperature fluctuations will be greatly re- 
duced. When heat flows are internal to the heat transfer fluid, such as those associated with 
thermosyphon cells, their influence can be reduced by proper placement of the sensors or by use 
of check valves or backdraft dampers. In addition, the designer or installer of a solar energy 
system should ensure that all control sensors are not faulty, inaccurate or mislocated 11061. 

4.5.6.2.2 Controller Problems. A controller problem is characterized by either the 
controller not functiosing as designed or the controller functioning as designed in a solar 
energy system with which the design is incompatible. In many solar energy systems, the pump 
which circulates the heat transfer fluid through the collector is repeatedly cycled on and off. 
This abnormally high rate of on/off operation degrades system performance and could cause pre- 
mature failure of the pump. This condition most often occurs during periods of low solar 
radiation such as early morning or late afternoon when the collection of solar energy is being 
initiated or terminated. The cause has been found most often to be in either the collector 
controller or the control sensors, and sometimes in the system dynamics. 

The typical collector controller turns the circulation pump on or off based on the dif- 
ference in temperature between the collector outlet and the bottom of storage. If the pump is 
off and this temperature difference.rises above some preset value, AT , the circulation pump 
will be turned on. If the pump is on and this temperature differenceOfalls below some preset 
value, AToff, the circulation pump will be turned off. The temperature difference required to 
turn the pump on must be significantly greater than that required to turn it off. Otherwise 
frequent cycling of the pump will result. For example, when the pump is turned on, energy will 
be removed from the collector and the outlet fluid temperature will decrease. If AToff is too 
close to AT n, and the incident solar energy does not increase sufficiently, the pump will 
quickly be turned off. With no flow through the collector, the fluid outlet temperature will 
increase, and the pump will then be turned back on, starting another cycle. This will continue 
until the incident energy increases or decreases enough to keep the pump either on or off. The 
ratio of AT to AT that will prevent this system instability is determined by the charac- 
teristics ofnthe co?fgctor and the environmental conditions. This ratio has been found to be 
typically between 5 and 7 for liquid collectors and between 1.5 and 3 for those using air. 
Setting the ratio too low will result in the described cycling and setting it too high will 
result in inefficient operat.ion hy not maximizing the amount of solar energy collected. For 
maximum efficiency, this ratio should be set during system operation in the field to a value 
slightly above that required to prevent anomalous cycling 11061. 



System dynamics in both start-up and no flow conditions have also been observed to cause 
unstable operation of the collector fluid circulation pump. If, during start-up time in the 
morning, the line from the storage tank to the collector contains a significant quantity of 
fluid which has reached ambient temperature during the night, then the system might cycle un- 
necessarily because of the cooler fluid passing through the collector ahead of the warmer fluid 
from storage. The cooler fluid will quickly lower the collector outlet temperature below that 
at the bottom of storage, thus turning the pump off. This problem has been eliminated in some 
solar energy systems by using a time delay in the controller to allow passage of the cooler 
fluid through the collector without the pump being turned off. During no flow conditions at 
night, it is also possible for enough thermosyphoning of the fluid between the cooler collector 
and the warmer storage to heat the temperature control sensor at the collector enough to turn 
the pump on. This condition has also resulted in instability since once flow is initiated, the 
sensor will be cooled quickly and the pump turned off. This condition has been avoided in many 
systems by the use of check valves to prevent thermosyphoning. 

Anomalies have also been observed which were not caused by problems with any single con- 
troller but were caused by an incompatibility between two or more controllers. An example of 
this problem was a space cooling system which consisted of an absorption chiller in series with 
two vapor compression chillers. All chillers were serviced by a common chilled water pump which 
was controlled independently of the absorption chiller. After the absorption chiller had been 
operating normally for some time, the chilled water circulation pump was turned off but the in- 
dependent control system for the absorption chiller did not turn the chiller off. The chiller 
froze the stagnant water in the evaporator, rupturing the tube bundle. 

Other systems have bcon observed in which the incomptsbility was between the collector con- 
troller and the load controller. In several systems using air as the transport fluid, the col- 
lector controller allowed energy to be collected and stored late in the afternoon at a tempera- 
ture lower than that which the load controller had defined as useful. The energy at a lower 
temperature was stored at the top of the rock bed, thus forcing the higher temperature energy, 
collected in the middle of the day, to the middle of storage. At night, when a demand for space 
heating existed, the temperature at the top of the rock bed was less than the useful temperature 
for heating, thus the heating demand was met completely with the auxiliary unit even though the 
air temperature at the middle of storage was above the minimum required for heating [106]. 

4.5.6.2.3 Control Actuating Device Problems. A control actuating dcvice problem 
occurs when a pump, fan, valve, or motorized damper does not operate according to the controller 
Obvious examples of this class of problem are when the actuating device is broken or malfunction 
ing and cannot respond. Anothef example where the potential for degrading the perfvrm811~~ iS i10 
as obvious is the case where a three-way valve or an air control damper does not Iully close. 
This results in a flow path which is not properly terminated. 

Of the nine systems having air/water heat exchartgers for heating hot water, three syste~lls 
experienced freeze damage due to leaky dampers. The performance impact was studied by model- 
ing a standard air system and determining the effects of leakage through each damper on an in- 
dividual basis. In most cases, the performance impact was insignificant. Either the energy 
lost due to damper leaks was only a few percent, or when the energy lost was more than a few 
percent, it was not actually lost to the system but was diverted to some beneficial use other 
than that intended. For example, if the system was in the collector to space heating mode, any 
energy leaking into th'e rock bed was not really lost from the system But could be used 1aLer 111 
the storage to space heating mode. 

However, in some cases, performance was degraded significantly when a damper leaked during 
a particular mode of operation. These dampers should be considered critical because of their 
potential for degrading the performance of the system. 

One damper found to be critical was the damper whose function is to stop the flow of air 
through the collector when the system was in the storage to space heating mode. This mode 
typically occurs at night when the ambient temperature is well below the temperature of the 
conditioned space. If air is allowed to leak through the collectors during this time, the col- 
lector will reject energy to the colder environment. It was found that the energy rejected by 
the collector ranged from about 19 percent of the energy removed from storage (-i.e., 81 percent 
of the energy removed from storage went into the conditioned space and 19 percent was rejected 
to the environment) for a 10 percent leak through the collector. 

Another damper found to be critical to the system performance was the damper which prevents 
flow through the conditioned space in the summer collector to hot water mode. The effect of 
such a leak is to increase the cooling load because of the hot air being forced into the condi- 



tioned space. The significance of this additional cooling load is highly dependent on the 
normal cooling load, but this damper should also be considered critical and receive special 
attention. 

It was found that some leaks were occurring because backdraft dampers were installed back- 
wards. In addition, some were not properly closing because they had been damaged either in 
shipment or during installation. Also it was discovered that some were not properly adjusted. 
Some leaks were caused by motorized dampers which had not been properly wired. The appropriate 
damper was not being used in many cases. Standard dampers were being used where one with a low 
leak rate was required, manual dampers were being used where a backdraft damper was required, 
and dampers with a low temperature adhesive were being used in place of one utilizing high tem- 
perature adhesive. Failure of damper seals was also found to be the cause of excessive leakage. 
These failures were due to incorrect installation of seals during assembly, the breakdown of 
seal adhesive after installation, or seal deterioration due to high temperatures. The system 
designer should verify that the dampers being used do not have the problems which have been 
found to cause excessive leakage; especially the critical dampers discussed previously [106] . 
Table 62 provides a summary of control problems as reported by Kent and Winn [107]. 

Table 62. Summary of Control Problems [I071 

Number/Type of Problems Potential Minor Major 

A. General System 2 4 9 
1. Poor performance 2 5 
2. Freezing problem 2 1 
3. Leakage 1 2 
4. Noise 1 1 

B. Collectors 2 8 9 
1. Leakage in manifolds 1 3 3 
2. Leakage within collector 1 2 1 
3. Slope 2 
4. Broken or damaged covers due to: 

a. Winter 1 
b. Unknown causes 1 

5. Insulation degradation 1 
6. Serviceability 1 
7. Poor design 1 
8. Sealing 1 

C. Piping or Ducting 1 14 3 
1. Leakage 5 1 
2. Poorly insulated 5 
5 .  Sized improperly 1 1 
4. Noise 1 
5. Freezing 1 
6. Installation quality 1 
7. Exewssive hoat loss 1 
8. Aesthetics 1 

D. Valving or Dampers 3 5 
1. Omission or mislocation 2 3 
2. Leakage 1 1 
3. Sticking 1 

E. Storage 3 2 
1. Leakage 3 
2. Exce8sive pressure drop 1 
3. Excessive heating loss/freezing 1 
4. Overhsating/beiling 1 

F. Pump or Blower 6 4 
1. Motor burnout 3 
2. Noise 1 1 
3. Sized improperly 2 
4. Leakage 1 
5. Serviceability 1 

G. Controller 3 5 
1. Sensor mialecation 1 1 
2. Inadequate room temperature oontrol 1 
3. Component failure 2 1 
4, Sensor missing 1 
5, Improper agplicatlon -. - 1 
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4.5.7 Architectural Effects on System Performance 

System performance for particular installations may be affected by a building or struc- 
ture's architecture. Architectural constraints on system design and subsequent performance may 
result from: 

1. The imposed effect of aesthetics, 
2. Shading of all or portions of the collector array, 
3. Structural features affecting the location of solar system components or use, 

and 
4. The length and size of piping/ducting runs resulting from the integration of 

the solar system with the building. 

Aesthetics, for example, may require that the solar collector array be placed at a non- 
optimum tilt and/or orientation. Aesthetics may also eliminate certain component selection 
options (e.g., evacuated tube or concentrating collectors, cooling towers, exterior storage 
units, etc.). Aesthetics therefore represents a potential constraint on solar design. 

Alternatively, the solar system design may result in improved or degraded aesthetics. 
Numerous examples are available where the architectural use of the solar coll~ctor array on the 
building provided for a pleasing visual elfsct [see for examples Figures 18 and 19). Con- 
versely, a collector array covering the south-facing roof of a north-facing residence may 
indirectly detract from the aesthetics of the building by requiring the normal plumbing-type 
roof projections to be on the front of the building. 

Shading of a collector array may be causod by other buildings/structures, trees, and 
components of the building in which the solar system is located. In residential applications, 
fireplace chimneys can cause a significant shading of a portion of the collector array. Al- 
ternatively, trees are usually not a shading problem for roof mounted collectors (except for 
tall, close-in trees). Shading of a collector array by other man-made structures may have 

Figure 18. Copper Development Association Tucson House 11081 



Figure 19. Los Alamos Scientific Laboratory Library and Conference Center [log] 

legal implications which should be considered. In general the legal precedence appears to 
favor the right of the owner not to have a previously unshaded collector shaded. 

The effect of shading on performance is to decrease the effective area of the collector 
array for portions of the day. While such performance effects are relatively str+ghtforward, 
designers should also consider the potential problems of durabi1ity.and reliability caused by 
extreme temperature gradients between shaded and unshaded portions of a collector array and/or 
module. 

Structural features may constrain the design options of a solar system. For example, many 
comniercial installations have large flat saof areas which may or may not support the weight of 
a solar collector array. The use of themnosyphon systems requires the placement of the storage 

: unit at a higher elevation than the collectors, thus for residential roof mounted collectors, 
the roof structure must be capable of supporting the storage unit at an appropriate height. 

h e  configusati6n of a building with respect to the solar system and the resulting locato- 
tions of solar components Ce. g., collector array, storage, chillers, etc.) can have an impor- 
tant effect on the length of phpinglducting runs. It must be emphasized that Pong piping and/or 

I ducting runs will result in large piping/ducting heat 3os_ses. Excessively long runs can result 
,-. in technically infeasible solas designs Ci ,e., more energy lost and/or used in the form of 
'p' electricity than gained by the Sblar collectors]. Even with proper insulation of pipes and 

ducts, excessive heat losses may still result in systems where long runs exist between sglar 
components. The piping and/or ductfng heat loss'es may be exterior or interior and thus may be 
partially useful bee sectlon 4.5.4.21. Nevertheless, large piping/ducting losses lead to 
uncontrolled and potentially undesirable space heating. 

Long piping/ducting runs also increase tlie frictional pressure drop. This in turn will 
lead to increased electrical power usage in moving the heat transfer fluid. When combined with 
increased heat losses, the additional electrical energy usage can result in poar performance of 
the solar heating and cooling system. 

The importance of the architectural effect on system performance cannot be overstressed. 
In any system design effort for a particular installation or building, it is essential that the 
designer aechitectu-tal constrairlts of a articular buildin may eliminate 

si3la.r s &tan d6si n. is is true Trespect ve of whether or f i -5  Tli ------f 
particu ar y suite for a specific solar design and its 

installation, 



5. PERFORMANCE EVALUATION OF SYSTEMS 

5.1 PERFORMANCE EVALUATION OF DHW SYSTEMS 

5.1.1 Introduction 

In assessing the performance of solar domestic hot water (DHW) systems it should be noted 
that many of the systems (particularly the larger commercial installations) were essentially 
developmental and testing projects. Nevertheless, solar DHW systems have, in general, per- 
formed well. With few exceptions, system thermal efficiencies of 22 to 33 percent were 
achieved. Several systems (identified in Table 16 as systems 16, 17 and 20) had system overall 
efficiencies of 31.4 to 43.6 percent and corresponding energy savings of the three systems of 
approximately 0.21 million Btu/year per square foot C2.4 ~ 3 / ~ e a r * m ~ )  of collector. 

The cost-effectiveness of these systems can be estimated by the following: For a system 
costing $2000, a tax credit of 50 percent and conventional energy costs of $20 per million Btu 
($19/GJ), the first year's savings in conventional energy would be about $214 for an estimated 
21.4 percent return on the invootmcnt. Alternalively the cost 6f delivered energy varied from 
$9 to $23 per million Btu ($8.50 t o  $22/GT) rdR1, 

With this demonstrated feasibility of solar DHW systems, the remaining questions concern 
the choice of design or the type of solar D M  system to be selected. In comparing the differenl 
generic designs of Dm systems, three major considerations are paramount: 

1. Durability and reliability 
2. Performance, i. e., energy savings and system efficiency 
3. Freeze protection as it affects performance (as well as boiling and corrosion 

factors and their effects on the system's performance) 

Durability and reliability have been previously discussed. The emphasis here will be on 
energy savings and system efficiency. 

5.1.2 Thermal Losses/Performance 

The noteworthy exceptions to the good performance of solar DHW systems are those systems 
which suffered excessive thermal losses, principailv from preheat and nther solar otoxagcr units 
O f  Lhp several sySt6mS with low system thermal efficiencies, it is noteworthy that the thermal 
losses, Q . divided by the useful collected energy, Q, exceeded 25 percent (i.e., more than 
one-four& of the collected energy was not delivered to hot water. This is ahom i n  Tlble 63. 

Table 63. System Heat Losses as a Percentage of Collected Energy 
for Several Low Performance Systems 

System Q,/Q Possible Reason for Excessive Heat Losses 
- - 

Buried preheat storage tank 
Cont.inuous circulattan system 
Combined space and DHW system 
Combined space and DHW system 
Combined .space and bEM system 
Recirculation laop * 
Continuous circulation system 
Piping runs to and from collector 200 ft 

Avg of all 
other B)IW 
sys t m a  

(varied from 3 to 23%, the system with 23% 
losses had exceptionally high collector 
efficiency to offset the high heat lossesl 

* The recirculation loop was used in an office building and 
"The syrtem had an extremely low summer time efficiency due 
to light hot water heating requirements. The collector 
efficiency increased from 25% in July to 418 in October 
due to the greater hot water heating requirements" [SO] . 



Electrical Operating Energy/Performance 

Silicone liquid systems used excessive electrical energy in operating the solar systems. 
In system 23, "the seemingly excessive pumping energy found in this system is the indirect re- 
sult of the use of the silicone liquid and the particular flow meter used to meter the collec- 
tor flow loopt1 [53] .  The pumping conversion efficiency of electrical input energy to thermal 
energy added to the collector fluid has been estimated to be 0.74 1531. The bottom line in 
Table 63. for system 23 considers this input, which causes a very substantial increase in system 
overall efficiency of 13.4 percent to 35.1 percent (see Table 19). 

Table 20 provides additional information on the electrical energy usage of silicone liquid 
systems. For example in Table 20, comparisons of systems 24 and 27 show that: 

System Thermal Btu System Overall 
Efficiency (stu/day*ft2) Efficiency 

24 - Silicone 35.8 ,195 22.6 
27 - ~ater/drain-back 42.4 5 8 55.7 

The electrical enrgy used by the silicone liquid system is approximately 2.5 times that of the 
drain-back system. This leads to reduced energy savings because of the larger parasitic energy 
consumption of the collector pump. 

E/A values of less than 40 ~ t u / f t ~  day (456 kJ/m2*day) have provided good system overall 
efficiencies. System 16 had a higher value of E/A of 74 ~ t u / f t ~  day (843 kJ/m2*day), but the 
excellent collector and thermal efficiency more than compensated for the higher electrical 
usage. It should be noted that the collector efficiency of 40.5 percent is due in part to the 
greater ele'ctrical Usage in pumping power, higher flow'rate and longer operating periods, which 
provided more useful collection at the expense of higher electrical usage. 

Another contributor to electrical energy usage is the use of solenoid valves in drain- 
down systems for freeze protection. Because the valves require electrical power to remain in - 
the operating position (in order that the valves will fail open and drain the collector liquid 
in the event of an electrical power failure), the energy used by the freeze protection control 
system was a major factor. 

This is an important result and indicates the effect of some freeze protection techniques 
on the system performance. 

Several systems were considered by one investigator [49] and had electrical usage of [48]: 

Electrical Usage by: 
Pumps Solenoid 

Type System Valves 
(estimated) 

Kwh Kwh 

Single tank, direct, liquid 68.2 91.4 
Double tank, rlirect, liquid 88.3 91.4 
Single tank, indirect, liquid 69.0 91.4 
Double tank, indirect, liquid 87.1 - - 
Double tank, indirect, air 112.5 -- 
Single tank, direct, thermosyphon -- 32.4 

'!The direct systems had two 15w solenoid valves which used 
more energy than the pumps for drain-down freeze protectiontt [48]. 

5.1.4 Single/Double Tank Systems 

Table 18 provides a comparison of different systems. From this information the single 
tank seems to show a superiority over the double tank. However, Table 18 is based on ijnly 
about f o u ~  months of data. A monthly comparison of two E e  systems is of more interest. 

Table 64 shows that the system efficiency, (Qu-E]/AI,, for the double tank direct system is 
higher during October through March. In particular, November (which had a severe drop in solar 
radiation intensity level -- 49 percent lower than October and 26 percent less than in' December) 
pruvided a major improvomont in the double tank direct efficiency ( 3 4 ? 1  percent) over the 
single tank (only 13.3 percent). Tables 21 and 22 also provide monthly data for direct (system 
16) and single tank indirect (,system 17) with January system overall efficiencies of 48.8 



Table 64. Monthly Performance of Double Tank Direct and 
S ingle  Tank Indi rec t  DHW Systems [49] 

Double Tank Direct  Single  Tank Indi rec t  
Month Sc (%-El /A1 Sc (Qu-E) / A 1  

7 5.5 22.3 12.3 28.7 
8 4.8 19.0 11.0 23.7 
9 5.0 19.6 10.0 23.4 

10 6.9 27.5 12.4 24.0 
11 5.4 34.1 5.8 13.3 
12 7.6 32.1 10.5 20.9 
1 9.2 36.2 11.1 22.3 
2 10.3 27.3 11.6 18.4 
3 8.2 31.3 13.8 28.5 
4 5.9 25.6 13.1 26.7 
5 5.2 23.6 11.8 27.1 
6 5.7 26.0 11.4 27.7 

Note: See Section 3.2 f o r  de f in i t i ons  of Sc, QU, E ,  A, and I .  

percent  (double) and 3 3 . 9  percent ( s ing le )  and f o r  J u l y  of 25.4 percent  [double) and 42.6 per-  
c en t  ( s ing le ) .  

A r e l a t e d  f a c t o r  is  tha t  t he  s i n g l e  tank system used a hot water mixing valve t o  temper 
t h e  water from a maximum of 140°F down t o  120°F (60 t o  50°C). This provides f o r  b e t t e r  s i ng l e  
tank performance (pa r t i cu l a r l y  duo t o  the  higher temperatures experienced i n  summer) but a t  t he  
poss ib le  r i s k  of scalding i n  case of a f a i l u r e  of t he  mixing valve. A second f ac to r  i s  t h a t  
t h e  data  i n  Tables 18 and 64 a r e  based on t he  hot  water demand p r o f i l e  assumed by the  s impli-  
f i e d  computer design method, F-Chart. This demand p r o f i l e  has peaks i n  t he  morning and evening. 
Such a p r o f i l e  favors  t he  s i n g l e  tank over t he  double tank because of t he  g r ea t e r  overnight heat  
l o s se s  of t h e  double tank ( the double tank has a l a rge r  sur face  a rea  by which t o  lose hea t ) .  
Had t he  p r o f i l e  been skewed t o  t he  afternoon and ea r ly  evening Ci.e., t he  major hot water demand 
i n  t he  af ternoon and evening), the  so l a r  a v a i l a b i l i t y  and hot  water demand would have been more 
i n  sequence. This would have reduced t he  heat  losses  from a l l  systems. on a proport ional  bas i s ,  
and t he  double t ank ' s  performance would have been improved r e l a t i v e  t o  the  s i ng l e  t ank ' s  perfor-  
mance. This r e s u l t  po in ts  t o  t he  c r i t i c a l  importance of load p r o f i l e  on s e l ec t i on  of system 
design, espec ia l ly  f o r  DHW systems. 

Also notc   able 18) t he  exce l len t  performance of t he  thermosyphon, t he  only passive DHW 
system evaluated. 'I'hls was a s i ng l e  tank l i qu id  system. Also, note from Table 20 t h a t  t he  
double tank drain-back system (not a drain-down) had t he  highest  system overa l l  e f f ic iency  of 
a l l  DHW systems of 55.7 percent .  This is considerably higher than t he  s i ng l e  tank drain-down 
system operat ing under s imi la r  conditions. However, t he  period of performance reported was 
oaQy dver c LC uay period i n  t he  heat ing season, and therefore  may not provide conclusive 
evidence. 

5.1.5 DHW A i r  ~ y s t e ~  

The double tank i nd i r ec t  a i r  DHW system i n  Table 18 shows r e l a t i v e l y  poor performance- 
system e f f i c i ency  of only 3.1 percent  i n  comparison t o  t he  l i qu id  systems of 12.5 t o  22.6 per- 
cen t .  This i s  due i n  p a r t  t o  t h e  l a rge r  co l l ec to r  heat losses  and approximately 30 percent 
g r ea t e r  e l e c t r i c a l  usage than t he  s imi l a r  double tank i nd i r ec t  l i qu id  DHW system. I t  i s  note- 
worthy, however, t h a t  t h e  annual performance [49) ind ica tes  a f r ac t i ona l  energy savings ( so la r  
f r ac t i on )  f o r  t h e  a i r  system of 29.7 percent a s  opposed t o  43.6 percent  f o r  t he  l i qu id  system. 
(The f r ac t i ona l  energy savings considers  t he  energy necessary t o  run pumps, cont ro ls ,  solenoid 
valves, e t c . ) .  Thus t he  comparison i n  Table 18 may be biased i n  favor  of s i ng l e  tank systems. 

A def ic iency  i n  t he  ava i lab le  da t a  i s  t h a t  t he r e  a r e  no s ing l e  tank i nd i r ec t  a i r  systems 
evaluated. Thus no d e f i n i t i v e  conclusions on the  meri ts  of a s i ng l e  tank i nd i r ec t  a i r  system 
can  be made, espec ia l ly  when considerat ions of du rab i l i t y  and r e l i a b i l i t y  Cfreezing, bo i l ing ,  
corrosion, e t c . )  a r e  included. 



5.1.6 DHW Heating Systems - Conclusions 

Based on t he  data  presented here, several  preliminary conclusions and/or recommendations 
can be s t a t ed .  The pr inc ipa l  conclusion i s  t h a t  properly designed and i n s t a l l ed  s o l a r  DHW sys- 
tems perform well and provide subs t an t i a l  ne t  energy savings. 

Conclusions which consider the r e l a t i v e  mer i t s  of d i f f e r e n t  types of so l a r  systems include 
(based on t he  l imited da ta  ava i lab le ) :  

1. Continuous c i r cu l a t i on  and r ec i r cu l a t i on  systems cannot be recommended because 
of excessive heat  losses  and e l e c t r i c a l  energy usage. (This condit ion i s  not  
l imited t o  so l a r  systems.) 

2. S i l i cone  l i qu id  systems have a  se r ious  disadvantage of reduced performance due 
t o  a  low heat  capaci ty (only 0.38 Btu/lbe°F a s  opposed t o  1.00 f o r  water and 
0.84 f o r  water glycol)  and therefore  excessive e l e c t r i c a l  energy usage. 

3. Stand alone DHW systems perform b e t t e r  than combined space and DHW heating 
systems (BASED ON A LIMITED SAMPLE OF COMBINED SYSTEMS). 

4. Single  tank systems obtain higher system e f f i c i enc i e s  i n  summer (or high s o l a r  
r ad i a t i on  condit ions)  and double tank systems obtain higher system e f f i c i enc i e s  
i n  winter (or low s o l a r  condit ions) .  

5. A s i ng l e  tank d i r e c t  l i qu id  ( e i t he r  pumped o r  thermosyphon) system performs 
b e t t e r  than s ing l e  tank i nd i r ec t  systems, BUT the  double tank i nd i r ec t  l i qu id  
system outperforms the  double tank d i r e c t  system. 

6. Drain-back systems have a  d i s t i n c t  performance advantage over drain-down 
systems because of t he  use  of e l e c t r i c a l  energy i n  t he  drain-down's cont ro l  
system (.for f reeze  pro tec t ion) .  This may be o f f s e t  i n  p a r t  by the  need f o r  
repressurizing t he  drain-back system's water f o r  subsequent de l ivery  t o  t he  
DHW d i s t r i bu t i on  system. 

7. Freeze protect ion has been a  c r i t i c a l  f a c t o r  i n  t he  choice of DHW systems. 
Double tank i nd i r ec t  l i qu id  and a i r  systems have had fewer f reeze  pro tec t ion  
problems when designed and i n s t a l l e d  properly. 

8 .  The doi~ble  tank i nd i r ec t  a i r  systems evaluated by t h i s  handbook performed 
poorly. And, while t he  s i n g l e  tank a i r  system cannot be expected t o  perform 
a s  well a s  t he  s i ng l e  tank system, f reeze  pro tec t ion  considerat ions may become 
the  overriding f a c t o r .  I t  i s  noteworthy, however, t h a t  recent  r e s u l t s  have 
been obtained which i nd i ca t e  equivalent performance of a i r -hea t ing  DHW systems 
and water-heating DHW systems [77]. 

9. Combined space and DHW heat ing systems may achieve b e t t e r  performance by 
separat ing t he  co l l ec to r  a r rays  f o r  space and DHW subsystems and thus reducing 
t he  e l e c t r i c a l  pumping energy usage during the  non-space heat ing season. 

10. Space heat ing and/or cooling systems can e f f e c t i v e l y u t i l i z e  DHW subsystems i n  
many cases t o  assure year-round u t i l i z a t i o n  of t he  s o l a r  system. However, 
such appl ica t ions  requi re  ca r e fu l  design i n  order  t o  avoid overheating, bo i l ing  
and thermal shock problems (see Sect ions 2.2.1.2.1, 2.2.1.2.2, and 2.7.2). 

5.2 PERFORMANCE EVALUATION OF PASSIVE SYSTEMS 

The de ta i led  performance evaluat ion of pass ive  systems i s  i n  general considerably more 
d i f f i c u l t  than f o r ,  a c t i ve  systems. This i s  pr imar i ly  due t o  the  f a c t  t h a t  the  major energy 
flows a r e  not contained within pipes and/or ducts  and a r e  therefore  much more d i f f i c u l t  t o  
measure. In evaluating passive s o l a r  systems i t  i s  usua l ly  necessary t o  r e s o r t  t o  theore t ica l  
calculation's,  which a r e  i n  turn based on s implifying assumptions. Because of t he  varying 
assumptions made by d i f f e r en t  evaluators  and because of t he  enormous impact of system per for -  
mance r e su l t i ng  from d i f f e r en t  assumptions, it is d i f f i c u l t  t o  make d e f i n i t i v e  judgements on 
passive systems performance. 



A review of Table 24 suggests that solar passive systems have, in general, performed well. 
However, these results are based on several important 'assumptions. These include (a) that all 
heat losses from mass walls, etc. are to the conditioned space (Qlosse = QI) and (b) all heat 
losses are useful (8  = 0). Systems 37 and 40 do have non-zero 0 (1.e. there is some overheating 
of the conditioned space). Also, some investigators do not include in their calculations the 
heat losses by interior components to the exterior of the conditioned space. For example the 
heat losses from a massive thermal wall may include substantial losses through the foundation 
or wall perimeters and may reduce the usefulness of the heat collected by as much as 25 percent. 

Another critical assumption is made in the calculation of the.building load. Because pas- 
sive systems typically have large south-facing window areas, the building heating load may be 
substantially higher than for a "comparable conventional1' building because of the greater night 
time heat losses through the larger window areas. The effect of heat losses through the glazed 
south walls and the method by which it is accounted for is of major importance. For example, 
in the systems identified as 31, 33, 35 and 36 in Table 24, it is assumed that all night time 
losses through the glazing are included in the design estimate of the load. This is enormously 
beneficial to the apparent performance of the solar system and can be justified only if the I1so- 
called non-solar homet1 could be expected to incorporate the same amount of window area. In 
general this latter assumption i s  not always true. 

The definition of a passive system also constitutes an assumption. In vi.rtual.1~ all of 
the "passive1' systems listed in Table 24, some active elements are utilized. These i.nclude: 

System Active/Passive Elements 

. 31 Rock bed under floor on north side of building; Fail for 
charging rock bed and central air distribution; Sliding 
glass doors between greenhouse and direct gain space 

Rock bed under floor on north side; Fan for charging 
rock bed and central air distribution 

Manually operated insulating curtains for south window 
wall and manually operated shutters for sky light 

35 Five fans for central air distribution 

3 6 Power to operate "beadwalll' 

3 7 Beadwall 

Rock bed, fan for charging rock bed and central air 
distribution 

3370 gailon (12,750 liter) water storago and pumps for 
circulation of water 

Rock bed, fan for charging rock bed and central air 
distribution 

It may be argued that fan distribution electrical energy requirements would also be re- 
quired in a conventional non-solar building and thus should not be charged to the solar system. 
However this ignores the fact that the passive system may require longer operating peri.nds for 
the distribution fan in order to prevent excessive temperature variations within the space. 

5.2.2 Overall Performance 

Passive systems have generally performed at high levels and with minimal operating pro- 
blem~. Storngo, in wh~tovor fom, had non-useful hcnt 1033~3 ranging from 9 to 36 pcrccnt. 
Temperature variations in the conditioned space ranged from S°F or 7OF (3OC or 4'C) for closely 
controlled environments, to 3S°F (20°C) for a warehouse. Movable day/night insulation was 
effectively used to substantially reduce night time heat losses without interfering with day 
time collection of solar radiation. Greenhouses provided only minor contributions to the heat- 
ing of the conditioned space, but did function as an effective temperature buffer between the 
cond-itioned space and the aaLPe~~t. 

System 31 consisted of a combination sunspace (greenhouse]/direct gain system. Massive 
walls and floors were heated by direct gain and/or indirectly by fans, which provided heated 
air to a rock bed under the floor on the north side of the building. The building used a 850 
square foot (80 square meter) south-facing window to heat the building's 1056 square feet (98 
square meters) of floor space. 



System 35 used vertical double glazed panels on the entire south and east walls of a ware- 
house to heat the concrete floor and warehouse contents. Overheating protection was provided 
by an overhang over the glazings and by natural ventilation. Five distribution fans were used 
for distribution of auxiliary heat and for ventilation whenever the conditioned space tempera- 
ture was below 60°F (16°C) or above 90°F (32°C). 

System 36 utilized 720 square feet (67 square meters) of double glazed windows to heat a 
building with 1800 square feet (167 square meters) of floor space. The windows were directly 
in front of a drum wall (55 gallon/208 liter drums filled with water) with a "beadwall" night 
time insulation, to limit night time heat losses. The building utilized a concrete slab floor 
and reinforced concrete exterior insulated walls. 

In reviewing the systems identified as 31, 33, 35 and 36: 
1. Systems which use some form of movable insulation to reduce glazing losses (at 

non- or low solar conditions) ... are 10 to 15 percent more efficient in utiliz- 
ing collected solar energy, thus illustrating the benefits of movable insulation 
assemblies [55]. 

2. "Daily building temperature variations had little effect on magnitude of energy 
savings1! [55]. This conclusion did not consider comfort conditions or electrical 
energy usage by a fan for ventilation and distribution. 

Common problems noted in reference [55] included: 
a. Insufficient storage capacity to prevent overheating. System 36 had no 

significant problems but system 33 had a fluctuation in room temperature 
from 70 to 85°F (21 to 29°C) on May 7, 1979. 

b. West'windows tend to cause undesirable energy gains in the spring and fall. 
c. Moisture accumulation (especially from attached greenhouses) was a problem 

not adequately addressed. 
d. Night time heat losses did sometimes present a problem. System 33 had a 
. net loss of energy during the 1977-78 season because of excessive heat 

losses through glazings. Calculations indicated a night time insulating 
panel with R-2 insulation would achieve a breakeven in terms of energy in/ 
energy out. 

e. Distribution fans were not always useful when the storage was depleted 
[system 35). 

In general, energy savings of greater than 300 Btu per square foot per day (3420 k ~ / m ~ * d a ~ )  
were possible. with comfort conditions maintained [55]. 

Figure 4 (see Section 3,3,1) gives the total energy flows for a 176-day period for system 
32. Several factors are noteworthy [34] : 

1. "The adobe mass wall is effective primarily as heat storage for the greenhouse 
but is less effective than expected in heating the living areas.!' 

2 .  "Above a threshold level of 295 ~ t u / d a ~ * f t ~  (3363 kJ/m2*day), seven percent of 
solar through greenhousing glazing is conducted into the living area in 
November-February and three percent in March-April." 

3. During November-February, 41 percent of the radiation through the greenhouse 
GLazing is absorbed by the adobe wall, during March-April only 21 percent is 
absorbed by the wall. 

4. "The effectiveness of the fan-forced rock bed (an active system component) as 
an important thermal element of the system has been shown emphatically con- 
f,irmed.I1 The ratio of useful heating to electrical operating energy input.is 
about 11.0. 

5. Peak temperatures in the greenhouse were reduced by forced ventilation by about 
13°F (7OC). 

6. The warm floor radiant heating capability increases the room temperature 
from approximately 57°F up to 72°F 04OC up to 18-22°C). 

7. "The greenhouse is an effective solar collector." The solar radiation threshold 
for useful collection is about 300 ~ t u / d a ~ * f t ~  (3420 kJ/m2*day) wherein about 
51 percent is transferred to the house. 

8. Temperature variations ranged from extremes of 28OF to 43OF (15.S°C to 23.g°C). 
The average clear day temperature variation was S°F (3OC). Table 25 provides 
monthly performance information on system 32. 

System 39 combined a roof water storage (3370 gallons, 12,755 liters) with clerestory win- 
dows and hingcd insulation pancls. Rcsults inelude 1351: 

1 The "heat storage room seems to be effective thermally but was overpowered by 
direct gain through south windows during the early part of the heating season, 
tending to overheat the spacen. 

. 



2. lfConvective heat  t r ans f e r  from the  warm c e i l i n g  t o  t he  a i r  below i s  r a the r  
i n e f f i c i e n t ,  hence t he  r ad i a t i ve  mode accounts f o r  most of t he  heat transfer. . l l  

3. C r i t i c a l  design parameters a r e  angles of tilt of glazing ( i n  t h i s  design, 65 
degrees from hor izonta l )  and t he  length of roof overhang. 

4. With d i r e c t  gain, room temperatures may vary by 25°F (14°C). Without d i r e c t  
gain t he  room temperature va r i a t i on  i s  about 1 0 " ~  ( 6 " ~ ) .  

Table 26 provides monthly performance da t a  f o r  system 39. 

System 40 a l s o  provided some cooling da ta  u t i l i z i n g  an economizer cycle .  The system 
charged t he  rock bed with cool ambient a i r  f o r  four  hours a t  night  and discharged it over nine 
hours i n to  t he  conditioned space by t he  cen t r a l  a i r  d i s t r i b u t i o n  system. The overa l l  useful  
cooling t o  e l e c t r i c a l  operat ing energy input  (fan) r a t i o  was 3.3. See Table 27 f ~ r  monthly 
performance values. 

System 37 i s  noteworthy i n  t h a t  it i s  e a r t h  covered with a combination d i r e c t  gain and 
mass wall with beadwall i n su l a t i on  f o r  night  time use. The s torage fea tures  include 54 f i f t y -  
f i v e  gal lon (208 l i t e r )  drums with a heat capaci ty of 22,680 Btu/"F (43 MJ/OC) p lus  concrete 
wal l s  with a heat capaci ty of approximately 50,000 Btu/"F (95 MJ/"C). 

Only systems 37 and 40 attempted t o  evaluate  t he  usefulness  of the  heat losses  t o  t he  
condi t io~led  space. For system 37: 

Month: Nov Dec Jan Feb Mar Apr May 

Clearly t he  assumption t h a t  a l l  of t he  heat losses  cont r ibu te  t o  meeting t he  heating load i s  
f a l s e .  

System 34 was, i n  general ,  a f a i l u r e  [43] . The room temperature varied from 45.7 t o  100'F 
(8 t o  3g°C), pr imari ly  due t o  a lack of s to rage  mass [43]. An i n su l a t i ng  cu r t a in  was planned 
but not i n s t a l l e d .  There "could be a ne t  energy l o s s  due t o  uninsulated glazing and i n su f f i -  
c i e n t  s to rage  massM [43]. I t  i s  noteworthy t h a t  of a l l  t en  systems evaluated, only system 34 
had no d i s t i n c t i v e  a c t i v e  and/or hybrid system components and t h i s  system by f a r  had t he  poor- 
e s  t performance. 

Syst.em 38 was anather  system t h a t  d id  not match t he  performance of t he  o ther  passive heat-  
i ng  systems evaluated. Several problems were i den t i f i ed  including t he  need t o  re loca te  sensors 
and backdraft dampers i n  order  t o  more e f f ec t i ve ly  u t i l i z e  the  rock bed s torage and t o  b e t t e r  
d i s t r i b u t e  heat  t o  t he  north rooms; the  need f o r  night  time ven t i l a t i on  of the  greenhouse f o r  
summer time heat r e l i e f ;  and t h e  poss ib le  need f o r  a r e f l e c t i v e  shade f o r  preventing s torage  
wall heat bu i ld  up. Room temperatures were reported a s  high a s  84°F (29°C)  [43]. 

5.2.3 Passive Space Heating Systems - Conclusions 

Passive heating systems have demonstrated t h e i r  a b i l i t y  t o  provide useful  heat  f o r  space 
condit ioning purposes. However, two objec t ives  must be addressed i n  t he  design of a passive 
system. 

The f i r s t  ob jec t ive  i s  t o  reduce the  heat loss  t o  the  ex t e r i o r  ( pa r t i cu l a r l y  through the  
co l l ec t i on  sur faces) .  

Tlle second objec t ive  i s  t o  minimize temperature f luc tua t ions  within the  occupied space 
and t o  maintain comfort condit ions.  

These ob jec t ives  can be met when the  following design components a r e  considered: 
o To reduce n ight  time heat losses ,  some method of day/night insu la t ion  must be 

used (e .g . ,  i n su l a t i ng  cu r t a in s ,  movable type insu la t ions  -- automatic o r  
manually operated,  e t c . ) ,  o r  t he  use of an attached greenhouse as  a buffer  
between t h e  condit joned space and ambient temperatures. 

o Temperature v a r i a t i o n s  can be l imited by t he  use o f :  
1 .  Optimum thermal mass which i s  not sub jec t  t o  excessive thermal losses  t o  

the  e x t e r i o r .  (Such a thermally massive component could a l s o  improve 
performance of  an a c t i v e  heating and/or cooling system), and 

2 .  Hybrid, ac t ive /pass ive  system components which provide f o r  improved heat  
d i s t r i b u t i o n .  



o Direct gain systems without intervening mass walls, greenhouses, or other 
buffers, caused unacceptable temperature variations for systems contributing 
more than 10 to 20 percent of the heating requirements. 

o Designs must consider moisture accumulation and the need for reasonable levels 
of natural or forced ventilation. In general, health and comfort conditions 
require a minimum of one-half to one air change per hour. 

The only major limitation of most passive solar systems is that such systems have to be 
integrated with the building structure. Unfortunately, retrofit installations on an existing 
building are difficult and, in most cases, not feasible (except for attached greenhouses). 

5.3 PERFORMANCE EVALUATION OF ACTIVE HEATING SYSTEMS 

5.3.1 Introduction 

A wide variety of solar active space heating systems have been evaluated and their perfor- 
mance reported in Tables 29, 30 and 31. The level of performance in terms of durability, re- 
liability,, energy savings, and systems efficiency varied dramatically. These variations were 
due to: 

o Distinct and wide variations in the solar system designs 
o Major differences in the quality and thoroughness of installation and 

maintenance procedures 
o Different heating demand profiles 
o The experimental nature of many of the unique and innovative systems and/or 

components utilized 

On average, the active systems performed at unexpectedly low levels. However, several 
systems which received careful attention to details of design, installation, operation, and 
maintenance performed quite well. The major distinction between the levels of performance of 
"~uccessful~~ and  unsuccessful^^ systems is directly due to the degree of adherence to proper 
solar and HVAC design and installation procedures. In future applications all solar active 
heating systems can be expected to receive this same attention to detail in all phases of the 
application of a system to a particular building. On this basis, therefore, the performance 
of two well-designed and installed systems will be considered initially. 

5.3.2 Achievable Performance Levels 

5.3.2.1 Residential 

System 61 of Table 31 achieved a solar collector efficiency of 33.6 percent, a system 
thermal efficiency of 31.7 percent, and a system overall efficiency of 42.9 percent. This 
air-heating collector and rock bed storage combination had system,heat losses of less than 10 
percent of the collected solar energy and a high useful heating to electrical operating energy 
input ratio (i.e., S = 17.7). The electrical operating energy per unit area of collector was 
only E/A = 27 ~tu(electric)/ft~ (307 kJ(electric)/m2), as compared to an average of systems 51 
through 62 of 31 Btu(elec)/ft2 (353 k~(elec)/m~). The electrical usage as a fraction of useful 
hoating was E/QU = 5.6 percent average for all 13 systms was 12.1 percent). 

In a subsequent year of operation, system 61 achieved comparable results with a substan- 
tially modified system. The lower system overall efficiency of 34.9 percent (as opposed to 
42.9 percent for the previous year) was due to a higher solar radiation level of 1733 9tu/ft2 
(J9.7 mJ/m2-day) (as opposed to only 1499 Btu/ft2*day; 17 MJ/m2*day). For example, we note 
that [(34.9%)(1733/1499)] = 40.3%. More importantly, the modified system achieved an energy 
savings of Q = 239,100 Btu/day (252 ELJ/day). with 623 ft2 (57.8 m2) qf collector (Q /A = 
384 ~tu/da~-?t~; 4377 k~/m~*da~), while ,:he previous design achieved an energy savifigs of 
Q = 263,000 Btu/day (277 MJ/day) with 722 ft2 (67 m2) of collector (Qs/A = 364 ~tu/da~*ft~; 
4749 kJ/m2*day). 

The result of this performance is overall annual energy savings of about 117 million Btu 
per year (123 GJ/year) with 73 million Btu (77 GJ) of solar heat delivered to the space heating 
load, 8 million Btu (8.4 GJ) of solar heat delivered to the DHW heating load (October through 
May only), and 18 million Btu (19 GJ) consumed in operating the solar system. The resulting 
savings in non-renewable energy resources, such as natural gas (with an energy content of 
.lo00 ~ t u / f t ~  of gas; 37.3 MJ/m3) is 117,000 cubic feet (3311 cubic meters) of gas per year. 



5.3.2.2 Commercial 

System 62 of Table 31 achieved solar c~llector efficiencies of 32.1 and 33.2 percent (in 
subsequent years), system thermal efficiencies of 31.5 and 32.3 percent, and system overall 
efficiencies of 41.5 and 42.9 percent. This liquid heating and cooling system for a conference 
center and library had system heat losses of less than 15 percent of the collected solar energy 
for both years and high useful heating to electrical operating energy input ratio of about 16. 
While the heat losses were from equipment located within the conditioned space, only 80 to 87 
percent of these heat losses are considered useful in meeting the heating load. The electrical 
operating ,energy usage was not excessive, E/A = 33 ~tu(elec)/da~*ft~ (367 kJ/m2*day) and 
E/QU = 6 to 6.5 percent. 

Average energy savings of Q /A = 450 ~ t u / d a ~ * f t ~  (5136 kJ/m2*day) of collector were ob- 
tained. This resulted in overal? annual energy savings of about 1440 million Btu per year 
(1519 GH/year), 1080 million Btu (1139 GJ) of solar heat delivered to the space heating load 
and 240 million Btu(e1ec) (253 GJ) being consumed in operating the solar system. For a conven- 
tional natural gas heating system, the total savings in non-renewable energy is approximately 
1.44 million cubic feet (40,750. cubic meters) of gas per year. 

5.3.3 Demonstration Program Performance 

5.3,3,1 First Year 

Systems 41 through 49 of Table 29 provide data on the first year operations of systems de- 
signed and installed under the National Demonstration Program, with system thermal efficiencies 
of 2.0 to 18.5 (and with seven systems less than eight percent). ThB program cannot be called 
an initial success. Active heating system thermal efficiencies of less than 10 percent cannot 
be justified. 

In systems 41 through 43, the low system thermal efficiencies resulted primarily from stor- 
age heat losses. The storage efficiency (energy delivered from storage to load divided by energy 
delivered to storage) averaged less than 30 percent. The uncontrolled losses in one building 
(system 42)had the effect of increasing the room temperature from 70 to 85°F (21 to 2g°C). 
Thus while it appears that system 42 had an acceptable system thermal efficiency, only one-third 
of the useful collected heat was delivered to the heating load in a controlled manner. 

The second major factor in the poor performance of systems 41 through 43 was reliability 
problems. These problems included control problems (pumps running continuously or at wrong 
times) and leakage through check valves, ball-float valves, and three-way valves. Storage 
units were typically oversized or undersized [43]. 

Systems 44 through 49 had room temperature variations of 62 to 84°F (17 to 29°C) (in some 
cases), excessive air leaks in ducts and/or storage units, inadequate or missing backdraft 
dampers, heating of cold storage by the auxiliary furnace, DHW subsystem freeze ups, restrictions 
to flow in rock bed storage units, and in some cases an inability to charge storage with col- , 

lected heat. 

In one' subdivision, 24 new homes were built with solar active heating systems as part of 
the demonstration program. (These systems are not specifically listed in Table 29.) All of 
these systems had major control and excessive heat loss problems. For example, the system 
piping was not insulated. Table 59 shows the results of this oversight in 24 homes. Almost 
half of the collected energy was lost, resulting in an average system thermal efficiency of 
11.4 percent. As shown in Table 59, the simple expedient of insulating the piping increased 
the system thermal efficiency to 24.3 percent. 

5.3.3.2 Subsequent Years 

The major improvement in system thermal efficiency of 24 solar homes, briefly discussed 
above, is an important aspect of the performance of active heating solar systems in the 
National Demonstration Program. For example, systems 52 through 57 in Table 30 represent 
second generation systems (for the National Demonstration Program). These systems had average 
system thermal efficiencies of about 15 percent, a very significant improvement. Nevertheless, 
some problems still existed. . 

System 57, for example, lost 47 percent of the collected useful energy from a 1000 gallon 
(3790 liter) buried storage. A large hot water usage,, when combined with a small (30 gallon) 
solar DHW preheat tank resulted in a very low DHW solar heating fraction. This in turn caused 



cycl ing of pumps i n  the  DHW preheat loop, which i n  tu rn  i n t e r f e r r ed  with t he  de l ivery  of s o l a r  
space heating. The space heating subsystem had been s e t  t o  de l i ve r  heat  whenever t he  s torage  
tank temperature was grea te r  than 75°F (24OC). Because of t he  DHW pump cycl ing,  so l a r  space 
heating was usua l ly  not del ivered when the  s torage tank temperature was l e s s  than 105°F (40°C) 
[611. 

Other problems included excessive snow (about 30 inches) on t he  co l l ec to r  a r ray ,  r e su l t i ng  
i n  a  seasonal drop i n  co l l ec to r  e f f ic iency  of t h r ee  percent  (system 53) [60], severe duct leakage 
i n  system 55 [60], and no DHW heating (because of t he  bui lding being unoccupied) i n  system 56 
[601. 

System overa l l  e f f i c i enc i e s  averaged s l i g h t l y  l e s s  than 17 percent .  However, t h r ee  of t he  
systems ranged from 11.0 t o  12.2 percent while t he  remaining t h r ee  ranged from 19.1 t o  25.8 
percent.  Two of the  former systems used an excessive amount of e l e c t r i c i t y  ( i . e . ,  E/QU = 20%) 
while t h e  t h i r d  combined excess e l e c t r i c a l  usage (E/QU = 15%) with except ional ly poor co l l ec to r  
e f f ic iency .  

5.3.4 Other System Performances 

System'51 had excessive s torage heat losses  (79 percent of Q ) and excessive e l e c t r i c a l  
operating energy usage (27 percent of Qu), r e su l t i ng  i n  a  low sysPern overa l l  e f f ic iency  of 9.4 
percent.  

System 59 
energy usage (1 
13.4 percent (i 
f o r  50 percent 
i s  poor" [63] . 

1. 

had excessive heat losses  (87 percent of Q,) and excessive e l e c t r i c a l  operat ing 
.6 t o  20 percent of QU), r e su l t i ng  i n  a  low system overa l l  e f f ic iency  of 11.2 t o  
.n succeeding years ) .  In t he  f i r s t  year of operat ion,  duct losses  alone accounted 
of t he  useful  heat co l lec ted .  "Tlie performance i n  terms of t o t a l  energy del ivered 
The reasons f o r  t he  poor performance include several  spec i f i c  problems [63] : 

Heating demand was 21 percent lower than expected. 
2.  Additional s torage insu la t ion  and space f o r  a i r  plenums resu l ted  i n  a  smaller 

(34 percent reduction) s torage u n i t  than o r ig ina l l y  planned. The smaller 
s t o r a g e  mass r e su l t ed  i n  higher s torage temperatures (usual ly reaching 145 t o  
150°F (63 t o  66°C) on a  good day), which i n  t u rn  reduced co l l ec to r  e f f i c i enc i e s  
t o  18-19 percent .  

3. Duct losses  i n  a t t i c  were excessive (heat l o s s  was double t h a t  expected); 
i n s t a l l e r  was unable t o  cor rec t  leakage. 

4. Storage heat losses  caused overheating i n  f a l l  and spring.  
5. Fan e l e c t r i c a l  power was excessive (480 watts  a t  s i x  percent e f f ic iency) .  

Overall  COP was 7.6 t o  8.9 when the  fan energy i s  included. 

System 60 had acceptabLe system heat losses  (14 t o  17 percent of Qc) and marginal e l e c t r i -  
c a l  operating energy usage (10 t o  13 percent of QU). Nevertheless the  system overa l l  e f f ic iency  
was adequate (23.3 t o  28.9 percent) .  The system u t i l i z e d  wateryglycol i n  the  co l l ec to r  and a  
2000 gal lon (7570 l i t e r )  hot water buried s torage.  The s torage i s  of p a r t i c u l a r  i n t e r e s t  i n  
t h a t  it  consisted of a  buried concrete s ep t i c  tank insulated with e igh t  inches (20 cm) of 
polyurethane. The s torage heat losses  were only 9.2 percent and 5.7 percent ( in  succeeding 
ycars) of the  energy del ivered t o  t he  s torage.  There were e f f ec t i ve ly  no d i f f i c u l t i e s  i n  t he  
design (only i n  obtaining good measurements) [64]. 

The heat exchanger between the co l l ec to r  a r ray  and t he  s torage tank i n  system 60 was con- 
s idered t o  cause an approximate s i x  percent decrease i n  QU and about two percent i n  co l l ec to r  
e f f ic iency  [64]. 

System 58 had unacceptably high heat losses  (35 percent of Q ~ )  and marginally acceptable 
e l e c t r i c a l  operating energy usage (13 percent of QU), r e su l t i ng  i n  a  system overa l l  e f f ic iency  
of 20.5 percent.  The heat losses  were due i n  p a r t  t o  an improperly insulated buried s torage  
and t o  t he  f a c t  t h a t  t he  2400 gal lon (9080 l i t e r )  s to rage  was oversized (3.5 gal lons per square 
foo t  of co l l ec to r  (142 l i t e r s  per square meter) a s  opposed t o  about 1 .5 f o r  more optimal 
s i z ing ) .  

System 58 a l so  included passive space heating components, including south-facing g lass ,  
i n t e r i o r  insulated shut te rs ,  ex te r ior  f ixed louvers,  and a  four-inch th ick  concrete f l o o r  s l ab  
f o r  thermal storage. Room temperatures regular ly  varied from 68 t o  7 9 " ~  (20 t o  26°C) during 
periods of high inso la t ion .  "This rapid overheating and cooling of t he  space is  due t o  t he  
lack of  c f f cc t i ve  thermal s torage f o r  t he  passive space heating system" [62]. During t he  summer, 
"it was found tha t ,  f o r  approximately 50 percent of t he  time, t he  space thermal condit ions ex- 
ceeded l i m i t s  due t o  excessive r e l a t i v e  humidityu [62]. 



5.3.5 Monthly Performances of Systems 

Tables 32 through 35 provide monthly performance information on systems 61, 58, 50, 
and 62, respect ively.  Figure 20 i s  a p l o t  of system overa l l  and thermal e f f i c i enc i e s  of t he  
fou r  systems. I t  is noteworthy t h a t  t he  r e s iden t i a l  and commercial systems 61 and 62 have con- 
s i s t e n t l y  high system overa l l  and thermal e f f i c i enc i e s ,  b u t , t h a t  the  r e s iden t i a l  and commercial 
systems 58 and 50 have se r ious  degradation of performance i n  t he  f a l l  and spring,  pa r t i cu l a r l y  
a s  denoted by t he  thermal performance. Note a l s o  t h a t  systems 61 and 62 have s torage volume t o  
c o l l e c t o r  a r ea  r a t i o s  of 1 .5  and 1 .3  gal lons per  square foo t  of co l l ec to r  (61 and 53 l i t e r s  per 
square meter).  (System 61 i s  an a i r  system, t he  1 .5  gal lons per  square foo t  is  the  heat capa- 
c i t y  equivalent . )  Systems 58 and 50 on t he  o ther  hand have r a t i o s  of 3.6 and 2.9 gal lons of 
s to rage  per square foo t  of co l l ec to r  (146 and 118 l i t e r s  per  square meter).  Oversized s torage  
provides f o r  excessive s torage  heat losses  under r e l a t i v e l y  l i g h t  heat ing load demand. Table 65 
l is ts  the  e f fec t iveness  of usage of t he  co l lec ted  energy, i . e . ,  Qu/Qc. This demonstrates t he  
importance of proper s i z ing  of systems t o  load and individual  components within a system. 
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Figure 20. System Thermal and Overall Ef f ic ienc ies  - Monthly Values 

Table 65. qU/Qc (percent) 

. .Syste~a Oct Nov Dec Jan Feb Mar Apr May 

Q = Useful s o l a r  energy del ivered t o  heat ing load 
U 

Qc = Collected usefu l  energy by a r ray  



5.3.6 Air/Liquid Systems Comparison 

Two solar heating systems, located at the same site but on different buildings, offer some 
indication of the relative performance of solar heating systems utilizing air-heating and 
liquid-heating solar collectors and rock bed and hot water thermal storage units, respectively. 
Table 66 details some of the performance parameters for side-by-side air and liquid systems. 
The performance is based on four months of data (December through March) and incorporates the 
same performance criteria as used in Tables 29 through 31. Both systems use equivalent collec- 
tors (from the absorber plate up, flat-plate, single cover selective surface absorber), and 
equivalent collector array areas. 

It should be noted that both systems have been substantially modified following the four 
months of performance data shown in Table 66. In both cases, the electrical solar operating 
energy usage was significantly reduced. For the air-heating system, major modification of the 
lower plenum of the rock bed storage reduced the pressure drop through storage by about 40 per- 
cent and was a major factor in reducing electrical usage. The liquid-heating system had major 
modifications to the piping and reduced the installed horsepower rating of all pumps to about 
one-third of the previous system. Other improvements included reduced heat losses and,improved 
controls. Table 67 compares the month of February for the two designs of the liquid system. 

Table 66. Air-Heating and Liquid-Heating Solar Systems Comparative 
Seasonal Performance [95] 

Air-Heating Liquid-Heating 
System System 

Qc Collected useful. heat (Btu/day) * 343,700 348,400 

nc Collection efficiency (%) 34.5 34.0 

QU Useful heating to load (Btu/day)* 319,300 301,100 

qT System thermal. efficiency (%) 32.1 30.2 

E Electrical energy usage (Btu/day) * 24,000 35,400 

Qs Energy savings (~tu/day) * 439,900 365,700 

\ System overall efficiency (%) 40.4 32.3 

*Multiply Btu/day by 1.055 to obtain kJ/day 

Table 67. Air and Liquid Systems Comparative Monthly (February) 
Performance [95] 

Air-Heating System Liquid-Heating System 
Ori~inal Original Improved 
Design Design Design 

-- (1979) (1979) (1980) 

Qc Collected useful heat (Btulday) * 362,200 378,900 482,900 

Oc Collection efficiency (%) 33.0 34.5 44.0 

QU Useful heating to load (Btu/day)* 340,100 318,000 366,600 

9 System thermal efficiency (%) 31.0 29.0 33.4 

E Electrical energy usage @tu/day)* 23,100 33,300 11,000 

Qs Energy savings (~tu/day) * 478,100 402,3.11(1 568,700 

"s 
System overall efficiency (%) 40.3 32.8 49.9 

*Multiply Btu/day by 1.055 to obtain kJ/day 



5.4 PERFORMANCE EVALUATION OF SOLAR COOLING SYSTEMS 

5.4.1 Overview 

The performance of solar cooling systems was in general very disappointing. Most of the 
solar cooling systems were net energy losers, two with exceptionally large net energy losses. 
Two systems (identified as systems 788 and 79 in Table 38), however, performed well and achieved 
significant energy savings. Many of the causes for the poor performance of the other systems 
were eliminated or substantially reduced in systems 78B and 79. Therefore these two high per- 
formance systems (one residential and one commercial sized), can serve as examples of the poten- 
tial performance for all solar cooling systems. 

Systems 78B and 79 had system thermal efficiencies of 12 and 12.4 percent. Their system 
overall efficiencies were 11.2 and 5.1 to 5.3 percent, respectively. The residential-sized 
system (system 788) achieved an annual energy savings of approximately 16 million Btu/year 
(16.8 GJ/year), or about 0.03 million Btu/year*ft2 (. 34 G~/m'*~ear) of collector. The 
commercial-sized system (system 79) achieved an annual energy savings of approximately 130 
million Btu/year (137 GJ/year) , or about 0.02 million ~tu/~ear.ft~ ( .22 GJ/rn2-  ear) of collec- 
tor. In comparing these savings with various heating systems, it should be noted that the 
cooling seasons are only.about three months long. 

A detailed analysis of these systems is discussed below.. However, because of the impor- 
tance of several conclusions that arise from this more detailed discussion, they are presented 
here at the outset, i.e., : 

Given the realistic potential improvements in the solar cooling.systems 
78B and 79 and the modified calculation of potential real energy savings 
by these solar systems, we may conclude t.hat solar cooling systems can 
ac.hieve savings in non-renewabls enerRy resources of: 

Potential Annual Energy Residential Commercial 
S~vings by Solar Cooling 

Coll ector area (,ft ') 63 1 7705 (1) 
million Btu/year 69.1 781.0 (2) 
million Btu/year*ft2 0.11 0.10 (3) 
~ t . ~  nf natural gas 63,000 701,000 (4) 

(1) Multiply by .0.929 to obtain square meters 
(23 Multiply by 1.055 to obtain GJ/year 
(,3) Mudtjply by 11.4 to obtain ~ , ~ / ~ e a r * m ~  
(4) Multiply by 0.0283 to obtain cubic  ~~leters 

The sfx systems listed in Table 37 provide a clear indication of the reasons for the pro- 
blems of those solar cooling systems which failed to achieve positive net energy gains. 
Specific problems on a case-by-case basis are delineated below. 

Major causes of poor performance were: 
1. Excessive solar system heat losses, including: 

a] Thermal storage losses to inreriar 
b) Thermal storage losses to ground [busied storage) 
C) Thermal storage losses to exterior 
dl Piping and other component heat losses 

2. Excsssive electrical energy consumption for oycraLi~,~g solar system 
3. Improper control strategy for operating s o l a r  system 
4. Poor integration of .collectors with specific system and/or cooling requirements 
5. Poor chiller performance caused by a lack of consideration of the chiller's 

internal control system 

5.4.2 System 71 

The major factor in system 71 was the excessive heat losses from the thermal storage. The 
unit was buried and improperly insulated, resulting in an effective R-value of the storage of 
R = 2.7 hr*ft2*O~/~tu (effectively the ground U-factor only). This resulted in 49 percent of 
the collected solar energy being lost by storage. 

Table 39 shows some monthly data for system 71. ' Of particular interest is that July with 
the lowest insolation also resulted in the best monthly system thermal performance for the 
season. The reason is clearly due to the relatively lower heat losses during that month. 



This in turn resulted from a better correlation between solar availability'and cooling demand 
(which reduced the time that useful heat was in storage and thus reduced the heat losses). 
Note that the electrical energy usage was not significantly reduced from June and August levels. 

Buried hot storage (high temperature 100 to 200°F; 38 to 93'~) is normally a poor design 
choice, particularly for cooling (buried chilled water storage is probably acceptable). Table 
68 provides an estimate of the temperature differential, AT, between the operating temperature 
of storage and the ambient for different storage locations and seasons. For a given insulating 
value of the storage insulation, the amount of heat losses are directly correlated with AT. We 
can therefore compare the heat losses from an exterior.(i.e., above ground) storage with that 
from buried storage by: 

Exterior above ground storage heat loss = 
Buried storage heat loss 

= 0.778 
13S°F 

Thus the extsrior storage has about 75 to 80 percent of the heat losses that would result from 
a buried storage. Heat losses from a buried storage will depend, of course, on ground condi- 
tions.' Underground =chambers may offer a realistic alternative. 

'I'able 68. Temperature Differentials, AT, Between Storage and Ambient for 
Different Storage Locations and Seasons 

Cooling Season Heating Season 
Ambient Operating Ambient Operating 

Temperature Temperature Temperature Temperature 

Ta * of Storage Ta* of Storage 
(OF) (OF) (.OF) (OF) 

Tmin 175-195 100-150 

AT (exterior storage) 80-90 95-115 20-40 60- 130 

AT (interior storage) 70 105-125 70 30-80 

AT (buried storage) 50-60 125-145 40-50 50-110 

*Ambient temperature of material surrounding storage 
"C= (OF-32)/1.8 

It should be noted that system 77, which had.positive energy savings, also utilized a 
buried storage. In this case the storage tank was a vertical cylinder.with a capacity of 3000 
gallons (.11,355 liters) and filled to 2800 gallons (10,600 liters) and was insulated with 
sprayed-on urethane foam.insulation on top.and sides and on unknown amount of "Gilsulate" 
granular poured-in-place insulation beneath [71J. Initially this storage lost 20'percent of 
the collected solar energy but this value was later reduced to less than nine percent. However, 
heat losses from the piping between the buried storage and the chiller added an additional 12 
and 4 percent, rssp~ctively, heat loss of the useful collected heat. These total heat losses 
are therefol'e still significant (albeit not necessarily disastroilsj.. Had L l ~ e  storage bccn 
located above ground (exterior), the AT between storage and ambient would have been decreased 
from about 120°F (66OC) for the buried storage to about 90°F (50°C) for the above ground ex- 
terior storage. This would have increased the system overall efficiency for system 77B from 
3.2 to 3.5 percent. 

An important distinction.between systems 71 and 77 is that 71.is located in Florida, with 
a high water table, and 77 is located in Arizona in a very arid region. 

System 71 also had a heat rejection mechanism for instances when the storage temperature 
exceeded 220°F (104OC). This system was apparontly seldom used. 

The end result was that system 71 had a thermal system efficiency of 7.7 percent. It is 
highly unlikely that a solar cooling system can be expected to be technically feasible if the 
thermal system efficiency is less than 10 percent. Because system 71 utiljzed an excessive 
amount of electricity (li. e., E/A for system 71 was approximately 161 ~tu(elec)/da~*ft~ (1835 
kJ/m2*day); the system overall efficiency was negative. The electrical usage per square 
foot of colleeeor w c i ~  over five times the average for active heating systems (31 Btu(elec)/ 
day*ft2; 353 k~/m~*day), while other cooling systems averaged E/A values of 54 Btu(elec)/ 
day*ft2(615 ~J/m~*day) (neglecting the clearly excessive values of 529 and 576). It is 
noteworthy that one system had an E/A value of 26.6 ~tu(elec)/day*ft~ (303 k~/m~*day). 



"All measured electrical appears high" [68]. This may in fact be true and may be due to 
faulty measurements (wattage appears far too high for horsepower). This residential system 
utilized for its various pumping requirements: 

pump Flow Rate 

Collector 16.6 gpm ' 
Load 10.4 gpm 
(storage to chiller) 
Cooling tower 10.2 gpm 
Chilled water 7.2 gpm 
Chiller - - 
Fan 1100 cfm 
Cooling tower 
fan 

Pumping 
~orse~ower~ 

1/4 
1/6 

Multiply by .063 to obtain l/s 
M111tj.ply by .472 to obtain l/s 
Multiply by .746 to obtain kW 

Neglecting the fan power this constitutes 4/3 hp (.99kW), which can be compared to a 
slightly smaller system (system 78 with 631 square feet (58.6 m2) of collector versus 714 square 
feet (66,3 m2) of collector for syste~n 71) which had a total horsepower nf  0 .74  (,55 kw) (a con- 
ventional 3-ton heat',pump might utilize 3 to 4 horsepower; 2.2 to 3 kW). The electrical usage 
of the two systems w i ~  115,000 and 16,800 Btu(elbc)/day (121,360 and 17,730 kJ/day). This 
would imply that the reported electrical usage 167,681 is either too high or that the system 
controls were not optimized properly or a combination of the two reasons. 

In any case, the combination of excessive heat losses and excessive electrical energy 
usage reduced the energy savings of system 71 to a negative value and an overall system effi- 
ciency of -19.1 percent. Had the electrical usage been reduced to one-fourth of the actual 
value (which seems possible), the overall system efficiency would have been +2.0 percent. 

System 32 in 1978 had an extremely low thermal system efficiency of only 1.9 percent. This 
was due to excessive heat losses, poor collector performance, and a low COP of the solar chiller. 
The excessive heat losses were due in part to the large storage unit (10,000 gallons, 37,850 
liters) in relation to the collector area (3840 ft2; 357 m2). This represents a storage volume 
LU cullecLur area ratio or 2.6 gallons per square foot (.lo6 l/mL) (as compared to more typical 
values of 1.0 to 1.5 gallons per square foot). 

The dollector efficiencies of 14.8 and 12.0 percent were due to the use of concentrating 
collectors in a low to interniediate temperature application (120-200°F; 50-90°C). The collec- 
tor daily operating efficiency (defined as the useful energy collected, divided by the solar 
radiation incident' during the eriod when the collector pump was operating) was 47.6 and 43.9 

6 9 , 7 0 r ~ G v e r ,  the inability of the concentrating collector percent over a two year p e G d ~  
array to utilize effectively: (1) the diffuse radiation components and ('2) the early morning 
and late evening direct radiation (causing significant end losses) caused the substantial re- 
duction in collector daily performance. 

The poor chiller performance experienced was virtually eliminated hy t h e  second cooling 
Season. It should be noted that the solar system provided about 31 percent of the cooling load, 
utilizing both hot and cold storage. This provides for optimum use of the solar energy avail- 
able for meeting the cooling load. 

5.4.4 Systems 73 and 74 

Systems 73 and 74 had good-to-excellent average daily collector efficiencies and excellent 
heat loss to collected energy ratios (.i.e., (Q +QI)/Qc = 9.8 and 7.3 percent, respectively). 
In system 73 the reduced losses may'be attribufed in part to the use of a 6000 gallon (22,700 
liter) hot storage (1.64 gal/ft2 of collector) and a 2000 gallon (7570 liter) cold storage 
(.both insulated with four inches of urethane foam). In system 71, there was no storage and all 
losses were piping and other component-related. The non-use of.-storage; however, tends to re- 
sult in considerable mismatch between solar heat availability and cooling demand, which in turn 
leads to unproductive cycling of the cooling unit. 



The 25 and 100 ton, respectively, chiller performances, however, indicated an average COP 
of the.chillers of about 0.34 to 0.37. In many periods the chillers achieved COP'S of 0.65 to 
0.72 [70]. The poor average performance was in general due to low condensing water temperatures 
and a lack of control to account for this effect. - --- 

An absorption cycle chiller contains two internal circulation loops (refrigerant and absor- 
bent) and three external circulation loops (hot water, chilled water and condensing water). 
Most absorption chillers contain internal controls which monitor the temperatures of these ex- 
ternal circulation loops and control the concentrations and, to a lesser extent, the flow rates 
of the internal loops. This internal control system is used to maximize the chiller performance 
and to prevent damage to the chiller when these temperatures rise above or fall below the 
chiller's operating range. While most system designers recognize the minimum temperature re- 
quirement of the energy supplied to the generator of the chiller, many do not recognize the 
effects on the chiller's performance due to variations in the temperatures of either the chilled 
water or the condensing water. 

Table 69 shows the effects of low condensing water temperature on the COP of the chiller 
in system 74 [70]. As can be seen from the table, the COP of the chiller was below 0.5 until 
noon (due to either cycling or degradation of the unit), even though the hot water temperature 
was approximately 190°F (9D°C) and the temperature of the chilled water exiting the evaporator 

Table 69.. System 74 Absorption Chiller Performance 
(March 5, 1979) [70] 

Hour Cooling 
Ending produced COP 

Tg (Tc) (tons) * Tt 

8 am 5.2 0.05 180 4 9 68 
9 am 7.8 0.07 188 5 3 7 2 
10 am 19.2 0.18 190 5 3 7 5 
11 am 35.5 0.37 189 5 6 77 
12 noon 41.1 0.49 190 60 8 4 
1 Pm 44.6 0.55 190 6 1 84 
2. pm 46.6 0.53 190 61 8 3 
3 Pm 43.4 0.51 190 6 1 8 3 
4 Pm 43.5 0.52 189 6 0 83 
5 Pm 42.1 0.59 189 6 0 83 
6 Pm 34.2 0.52 188 5 9 82 

T = Temperature to generator 
8 
T = Chilled water 
C 
T = Condensing water temperature 
t 
"C = (OF-32)/1.8 
*Multiply tons by 3.52 t o  obtain kW 

was greater than 50°F (10'~). It is important to note, however, that the condensing water 
temperature was below 80°F (27OC) until noon. The internal controls for this chiller monitor 
the condensing water temperature and by-pass the absorbent around the absorber if this conden- 
sing water temperature is less than 80°F (27OC),, thus causing a significant reduction in,the 
amount of cooling produced. Under the full 100 ton load conditions, sufficient would be re- 
jected by the cooling tower in the first hour of operation'to quickly raise the condensing 
water temperature to 80°F (27OC). However, under the partial load conditions caused by oper- 
ating the chil.ler at below the design hot water loop temperature of 230°F (llO°C), four hours 
were required to raise the condensing water temperature to above 80°F (27'C). The performarice 
of this chiller can be increased by preventing the condensing water temperature to remain below 
80°F (27OC) 'for this extended period 1701. 

Systems 73 and 74 also experienced disastrously high solar operating electrical energy 
requirements.. The E/A values were 529 and 576 ~tu(elec)/da~*ft~ (6030-6566 k.J/m2*day), res- 
pectively, which are about twenty times greater than the best system reported in Table 41, and 
abouL le i1 times highcr than reasonable. T t  i.s noteworthy that both systems had relatively high 
system thermal'efficiencies (coincidentally both were 11.4 percent). The electrical usage, 
however, resulred in these two solar systems using more electrical energy than the total solar 
energy delivered to cooling. 



Had the chiller controls been properly integrated into the system in order to maintain an 
average COP of about 0.6, and the E/A values reduced to about 50 Btu/day*ft2 (570 k ~ / m ~ * d a ~ ) ,  
the system overall efficiencies would have been increased to 12.to 14 percent! In addition, 
with a better chiller, COP = 0.65 to 0.8 could be obtained. 

5.4.5 System 75 

System 75 had poor collector performance, excessive heat losses (about 40 percent of Qc) 
and poor chiller perfoimance. The result was a system thermal efficiency of only 1.7 percent. 
The E/A value of 45.5 Btu(elec)/day*ft2 (519 k ~ / m ~ * d a ~ )  was acceptable. 

The poor collector performance may be due to inadequate filling of the collector array (set 
section on collector array performance) [24]. The excessive storage heat losses are due to a 
slight oversizing of storage (20,000 gallons (75,700 liters) for 11,000 square feet (1022 m2) 
of collector area) and poor insulation. 

5.4.6 System 76 

Systcm 76 had adequate collector efficiencies, excessive Ileal: lusses (41 perce~~L uf Qc), 
and good chiller performance. The storage heat losses resulted from oversizing of storage 
(30,000 gallons (113,550 liters) for 12,660 square feet (1177 m2) of collector, i.e., 2.37 
gallons per square foot (97 liters per square meter)!) and poor insulation. Temperature dif- 
ferences of 70°F (39°C) have been achieved in the storage (due in part to different rates of 
heat losses) but also due to "short circuitingw of the flow through the tank. 

5.4.7 Systems 77 and 78 

Systems 77 and 78 are residential-sized solar cooling installations and provide excellent 
examples ofrimproved performance with modified system designs for the same installation. Sys- 
tems were initially operating properly-but project staffs determined to improve the performance 
(and in fact did). It is particularly noteworthy that both systems utilized the identical 
collector arrays (i.e., without =modifications) in each of the respective system designs. ' 

System design improvements caused collector efficiencies to increase from 12.4 to 18.0 percent 
(with a 6.5 percent increase in solar radiation - system 77), and from 29.2 to 33.9 percent 
(with a 2.2 percent decrease in solar radiation - system 78). The relatively low performance 
of the solar collector array of system 77 may be due to the fact that it was assembled in place 
as a combination roof/collector system and that it was built in 1975, prior to significant 
improvements in collector array technology. 

improvements in system efficiencies (thermal and overall) due to reduction in solar system 
heat losses are also noteworthy. System 77 reduced.its heat losses to collected energy ratio 
from 34.3 to 13.7 percent and had a subsequent increase in system thermal efficiency of from 
5.7 to 8.2 percent. System 78 had a less significant decrease in heat losses (25.9 percent of 
Qc to 21.2 percent of Qc) but reduced the interior heat losses from 15.2 percent of Qc to 6.2 
percent of Q . Because of the requirement for the solar system to remove system heat losses 
from the consitioned space, this significant reduction in interior heat losses was a major fac- 
tor in improving the system thermal efficiency from 8.7 to 12.0 percent. 

It should be noted that both systems 77 and 78 suffered significant reductions in,chiller 
performance. In system 77 the two original units were replaced by two improved units (by the 
same manufacturer) in the summer of 1978. The lower operating temperature requirements of the 
new units allowed for about 75 percent more energy collection. This was due to the fact that 
lower temperature requirements imply lower heat losses (which was also.aided by substantially 
reduced piping), which in turn led to an energy savings increase of sixfold. The luwer clliiier 
COP was apparently due to non-condensible gas accumulation and some overfiring (input tempera- 
tures to generator of chiller of 18S°F (8S°C) instead of '170°F (77OC)) [71]. ''Steady-state 
measurements made in late August 1979 indicate that a COP of 0.75 is regularly obtainable when 
the proper input temperatures are maintainedtt [71]. Such an improvement would increase the 
system overall efficiency from 1.8 to 6.2 percent. 

Electrical energy usage was fairly consistent for system 77 (rising slightly from E/A = 
52.3 to E/A = 55.1 ~tu(elec)/da~*ft~; 596 to 628 k~/m~*day) but had a very pronounced improve- 
ment in system 78 (reduced from E/A = 84 to E/A = 26.6 ~tu(elec)/da~*ft~; 957 to 303 k ~ / m ~ * d a ~ )  
System 78's very low E/A value is a primary factor in its high system overall efficiency. 



5.4.8 System 79 , 
System 79 had two years -of fair collector performance, moderately (limited heat losses (16.5 

to 17.9 percent of Qc), excellent chiller performance (for both .a lithium bromide absorption 
chiller and a'Rankine cycle compression unit), and electrical operating energy requirements 
which had an E/A value of 60 ~tu(elec)/da~*ft~ (684 k~/m~*da~). 

System 79 includes a 5000 gallon (18,900 liter) hot storage and 10,000 gallon (37,850 
liter) cool storage (which is converted during the heating season to 10,000 gallon hot storage). 
The ratio of hot storage volume to collector area is 0.65 gallons per square foot (26.4 l/m2), 
a particularly interesting number. The chillers include an 85 ton lithium bromide absorption 

. unit and a 77 ton Rankine cycle unit. The system also includes night evaporative cooling of 
the large cool storage tank and heat recovery for fresh air .during the. heating season. 

Table 70 details the relative performance of the absorption and Rankine chillers. Common 
to both units was the excessive electrical energy requirement. "The big energy consumers are 
the collector pump and cooling tower (67 percent of the total). By changing the collector fluid 
from paraffinic oil to glycol/water and by using a cooling tower with a propeller type fan in- 
stead of a squirrel type fan and placing it outside at ground level, the power of these three 
items could.be reduced by at least 50 percent. The system COP would then be increased to over 
5.0 (from 3.6)" [66]. 

Table 70. Chiller Performance and Parasitic Power Requirements [66] 

1979 Cooling Season 

Absorption Rankine 
Unit Unit 

Hot water. input 
Chilled water output 
Collector pump 
Heat exchanger pump 
Collector hot water pump 
Chilled water pump 
Cooling tower pump 
Cooling tower fan 
Chiller power 
Total power 

COP (chiller) 
Sc QuC/E 

S - Modified by replacing 
paraffinic oil with water/. 
klycol, i. e, reducing items 
3, 7, and 8 by 50 percent 

The use of paraffinic 'oil as the collector fluid may also be responsible for the relatively 
poor collector performance. 

Table 40 shows monthly performance values. Note that August has a better than average 
collector efficiency (24 percent), heat losses of only 15.5 percent of Q , a subsequent system 
thermal efficiency of 14.4. percent, E/A i. 66 Btu (elec)/day*ftz (752 k~/rnS*da~), and finally a 
system overall efficiency of 6.9 percent. Note also that July and August had virtually identi- 
cal solar insolation but cignifioantly different effioiencies. 

5.4.9 Comparison'with 'Co.nve~itional 'Cdoling Systems 

5.4.9.1 Residential . 

Utilizing system 78B.as an example, we can estimate the potential performance of a solar 
- -  residential cooling system and compare this performance to a conventional cooling design.' De- 

sign modifications to the system include: the improvement of chiller performance by utilizing 
better control techniques, the elimination of-% interior heat loss,es by removing the system 



component to the exterior, reducing these heat losses by 10 percent (achievable in'part by the 
relocation of the system components to the exterior), and reducing electrical energy require- 
ments (by reducing piping runs to cooling tower and eliminating heat exchanger between storage 
and collector). These modifications and the resulting change in parameters is shown in Table 
71. 

Table 71. Comparison of Observed and Predicted Solar Cooling 
Performance, Systems 78B and 79 

- - -- - - - - - ~ - 

Residential Commercial 
Actual Ideal Actual Ideal 
System System System System 
Observed Predicted Observed Predicted 

IA Solar insolation times collector area 1.00 1 .OO 14.5 14.5 
(million Btu/Jay) * 

Qc Collected solar energy (1000 Btu/day)* 339 339 3033 4640 

nc Collector efficicnqy (2 ) '  33.9 33.9 20.9 32.0 B 
QE Exterior heat losses (1000 Btu/day)* 50.9 70.0 544 832 

QT Interior heat losses (1000 Btu/day)* 21.1 - - - - -- 
QU Useful heat to chiller (1000 Btu/day)* 227 269 2489 3808 

C Chiller coefficient of performance 0.527 0.65 0.69 0.72 

nT System thermal efficiency (%) 12.0 17.5 12.0 18.9 
"., 

Collector pump energy (1660 Btu/day) * 4.U 2.0 159.0 80.0 

Circulating pump energy (1000 Btu/day)* 2.7 2.7 64.0 64.0 

Cooling subsystem (1000 Btu/day)* 10.1 6.5 ,240.5 0.0 
(chilled water and cooling tower pumps (assumed to be 
and cooling tower fan) the same as 

conventional) 

E Electrical solar operating energy 16.8 11.2 463.5 144.0 
(1000 Btu/day) * 

S Solar useful heat to cooling unit/ 7.1 15.6 3.8 19.0/12.5** 
electrical usage 

Cc Convcntional unit coefficient of 
performance 

nA Conventional unit efficiency 
(n = CCnE) 

QS Energy savings by solar (3000 Btu/day)* li9.5 328. Y 859. ti 3245.2 
(Q, $/n, - E/nel  

ns System overall efficiency (%) 11.2 31.5 5:3 21.6 

Number of days in cooling season (day/year) 135 210 150 240 

Annual energy savings (million Btu/year)* 16.13 69.1 128.9 781.0 

Annual energy savings/collector area .026 0.11 .017 0.10 
(million ~tu/~ear*ft~) @ @  

* *  See text 
@ See text 
* Multiply Btu/day by 1.055 to obtain kJ/day 

@ @  Multiply ~tu/~ear*ft' by 11.4 to obtain k ~ / ~ e a r - a ~  

5.4.9.2 Commercial 

System 79 can also be modified slightly in order to show the potential performance of a 
solar commercial-sized cooling system. The investigator has already noted that the replacement 
of the collector heat transfer liquid Ca paraffinic oil) with a water/glycol solution would cut 
the collector pump electrical energy requirements by half [66]. We should also expect a major 
improvement in collector performance. Because the residential and commercial chillers have 



similar input temperature requirements and the climatic factors are similar (system 79 has 19 
percent more solar radiation than system 78B), we will assume a collector efficiency of 32 per- 
cent. Note that system heat losses will also probably increase by an equivalent amount. 

In comparing the solar and conventional cooling systems we must realize that the conven- 
tional unit for a commercial system is normally an absorption chiller and thus has the same 
energy usage in the chiller, cooling tower, etc. Therefore, because energy savings is the 
difference between .conventional and solar energy usage, this component of electrical energy 
usage can either be deleted (for comparison purposes) or incorporated into the conventional 
unit's efficiency. For simplicity we will delete the energy requirements for the chiller 
(i.e., the chilled water pump, cooling tower pump, cooling tower fan, and chiller power). 

The results of these modifications are shown in Table 70. 

5.4.9.3 Conclusion 

We note that our assumptions of potential improvements have yielded approximately equal 
values of Q~/AI (i.e., 26.9 and 26.3 percent for the residential and commercial systems, res- 
pectively). This is in accordance with the fact that these two collection systems should be 
approximately equal in efficiency. These values are also in line with the efficiencies of well- 
designed solar active space heating systems (i.e., Qu/AI for selected active heating systems 
was 22.0 to 32.3 percent). When the chiller's coefficient of performance is taken into account, 
the thermal efficiencies of the cooling systems are then reduced to 17.5 and 18.9 percent. 

The substantial reduction in electrical solar operating energy usage provides for substan- 
tial increases in the ratio of solar useful heat to cooling unit to electrical solar operating 
energy, S. The residential system effectively doubled S (7.1 to 15.6), while the commercial 
system had an even more dramatic improvement. However, for the commercial system the chiller 
power should be included. After some reduction by replacement of the type cooling tower fan, 
we would expect a value of S for the commercial system of about 12.5. 

The more noteworthy effect is the combined improvement due to improved thermal performance 
and reduced electrical energy usage. The overall energy savings for the residential.system was 
nearly tripled (i.e., from 119,500 Btu/day to 328,900 Btu/day; 126,000 to 347,000 kJ/day). For 
the commercial system.the overall energy savings was nearly quadrupled (i.e., from 859,600 
Btu/day to 3,254,200 Btu/day; 906,900 to 3,433,200 kJ/day). The system overall efficiencies' 
show the result. 

Because of the limited cooling degree days at the two locations of systems 788 and 79, the 
annual energy savings per square foot of collector area is significantly smaller than that for 
the various heating systems. If we assume, however, a more substantial period of cooling 
requirements (typical of southern, moderate altitude locations), we obtain annual energy savings 
per unit area of collector of 0.11 and 0.10 million ~tu/~ear.ft~ (3.25 and 1.14 ~J/~ear*m*) of 
collector for the residential and commercial systems, respectively. For natural gas with an 
energy content of 1000 Btu per cubic foot (37,300 kJ/m3) of gas, the residential and commercial 
s stems' annual savings in natural gas were 69.1 and 781.0 thousand cubic feet (1,955 and 22,102 Y rn ). of gas/year, respective3.y. 

5.4.10 Solar Cooling Systems'- Conclusions 

In order for solar cooling systems to be technically and economically feasible, all major 
factors listed in Section 5.4.1 must be accounted for. Design requirements for any solar cool- 
ing design must include: Minimizing of heat losses and electrical energy operating require- 
ments, intelligent use of internal and system controls, proper integration of all components 
with system and load requirements, and carefully designed control systems (in order to maximize 
the chiller and array performance].. 

~lectrical usage should be limited for solar system operations to values of E/A not to 
exceed 60 to 70 ~tu(elec)/da~*ft~ (684 to 798 kJ/m2*day) and preferably in the range of 20 to 
40 ~tu(elec)/da~*ft~ (228 to 456 kJ/m2*day). 

Integrating the various solar components into a complete solar cooling system must be done 
with care. The use of concentrating collectors with lithium bromide absorption chillers has 
not necessarily resulted in the most appropriate integration of components. System 72 (see 
Table 37) achieved some of the lowest collector efficiencies, and the concentrating collectors 
used in the system described in Table 77 were responsible for the zero solar cooling in that 
system. It is noteworthy that one concentrating collector (without a defocus control) resulted 
in the thermal fluid catching fire [8]. 
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In discussing systems 72 through 76, one report noted that !'The factors which cause the 
majority of the operational problems are ... caused by inexperience in integrating components 
into a solar energy system. This integration requires a control system which must be designed 
using.an overall system approach to ensure the syst'em efficiency is maximizedt1 [70]. 

It is noteworthy that system 79 used a flat-plate collector array to operate a Rankine 
cycle cooling system at reasonable system efficiency. 

Solar cooling system overall efficiencies of 20 to 35 percent are attainable when careful 
attention to design is a prerequisite. 



APPENDIX A 
Management and Logistics 

Reference: U.S. Department of Energy, "Solar Heating and Cooling Project 
Experiences Handbook", Preliminry issue. Prepared under 
contract number EC-78-C-01-4131 

A management plan to complete the project in all phases should be prepared. -It 
should define areas of responsibility of all team members. 

Assign one project engineer or supervisor to be responsible for the complete program. 
The same supervisor, starting with the initial concept and continuing through opera- 
tion, should demonstrate strong technical and administrative Skills, thus eliminating 
many of the problems observed in previous projects. Do not rely upon scattered 
members of a team to provide for project management. Engage a firm technically . 
knowlodgeable and who can assume full responsibility.for project control. 

Attempt to obtain firm contractual bids from all bidders. Maintain open communication 
during any bidding process to ensure proper understanding with the bidding contractors. 

Utilize local micro-climatic data in design, if possible. 

Consider the code requirements for conventional systems when interfacing with solar- 
assisted systems. To avoid later delays or misunderstandings, consult with insurance 
underwriters during the design phase. 

Review project summaries showing previous design concepts. 

Plan on developing realistic cost estimates and cost trade-off studies on centralized 
versus unitary .systems. 

Obtain site approval from proper authorities in early phase of design. Evaluate 
thoroughly initial project site details for minimum site preparation cost. 

Consider shop labor assembly of some system components as opposed.to field installa- 
tion of all components as a means to reduce cost. 

Control costs by keeping up-to-date on engineering changes and their effect on both 
performance and budget. Conventional design/eonstmction procedures have evolved 
from cost-effective considerations. Deviations or delays are 'nearly always very 
costly. Major overruns can and will occur unless a very disciplined approach to 
completing the project is followed. 

consider the severe environmental conditions that exist nea? salt waler. Farticular 
attention should be paid to extra corrosion protection for metal support structure, 
assembly hardware, external electronics, and exposed metal portions of the collector 
as well as buried metal pipe. Requirements for special pre-assembly treatment as 
well as post-assembly treatment should be completely evaluated. Address potential 
freeze protection as required by local conditions at conceptual design. 

Evaluate the installation experience of other installers of the specific collector 
under consideration. Cost saving procedures and problems on a workman's level are 
often available. 

Provide the installation crew with detailed installation instructions for the 
collector and support structure. The instructions must be understandable and, if 
possible, provisions should be made for "go/no go" checks. Special hardware should 
be considered as a means to avoid misalignment. Corrective action can be taken in 
early construction phases if detected by a competent construction/installation . 
review. Due to language and site location problems, do not assume that conventional 
tlinsLallation manuals" are i.n all cases adequate. 



Provide in the project management structure for adequate and professionally competent 
engineering review of the construction progress and quality. Adverse comments on 
construction quality or progress must be resolved quickly. Do not permit cost- 
effective corrective recommendations by the design engineer to go uncorrected by 
construction personnel. 

Require adequate supervision during handling and installation of collectors. Provide 
in a management plan adequate provision to handle shipping damage to collectors. 

Assure during the design phase that all installation requirements meet local codes. 

Specify that the equipment supplier will provide complete instructions for mounting 
equipment. All information necessary for installation should be readily available 
from the supplier. Where the collectors are an integral part of the roof, responsi- 
bility for tightness of the roof should be a part of the same contract. 

Consider advantages of preassembling groups of collectors and hoisting to roof by 
crane or helicopter. 

Mainrain a proper inventory of spare parts to preclude partial shutdown of collector 
arrays. 

To minimize costs, consider: 
(a) Bidding collector subsystem as a separate package 
(b) 111cludin~ job performanre penalty in contract fur failure to meet time 

schedule 
(c) Require testing before approval 
(d) When estimating cost of construction, be aware of the possibility of 

charges resulting from concern about uniqueaess of project or "fear 
factor" of solar. 

Plan to provide maintenance and operation manuals for all systems. Have a plan to 
periodically verify proper system operation and correct as necessary. 

Coordinate carefully all requirements imposed by owner. 

When working with local, s t a t e  and fedora1 govorlmnw.nt.s, be aware ot all the contract 
and working requirements. Do not establish unrealistic project milestone or 
schedule dates which do not allow for interaction between various team participants 
such as subcontractors, etc . Read and carefully undersrand the requirements of 
contractual agreements. Do not rely upon past oxpc~iences  LU provide intormation 
regarding present contractual requirements. Ask fluestions of the respol~sible agency 
with regard to any question of interpretation. Do not rely on hearsay. 

Respond to design review action items in a timely manner to avoid delays in design 
construction. 

Where aesthetic considerations art? n seriou~ oonccrn, arcl~ilectural, clectriqal, 
mecliai~ical and solar contractor teams should work together to achieve a design 
acceptable to all parties, 



APPENDIX B 

EXAMPLES OF S P E C I F I C  PROBLEMS ENCOUNTERED AND CORRECTIVE ACTION TAKEN 

O b t a i n e d  from 

NASA M a r s h a l l  Space F l i g h t  C e n t e r ,  A l a b a m a  



SUBJECT: 

SOLAR HEATING AND COOLING 
COMMERCLAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

Apr i l  19, 1979 
AC00104-4 

Freeze-Up o f  a Drain-Back System 

LOCATION: North Georgia Area  Planning & Development Commission,  
Dalton, Georgia 

APPLICABILITY: Sys tem Designed Without Vacuum Breakers  

PROBLEM: A f reeze  -up was experienced on this project  when water  vapor 

was  drawn into the s y s t e m  and condensed.. This  condensation accumulated then 
f r o z e  b.efore being allowed to dra in  back to  the s torage tank. T h e  r e s u l t s  w e r e  
fifty fa i lures  (split copper lines) in  supply, r e t u r n  and collector passage ways, 
The  water vapor was allowed to  enter the sys tem f r o m  the top of the  s torage tank 
and the, isolation valves, a t  the ends of the collector rows, were  uninsulated 
allowing the vapor to  freeze.  

CORRECTIVE ACTION: 

1. vacuum breakers  installed a t  the end of each collectoi? row t o  allow ambient  
a i r  into the sys tem instead of water vapor f rom.the  s torage tank, when the 
sys tem i s  drained. 

2.  The isolation valves a t  the end of each row in the supply and re tu rn  l ines  
were  insulated to  protect  against  freezing in this area. 

3. The water level  in the t&.was ra i sed  until tile r e tu rn  was below the top  of 
the water. 

Before 

NASA 
M a r s h a l l  Space F l igh t  Center  
Alabama 35812 
AG 205 / 453-2054 



SOLAR HEATING AND COOLING 
COlMMERCIAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

Apr i l  19, 1979 
ACOOlOOB 

SUBJECT: Separation of Glazing f r o m  Collector Housing 

LOCATION: Huntsville Senior Citizens Center,  Huntsville, Alabama 

APPLICABILITY: Suncatcher, Model H2, F la t -P la te  Collector 
Manufactured by Solay Unlimited 

PROB LElW 
approx. 2 11 
angle of 60° 

The Model ~2 col lector . i s  approximately 26 f t .  i n  length and 
' 2  f e e t  wide. In this installation, the collectors a r e  mounted a.t a tilt 
with the 26 ft .  length in  a ver t ica l  orientation. The collector housing 

i s , a  light weight concrete shell. GI-azing consists  of a single pane of low i r o n  
tempered glass.  Separation of the 'glazing f r  om the collector housing has  been  
experienced in a significant number of the col lectors~insta l led .  The  separat ion 
occurs  a t  the bottom of the collectors result ing in thermal losses and mnisitre 

entering the collector. 

CORRECTIVE ACTION: 

A silicone adhesive has been applied by the manufacturer to r e - s e a l  the glazing 
t o  the collector housing. 

REMARKS: 

NASA 
Marsha l l  Space F l igh t  Center 
Alabama 3 58 12 
A C  205 / 453-2054 



SUBJECT: 

SOLAR HEATING AND' COOLING 
COMMERCLAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

Apri l  19, 1979 
ACOO lOlA 

Hydronic Heating Coil F r e e z e  -Up 

LOCATION: Telex Communications, Blue Ear th ,  Minnesota 

APPLICABILITY: Space Heating--Improper Solar System Integration With 
Conventional Air Conditioning (Existing) Sys tem 

PROBLEM: Improper sys tems integration between the retrofi t ted so la r -  

f i r ed  space heating sys tem and the conve_ntional vapor compress ion a i r  conditioning , 

sys tem resul ted in both sys tems  operating a t  the same time. The  f reeze  s t a t  sensor  
located between the heating and the a i r  conditioning coil  was designed t o  t u r n  off the 
a i r  handling unit (AHU) blower when the temperature  fa l ls  to 35O F. J3 the outside 
a i r  dampers failed to  close,  this would protect  the hydronic coil f r o m  f r e e z e  -up. 
The AHU blower was off and the room T -stat  valve fzi led in the closed position 
and with the proximity of the f reeze  s ta t  sensor  to  the nearby A C  coil  and with it 
s t i l l  cooling, the heating coil f roze  and ruptured. (See Diagrzm below.) 

CORRECTIVE ACTION: 

1. Air mix sensor  moved upst ream of hydronic heating coil to point A. 
2. Room T -s ta t  valves changed to fai l-open ra the r  than closed in  order  t o  circulate 

w a r m  water f r o m  storage (pump P - 2  runs continuously) to  hydronic coil. 
3. Air  conditioning and heating systems interlocked s o  both cannot operate 

simultaneously. 
4. Freeze- .s ta te  sellsor inter  -conqected to  c l ~ s e  outside a i r  damper.  
5. Outside a i r  ducting at roof line sealed and a i r  conditioning f r e s h  a i r  s e n s o r  moved 

f r o m  side of duct into mid-ai r  s t r e a m ,  ' a s  shown. ., , 

2ND =AGE nt~'rli\rG 
ROOMT-STAT 

/ 

AIR A H U  

FRESH ALR-RETURN AIR MIX SENSOR 
FOR DAM?ER CONTROL 

NASA 
M a r s h a l l  Space Fl ight  Center  
Alabama 35912 
AC 205 / 453-2054 , 



SOLAR HEATING AND 'COOLING 
COMMERCLA L'DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

Apr i l  19, 1979 
AC00102A 

SUBJECT: Heat Exchanger (Collector Loop) Freeze-Up 

LOCATION: Mt. Rushmore National Memorial, South Dakota 

APPLICABILITY: Leaking 3 -Way Diverter Valve (Inlet Loop) 

PROB LElM: Instrumentation data indicated that the two temperature  probes 
on the collector side of the heat exchanger regis tered near  32O F during the night 
of a severe  winter s torm.  Subsequently, the mechanical contractor disassembled 
the heat exchanger on s i t e  and found the water end cover plate and two tubes cracked 
f r o m  freezing. All data points indicated a leaking 3-way diver ter  valve which 
resulted i n  thermosyphoning of the antifreeze (5070 glycol) through the exchanger 
during the extreme cold weather. 

CORRECTIVE ACTION: 

The  mechanical contractor, replaced the cover plate and brazed the water tubes to 
repa i r  the heat exchanger. F r o m  past experience with the  3 -way diver ter  valves, 
the solar  designer recommended putting a positive solenoid valve c losure  in the 
collector loop above the 3-way valve to be actuated by the control sys tem to 
prcclude rher mas yphoning. 

REMARKS: 

NASA 
Marshal l  Space Fl ight  Center  
Alabama 35812 
AC 205 / 453-2054 



SUBJECT: 

SOLAR HEATING AND COOLING 
COMMERCLAL DEMONSTRATION PROGRAM-!:, ' 

ADVISORY CIRCULAR 

April  23, 1979 
AC00105A ' 

Collector Pump Control Sensor Location 

LOCATION: Stephens College, Columbia, Missouri 

APPLICABILITY: Active Liquid Solar Systems 

PROBLEM: The collector temperature sensor in the glycol return line 
was located .quite a distance downstream f rom the collectors. The control logic 
called fo r  energizing the collector pump when this sensor was 10O.E' above tank 
temperature. This seldom occurs with the sensor in  this location. To compound. 
the problem, the mechanical contractor jumpered around the control so the pump 
ran'night and day, resulting in  a near freeze-up of the secondary (storage water) 
side of the tube in shell heat.exchanger.. 

- CORRECTIVE ACTION: 
I. Controls were modified so that collector pump operation i s  
.. controlled by the absorber  plateltank temperature differential. 

REMARKS: 

NASA 
Marshall  Space Fl ight  Center 
Alabama 35812 



SOLAR HEATING AND COOLING 
COMlMERCLAL DEMONSTRATION P R O G U M  

ADVISORY CIRCULAR 

April 19, 1979 
AC001.06A 

SUBJECT: Collector Loop Pump Controller 
A 

LOCATION: Brandon Swimming Association, Brandon, ~ l o r i d a  

APPLICABILITY: Pool Heating 
. . 

PROBLEM: A ZOO F differential temperature measurement between a 
probe located a t  the bottom of the diving well (deep end of the pool) and the 
collector plate temperature (at night this reading appruxirr&Led ~ u t s i d e  ambiont 
a i r )  was turning on Lhe collector pump in cyclic fashion. 

CORRECTIVE ACTION: 

A temporary fix was achieved by inserting a photoelectric cell  in the collector 
pump power line to prevent nighttime turn-on. A permanent fix involved 
removing the photo-cell and modifying the control module by removing the 
di.fferentia.1 measurement and installing a fixed reference point temperature 
prnhr? ( s e t  at 110' F) on the collector absorber $?te tr. energize the pool heatirrg 
loop. 

Cooling (absorption chiller), heating, and hot water a r e  f i r s t  iil priority with 
regards to receiving solar heated water. The pool heating mode i s  activated 
only after the f i r s t  priority requirements for heat, have been satisfied. 

NASA 
Marshall  Space Flight Center 
Alabama 35812 
A C  205 / 453 2054 



SOLAR HEATLNG AND COOLING 
COMlMERCIAL DEMONSTRATION PROGRAlM .. 

ADVISORY CIRCULAR . . 

% .  Apri l  23 ,  1979 

AC00107-4 

SUBJECT: Contamination of Potable Water by Storage Tank Lining 

LOCAT ION: Thompson Motel (Restaurant) ,  Taylor ,  Texas  

APPLICABILITY: Phenolic -Epoxy Paint ,  Plas i te  No. 7 155HHB (High Tempera tu re  
Corrosion Resis-tant Lwing f o r  Steel  Tanks for  High P u r i t y  Water)   manufactured by 
Wisconsin Protective Coating Corporation, Green Bay, Wisconsin 

PROBLEM: Food and water in the motel  r es tauran t  took on a n  unusFal t a s te  
and ,odor. Water samples  f r o m  storage-tank were  analyzed and 1.7 mil l igrams 
per  l i t e r  of "free phenolu was found. Levels of 0.1 t o  50 MG/L a r e  toxic t o  fish. 
Phenol had leached out into the water f rom two layers  of phenbl-epoxy p+nt which 
lined the in ter ior  wall . of the domestic hot water s torage tank; with no expansion 
tapk'or check valve, the  heater water backed up into the cold water  line supplying 
the motel  restaurant.  

CORRECTIVE ACTION: 

:' 1. Storage tank vendor replaced the existing tank with a new tank utilizing an 
FDA approved phenolic epoxy lining manufactured by Exon Chemicals.  
("Rust-Baii EP6839I1). 

2. A check-valv&was added to  prevent heated water frori.1 backing up into the 
. . 

colr' water  supply line. 
3. A heat exchanger and expansion ta,& were 'added to  the  cdllector-loop t o  
. allow the addition of propylene glycol o r  suntemp f o r  f r e e z e  protection. 

REMARKS: 

- 
___C 

CITY WATER INLET 
PUMP 

Piping Diagram F o r  Domestic Hot Water Heating 

SOLAR 

cOLLEUOR 

AHHAY 

NASA 
M a r s l ~ a l l  Space F l igh t  c e h t c r  
Alabama 35812 
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SOLAR HEATING AND COOLING 
COMMERCLAL'. DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

Apri l  19, 1979 
AC00108A 

SUBJECT: Leaking Rubber Hoses on Collector Headers 

LOCATION: Te lex  Communications, Blue Ear th ,  Minnesota 

APPLICABILITY: ITC Mark I11 F l a t  Plate Collectors Connected with a Flexible 
Silicone Rubber Coolant Hose, Manufactured by Purosi l ,  P a r t  No. 70-262 

PROBLEM: 
pipe h ~ r a i ~ s e  

and (2) its ab 

The  Solar designer (ITC) chose the rubber hose over a cupper 
nf: (1) Its ability to f lex a s  the  copper header pipe expands and contracts ,  
i l i ty to handle misalignmen't. With the required clamps in m o r e  

thzn half the hose length is under clamps with only about one inch left  to expand and 
contract. The four l ayers  of fabr ic  reinforcement gives the.hose s t rength  but c r e a t e s  
a problem in  that  i t  wil l  not s t re tch  o r  compress  longitudinally. This  becurrlrs 
significant in a row of 36 collectors where thermal  expansion can amount t o  m o r e  than 
t h r e e  inches. The leak problem i s  aggravated by the large  diameter  of the headers  
( 2  and 2 112 inches). T h e r m a l  cycling of th.e smooth wall header (no fe r ru le  on ends) 
allows the hose to  creep.  The automotive type sc rew  clam^ then looses i t s  grip. 
One of the headers  can  not be  swedged because of the double wall pipe (pipe within 
a pipe) configuration utilized in each collector panel, a s  i l lustrated i n  the sketch below. 

CORRECTIVE ACTION: 
A m o r e  flexible hose (fewer layers  of supporting fabr ic)  is Fjai,ng 

sought with a f lex  pleat  (hump) mi.dway in  its.length. . The ability of .such a configura- 
ti01 t:, rc:xcii-.y expz.nd m d  ccntrnct  :ong~iuclinally t ~ g e : h e r  vLtll a fe r rx le  add.:tl to  t h e  
header ends should prevent the hose f r o m  creeping off. Hose .manufacturers  a r e  
being asked to  send samples  to  MSFC for testing. Different clamps a r e  a l s o  being 
investigated. Various methods of attaching a lip for a fe r ru le  effect on thc cnd of 
ths  copper header will  be included m the test .  The selected l ~ o s e ,  clamp, a11d 
fe r ru le  will be identified in  a l a te r  Advisory Circular.  

ITC MARK Ill COL.LECTOR PANEL SKETCH 

ACCESS 
PLATES 

AT EACH 

NASA 
Mar  sha l l  Space.Fl ight  Cen te r  
Alabama '35812 
AC 205 / 453-2054 



SOLAR HEATING AND COOLING 
COMMERCLAL DEMONSTRATION PROGRA~M 

ADVISORY CIRCULAR 

April 19, 1979 
ACOOlO9A 

SUBJECT: Flat  Plate Collector Freeze-Up 

LOCATION: Telex Communications, Blue Earth, Minnesota 

APPLICABILITY: Drain-Down Systems - For  Freeze  Protection, 
InterTechnology Corporation's Collector - - 
~ o d e T  Mark III - Solar Designer is ITC 

PROBLEM: On Dec. 4, 1978, collector rows 7 and 10 experienced severe  
freeze damage. These rows were valved off and the system turned back on 
on Dec. 12, 1978. Row 5 froze on Dec.. 31, 1978. At that time, the system was 
shut dcwn by the owner until design deficiencies were corrected. The three rows 
contained 108 collectors. The owner estimated that 10 to 20, collectors would have 
to be sent back to ITC for repair  due to extensive damage resulting from the freezing 
water which failed to drain f rom the inlet header (2" diameter) which expanded 
longitudinally approximately 2 1 / 2" and, in  some instances, sheared the collector 
r i s e r  tubes f rom the header. The system did not completely drain-down during the 
severe  weather and, upon inspection, i t  was found that the heat taped vacuum breakers  
8id not. completely open and the horizontal iminsulated valves in the inlet header 
restricted drain-back flow. 

CORRECTIVE ACTION: 
1. Standpipes installed to  replace existing vents and vacuum breakers  a t  the end 

cf eac?,~ rovr (3/4Jl diameter s tbd7ipes  2. to '  3 ft. :long!. 
2. Two-inch diameter standpipes added to each end of 4" line into which all 

collector return headers, drain to a vertical position. 
3. Horizontal valves on inlet line were moved to a vertical position. (See sketch 

below. ) 
4. Outside valves and (2) standpipes on return line were wrapped with new design 

heat tape. 
5. Outside valves (30) and standpipes were insulated. 
6 .  Control system modified to prevent short cycling of collector loop pump. 

REMARKS: 

I 
C O L L E C T O R  

PANELS 

L~@ p*LltNCING VALVE 
m 
WAS GATE VALVE 

CHANGE TO 
NASA 
Marshall  Space Flight Centcr 
Alabama 35812 
A r 3nr I a r r  r r - .  



SUBJECT: 

LOCATION: 

SOLAR HEATLNG AND COOLING 
COMMERCIAL DEMONSTRATION PROGRAM 

ADVISORY CLRCULAR 

April 19, 1979 
ACOOllOA 

Control Problem 

Telex Communications, Blue Earth, Minnesota 

APPLICABILITY: P r e s s u r e  Controller for Single Pump versus Dual Pump 
Operation in  the Storage-to-Load Loop 

PROBLEM: Solar heated water i s  pumped f rom storage-to-load ~ i t h  either 
one or  two pumps working in parallel. Each pump has a capacity of 140 GPM 
and i s  driven by a 7 1/ 2 horsepower electric motor. F o r  nominal loads a single 
pump i s  used. As the heating demand (load) increases and pressure  drops in 
the in:et line to the heating coil, the second pump i s  energized by a pressure  
sensitive control device. With both pumps uperaliug, the p ~ l z s s  u r t  builds back up 
to the maximum pressure limit where one pump cuts off. This reoulted in the 
system cycling rapidly f rom single to dual pump operation regardless of high and 
low pressure settings. 

CORRECTIVE ACTION: 

A variable time delay was added by Johnson Controls t o  the 
pressure  controller to give the system pressure dynamics time to  equalize. W e n  
the second pump cut h both flow ra te  and pressure jumped up past  the maximum 
s e t  point. With the addition of a time delay, the system has enough time for  the 
flow dynamics to equalize before the electronic controller monitors the pressure  
level. This stoypod the second pum? f rom cyc!.inq on a.nd o.ff in ~ a p i d  faqhion. 

NASA 
Marshall  Space Flight Center 
Alabama 3 58 12 
AC 205 / 453-2054 



SUBJECT: 

SOLAR HEATING AND .COOLING 
COMMERCLAL DEMONSTRATION PROGRAlM 

ADVISORY CLRCULAR 

Apr i l  19, 1979 
AC00111A 

Collector Absorber Coating and Glazing 

LOCATION: ARATEX Services ,  Lnc., Fresno,  California 

APPLICABILITY: F l a t  P la te  Collectors Produced .by Ying Manufacturing 
Company , 

PROBLEM: The collector absorber  coating blistered,  peeled and outgassed 
result ing i n  damage t o  the absorber  and the Lexan glazing. The damage was 
in i t i a tedby  a n  extended stagnation period.. The collectors were  instal led 10 - 12 
weeks p r i o r  t o  s y s t e m  operation with ambient a i r  t empera tu res . in  excess  of loo0  F, 

0 result ing i n  absorber  plate temperatures  in  excess  of 400 .F. Subsequently, 
unusually heavy r a i n  s t o r m s  contributed fur ther  to  the absorber  coating and Lexan 
glazing damage. 

CORRECTIVE ACTION: 

REMARKS: 

T o  c o r r e c t  the problem a t  ARATEX, Ying proposes the following: 
1. S t r ip  glazing and old absorber  coating. 
2. P r e p a r e  aluminum sur face  and repaint  with a super io r  "semi-flexible epoxy 
, based flat  black paint". (epoxy r e s i n  EE-37, Hardner  EC-I) ,  manufactured by 

Guardsman Chemical, o r  equivalent. 
3. Install  new 1 exar  glazing containing improved uitra-fiolet s tahl izers  using a 

improved reseal ing technique with butyl tape. 

Ying collectors with the proposed absorber  coating a r e  current ly  being tes ted in the  
DOE/MSFC Collector T e s t  P rogram.  Collector t e s t  r epor t s  8nd a detailed refur  - 
bishment.procedure., prepared by Ying, will be evslueted before the. work i s  approved. 

When the refurbishment activity is approved, an  updated Advisory Circular  will 
be  published. 

NASA 
M a r s h a l l  Space Fl ight  Center  
Alabarna 35812 
A C  205 / 453-2054 
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SOLAR HEATING AND COOLING 
COMMERCIAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

' A p r i l  19, 1979 
AC00 112-4 

SUBJECT: Heat Exchanger (Collector Loop) Freeze-Up 

LOCATION: William T a o  & Associates,  Inc., St. Louis, Missouri  

APPLICABILITY: Closed Loop Collector System 

BROB LEMr 
The contractor  repor ted the  sys tem was shutdown because  of a 

leak iii the pump seal. F u r t h e r  investigation revealed that the heat  exchanger in 
the collector loop had burst--probably due t o  thermosyphoning and subsequent 
f r e z i n g .  The freezing probably occurred when the temperature  was about lo0 F. 

Tho collcctor oyotcm i s  closed loop wiLk approximately 40% 
glycol. The possibility of f reezing due to  thermosyphoning had previously been 
discussed with the contractor;  however, he had decided it was not worth the addi- 
tional $1,000 plumbing cost. 

CORRECTIVE ACTION: 

A new heat  exchanger and new motorized positive seal ing cut-off 
valve to  prevent thermosyphoning i s  being installed. 

NASA 

Marsllal l  Space F l igh t  Center 
Alabama 358 12, 
AC'205 / 453-2054 



SOLAR HJLATLNG AND COOLING 
COlMMERCLAL DEMONSTRATION PROGRAM 

ADVISORY CLRCULAR 

Apri l  23, 1979 
AC00 113 

SUBJECT: Heat Dump Control  Sensor Location 

LOCATION: Stephens College, ~ o l u m b i a ,  ~Missouri  . 

APPLICABILITY: Active Liquid Solar Sys tems 

PROBLEM: The temperature sensor that  activated the collector loop 
i 

heat dump was located on the upstream side of the heat duqp .  This  resulted 
in  excessive heat dumping and the occasional t ransfer  of heat f r o m  storage t o  , 

the collector loop. 

CORRECTIVE ACTION: 
. . 

The control  sensor  was relocated downstream'from the 
heat  dump. , . , .  

REMARKS: 

NASA 
Marsha l l  Space Flight  Center 
Alabama 35812 
A C  205 / 453-2054 



SOLAR HEATING AND COOLING 
COMMERCWL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 
July 13, 1979 
MA COO 114A 

SUBJECT:  --- Excessive Pressure  in Collector Loop 

LOCATION: Thompson Motel, Taylor Texas 

APPLICABILITY: Closed Loop Collector Systems 

PROBLEM: Previous drain-d~wr! system was cu~lverLeJ to a closed 
system utilizing propylene glycol for freeze protection. 'A heat exchanger and 
expansion tank were installed in  the collector-storage tank loop. When the system 
was activated, excessive pressure  caused the pressure relief valves in the collector 
loo; to open, and s team was vented. This resulted from a i r  being trapped in the 
system causing flashing in  the hot collector as  a result of low f l u w .  

CORRECTIVE ACTION: -- An a i r  vent was installed a t  the high point i n  the re turn  
line. This eliminated the flashing and over pressurization problem allowing the 
a i r  to escape from the system (see sketch). 

AIR 

STORAGE 
HOT WATER OUTLE I - TANK 

HX . . 

P PUMP 
CITY WATER I N  LET 

PIPING DlAGRAtrl FOR DOMESTIC HOT WATER HEATING 

Snl-AR 

C6LI-F.CTOR 

A R R A Y  
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SUBJECT: 

LOCATION: 

SOLAR HEATING AND COOLING 
COMlMERCWL DEMONSTRATION PROGR4M 

ADVISORY CIRCULAR 
Jan. i 0 ,  1980 
MAC00 11 5A 

Debonding of Absorber  Plate and Rise r  Tubing 

Alabama Power Company, Montevallo, Alabama 
Page. Jackson School, Charles Town, West Virginia 
Virginia Wade Elementary School, Cora l  Gables, Flor ida  

APPLICABILITY: P P G  Solar Collector Panels ,  Dual Glazed with Selective 
Coated Absorber Plate.  

PROBLEM: After removal  of collectors a t  Alabama Power and Page 
Jackson School, examination revealed that  the copper tubing which had been 
soldered to the copper absorber  plate had debonded. Distortion and  warping 
of the absorber  plate result ing f r o m  thermal  expansion was especially evident 
a t  the Page Jackson installation. This condition i s  apparent in many of the 
collectors remaining in  place which indicates that absorber  p l a t e l r i s e r  tube 
debonding has probably occurred in these collectors. This has  resul ted in a 
reduction in the efficiency of the collectors.  Collectors f r o m  the Virginia 
Wade School, mos t  of which were  never installed, a l s o  had severe  tube debond- 
ing f r o m  the absorber  plate observed on a tes t  setup a t  the site. 

CORRECTIVE ACTION: The P P G  collectors were  re jected a s  unacceptable by the 
engineering designers for  the Virginia Wade School because of the above problems. 
The other s i t e s  a r e  pursuing warranty.  

REAMARKS: T e s t s  have been performed a t  Argonne National Labs to determine the 
causes  of the solder problem. Their  summary  s ta tes  "Failure analysis of a P P G  
flat  -plate c-ollector removed f r o m  tbe Page Jzckson E l e r - z n t a r ~  Schoo! '~ s o l ~ r  
heating-and-cooling system,  a DOE-sponsored project, was conducted. The  heat-  
transfer-fluid (HTF) passage tubes had become separated f r o m  the absorber  plate. 
Tes t s  with the solder showed i t  to  be essential ly pure  tin with a melting point of 
451' F (233O C). Visual examination revealed very little adhesion of the solder 
to the tubes; mos t  of the solder  was on the plate. Some evidence of solder  melting 
o r  softening during the sys tem's  operation was a l s o  noticed. S t r e s s  -analysis studies 
showed LhdL ~ e l d l i v c l y  sinall  gtrcoooc were present on the tubes due to t h e r m a l  
gradients. It appears  that  the soldering of tubes to the panel during initial 
fabrication was incomplete along most of the tubs-panel interfaces.  Moreover,  
temperatures  close to o r  in excess  of the solder ' s  melting point (450° F) w e r e  
reached duritzg operation. Thus,  the partially soldered tubes became completely 
separated f r o m  the absorber  panel.#' 

NASA 
Marshal l  Space Flight Center 
Alabarrla 35012 



SOLAR HEATING AND COOLING . 

COMMERCIAL DEMOIVSTRATION .PROGRAM 
ADVISORY CIRCULAR 

Jan. 10. 1980 
MAC00117A 

.SUBJECT: Control Logic for Collector to Storage Loop Pump 

LOCATION: Alabama Power Company, Montevallo, Alabama , -. 

APPLICABILITY: A l l  Active Solar Systems 

. PROELELM: The primary control for the operation of the collector to storage loop pump is 
a differential controller measuring the delta temperature between the inlet and outlet of 
the collector'array. Both sensors were located in the control room in the piping going 
to and from the collector array. A cycling clock was utilized to start the pump with a 
time delay to allow the pipe temperatures to stabilize and then the differential'contmller 
would compare  the delta temperature between collector inlet and outlet governing pump 
operation. This control logic has not operated satisfactory which has resulted in random 
operation of the pump throughout the day and night. 

CORRECTIVE ACT.ION: The control wiring was changed to measure the temperature 
between the collecter absorber plate and the water in tho bottom,of the hot storage tank. 
A new seven-day clock has been added to the 'solar pump circuit to allow solar operation 
during the weekend when the building is unoccupied. 

REMARKS: Probes  f o r  the A t empera tu re  controllers cnntroll.i.ng the operation of solerr 
pumps should be ha rd  mounted on the collector absorber  back or  on the face  but under 
a sunshield and in  the s torage tank. Use of the sunshield will prevent a fa l se  t empera tu re  
sensing due  to d i rec t  exposure of the probe to sunlight which wi l l  give a higher t empera tu re  
reading than the shaded plate and thus the t ranspor t  fluid. 

NASA 
M a r s h a l l  Space F l i g h t  Center 
Alalanla 35812 
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SOLAR'%EATING AND COOLING 
COlMMERCIA L DEMONSTRATION PROGRAM . 

ADVISORY CIRCUL-4R. 
Jan. 10, 1980 
~ C O O l l b A  

SUBJECT: Improper Hot Water Tank Storage capacity 

LOCATION: Alabama Power Company, Montevallo, Alabama 

APPLICABILITY: All Solar Cooling Systems 

PROBLEM: The solar  system was designed to operate a 25'ton absorption 
chiller from the hot water s to rage  tank which has a capacity of 8000 gallons. 
This storage capacity i s  grossly oversized for the collector a r r ay  a r ea  

2 
(2340ft ) in this installation. m e r e f o r e ,  the collectors were' unable to r a i s e  
the temperature of the storage tank to the level ne:cessary to operate the 
absorption chiller;. , ' 

CORRECTIVE ACTION: A major redesign was necessary to bypass the 
existing 8000 gallon storage tank in order  for the absorption chiller to be 
operated directly from the collectors. A 500 gallon surge tank was also 
installed between the collectors and the chiller to  prevent .rapid cycling of 
the chiller ,due to. the passage of small clouds. 

REMARKS: This problem was compounded by the control logic problem addressed 
inAdvisory Circular MACOO 117A and the collector problem addressed in Advisory 
Circular MAC001 15A. 

NASA 
Mar shall  Space Flight Center 
Alabama 35812 
AC 205 / 453-2(15& 



SOLAR HEATLYG AND COOLING 
COMMERCLAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

July 3,  1979 
lMAC 001 19 

SUBJECT: Concrete 'Water Storage Tanlcs 

LOCAT ION: Travis-Braun Sr Assocs . ,  Dallas, Texas  

APPLICABILITY: Concrete water storage tanks made up of reinforced 
concrete  pipe with concrete slab lids held in place by gravity. 

PROBLEM: The concrete water storage tanks (each approximately 
2300 gallons) were  under a residual head p r e s s u r e  of 15 ps i  when the sys tem was -. . 
fiiled. The concrete lids were  forced up by this hydrostatic p r e s s u r e .  Wi th  fhe 
heating loop pump operating the p ressure  would have increased t o  2940 psi. 

CORRECTIVE ACTION: - The tanks were  isolated f?om the heating loop, p r e s s u r e  
and vented to the atmosphere.  A heat exchanger was installed in  each s torage 
tank in the heating loop piping. The storage tanks were  then filled with water  
to  within 6" of the top and operated a t  atmospheric p ressure .  

REMARKS: 

STORAGE TANK 
WITH HEAT EXCHANGER 

NASA 
Marsha l l  Space Fl ight  Center  
Alabama 3 58 1 2  
A C  205 / 453-2054 



SOLAR HEATING A N D  COOJLNG 
COMMERCIAL DEIMO~VSTRATXON PROGRAM 

ADVISORY CIRCUL-AIZ 

July  3 ,  1979 
MAC 00120 

Water Leaks Through Collector Flashing Joints 

LOCATION: Travis-Braun & Assocs . ,  Dallas,  Texas  

APPLICABILITY: Solar collbctor modules which s e r v e  as a weatherproof 
roofing system. 

PROBLEM: 
over the building 
730 l inear feet  of 

T h e r e  a r e  28 collectors which a l so  s e r v e  a s  the roof 
lobby. Each collector i s  3 by 19 feet. 20 the re  i s  approximately 
flashing joints on the roofing system. Approximately five leaks 

occur red  between the collector modules when there was a south blowing rain. 
During a light ra in ,  no leaks could be observed. The collectors expand approxi- 
mately 3/81' over their  19 foot length due to the rmal  expansion. Sealing of the 
joint was by sponge rubber gaskets (polyt i te)  compressed f r o m  1/211 to 1/41' 
between the module cases  (See Sketch);  however, the collector spacing was 
g rea te r  than 1/41' in some instances. AdGitional protection was provided by a n  
aluminum cover .over the .joint. 
CORRECTIVE ACTION: The flashing joints were  made watertight .by the applica- 
tion of a generous amount of silicone sealant under and around the aluminum cover.  
Expansion and contraction provisi'ons for the collector modules should be provided 
for in the bas ic  design. Where collectors a r e  a n  in tegral  p a r t  of the roof, uniform 
spacing i s  imperative during installation. P r i o r  to  acceptance leak tes ts  of the 

joints should be specified a s  i s  done for curtain walls. 

Caulk 
/blazing Bar 

b\ A -  > Gasket 
pol t i t e  
~edParit  

Absorber Pla 

Collecto 

y* -J L \ Silicone Sealant 

NASA 
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SURJECT:  

SOLAR HEATING AND COOLING 
COMMEKCLAL DEMONSTRATION PROGRAlM 

ADYISORY CIRCULAR 

LOCATION: 

August 6, 1379 
K4C00121 

Stalling of Magnetically Coupled Pumps 

Key West,. F L  

APPLICABILITY: ~ 1 1  solar  systems utilizing o r  proposing to  use magnetically 
coupled pumps, 

PROB EEM: After approximately one year. of successful  operation, 
the solar  sys tem randon-ly experienced loss of circulatidn between storage and . ' 

the  collectors. A s i te  inspection revealed that thk magnetically coupled ~vziter pump 
was loosing i t s  coupling resulting. in a no-flow condition. ~ i ' s a s s e m b l ~  of the 
revealed the impeller  th rus t  bearing to be worn s o  that the impeller  was rubbing . 

on the pump housing enough to  cause galling and eventual complete lockup of the. 
im?eller .  Once the.magnetic coupling was lost, i t  would not pickup the load 
~ n t i l  power to  the motor was shutoff an,: the motoi- stopped. 

CORRECTIVE ACTION: The magnetically coupled pump was replaced with a 
direct-drive hot water 'circulator pump. 

REM.ARYS: If tho abovc problem i s  experienced with this type 
pump in a so la r  sys tem,  i t  should be immediately dismantled and the impel ler  
and thrust  bearing inspected for wear o r  galling. 

NATER 

10UTLETl 

IMPEL 

PUMP HOUSING 

HOUSING 

NASA 
Marshall Space Flight Genre 
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SOLAR HEATING AND COOLING 
COMMERCIAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

October 29, 1979 
MA COO122 

SUBJECT: Solar Sys tern Controller 

LOCATION: Charlotte, North Carolina 

All Solar Systems 

PROBLEM: In o rder  to maintain control  component commonality with the previously 
installed HVAC System, a pneumatic differentia1,controller was installed to provide flow 
control (pump and diverting valve) to and f r o m  the so la r  a r ray .  The accuracy and stabil i ty 
of this controller  was not suitable for the operation of a so la r  a r r a y  and the s y s t e m  operatior 
was ve ry  erra t ic .  

CORRECTIVE ACTION: . Following numerous attempts to adjust  the pneumatic control ler ,  
a solid s t a te  adjustable ATemperature controller ,  developed fo r  solar  applications, was 
installed. 

REMARICE: Control of the so la r  collection s y s t e ~  should be performed by a field adjustable 
solid s ta te  ATemperature  controller  designed for solar  applications. 

. . NASA 
. . M a r s h a l l  Space k'light Center 
' Alabama 35812 

AC 205 / 453-2054 



SOLAR HEATING AND COOLING 
COMMERCWL DElMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

October 29, 1979 
MAC00123 

SUBJECT: Solar Loop Pump Controller 

LOCATION: Mt. Rushmore, S. D. 

APPLICABILITY: All active Hydronic Solar Systems 

PROBLEM: The control of the solar  pump operation was designed and ins tnllcd - 
to be a collector plate temperati~re (125OF. ) turnon and a callectur ylnt~? t~rnpepature 
(100Ok'. ) turnoff. This allowed the solar a r r ay  pump to bperate a t  times when the 
so l a r  storage temperature was much higher than the collector plate, resulting in  
a net loss of collected energy and excessive primp run t ime which consumed artdiliunal 
energy. 

CORRECTIVE ACTION: The Single Temperature Probe Controller was replaced 
with a t~vo'probe A Temperature 'controller measuring. the temperature differential 
between the storage ta& and the colle.ctor plate. This has resulted in a more  
efficient operation of the collector a r r ay  and prevented the loss of energy from 
storage . 

NASA.  

Marshal? Space Flight Cectc: 
Alabama 35812 
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S0,LA4R 1.IEATING AND COOJ21NC 
COMbIERCIA L DEMONS;rRrZTION PROGRAM 

A DVISOKY CIRCULAR , 

December 10, 1979 
MAC 00124 

SUR3ECT: - --.-- Leaking Fiberglass  Storage Tanks 

LOCATION: Yosemite National P a r k  & Department . 

of Transportation; Pueblo, CO 

APPLICABILITY: Al l  f iberglass storage tanks 

P R O B  LElM: Leaks occurred around penetrations installed by 
the contractor.  The lack of compensation for expansion and s t r e s s  chatacter is t ics  
of f iberglass resul ted in numerous f ractures .  

CORRECTIVE ACTION: Repairs  made on the s i t e s  in question were  
field repa i r s  and not, positive cures 'for the bas ic  problem. In most  cases ,  
additional g lass  cloth and r e s i n  were  layered on the leaking a rea .  The c o r r e c t  
mounting procedures must  occur Sefore the tank i s  instal led and plumbing 
attached. This generally means. that the penetration must  be adequately 
at tached to  the f iberglass  she l l  with a flange of sufficient s i ze  to distr ibute the 
' . s t ress .  The flange can then be attached z i t h  fas teners  and fiberglassd o r  
;pcssibly attached on a semi-permanent  bas is  with soft gaskets and double 
flanges. See the sketches below for suggested attachment methods. When 
possible penetrations should be made f r o m  above to avoid such problems. 

Mar shall  S&a..cIe7 Flight Centc 
A la ha -- 



SOLAR HEATING AND COOLING 
COMMJZRCLAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

December 10, 1979 
MAC 00125 

SUBJECT: Leaking Collectors 

LOCATION: Yosemite National Park ,  Yosemite, CA 

APPLICABILITY: Col't aluminum r 011 bond collectors mounted 
horizontally with oil t r anspor t  fluid. 

PROBLEM: The collectors developed leaks a s  shown on the sketch. 
Due to  the orientation of the collector 'and the absorber  construction, a stagna- 
tion o r  low flow region developed. This a r e a  accumulated what moisture t h e s e  
was  in the sys tem and with probable copper par t ic le  conta~rlination f r o m  
dril l ing holes,  etc.  , a galvanic action occurred with the aluminum. This  , 

resul ted in the subsequent lcalcs. 

CORRECTIVE ACTION: The  collectors with aluminum absorber  pankls w e r e  
replaced with copper uroll-bondll units. The oil t r anspor t  fluid of Thermia  33 
was replaced with a lower viscosity, inhibited Dialia AX providing increased 
corros ion res is tance.  The replacement oil was circulated continuously 
through a bank of s ix  t emporary  f i l t e r s  to  remove any mois ture  o r  solid 
part icles.  The f i l t e r s  were  changed twice .during the four  hour f i l tering 
period and the fluid continuously monitored through the c lea r  f i l t e r  housings. 
Each collector bank was individually f i l tered by valving off the others.  Th i s  
resul ted in a high velocity flow.in each individual bank. 

Th is  sys tem i s . a  s i s t e r  sys tem to  one located in Pueblo, Colorado, which 
has  not experienced any collector failure. The difference appears  t o  have 
been the prevention of contamination in  the Pueblo s y s t e m  that  did not occur  
in the Yosemite system. C a r e  .must he  taken when plumbing a sys tem and A 

filling, iiotably when react ive  metals  s imi la r  to  a luminum a r e  used. 

RElMARKS: 



SOLAR HEATING AND COOLING 
COMMERCIAL. DEMONSTRATION PROGRAlM 

ADVISORY CLRCULAR 

January 3, 1980 
MAC 00126 

SUBJECT: Failure of Collector Controller 

LOCATION: Kaw Valley State Bank, Topeka, KN 

APPLICABILITY: General Electric evacuated tube collector systems 
with external "solar integrator1' sensor o r  any s imilar  system. 

PROBLEM: General Eledtric use's a ''solay integrator" set a t  
a solar insolation of 35 ~ ~ ~ / f t ~ A h r  to turn on i ts  evacuated system(P1). The 
integrator doesn't sense the collector temperature but only the available 
energy. In thts failure, the collectors were turned on when covered with 
ice and snow and the subfreezing glycol solution pumped through a heat 
exchanger interiacing'with water. The HEX-froze and ruptured, sub- 
sequently allowing the glycol solution in the collectors to be. diluted with 
enough wa.ter to freeze and rupture the cqllector tubes. 

, CORRECTIVE ACTION: The original collector plumbing was a s  shown in 
figure 1 in the'remarks section. The system was modified as shown in 
figure 2. This modification consisted of installing a 2" diverting valve 
that i s  temperature controlled as  to normally pass flow from "A" to "C". 
On a temperature r i se  to 75' F, the valve will position "A" to "B" allowing 
the collector fluid to be circulated through the heat exchanger.. When the . 

tam?eiaturz d - ~ p s  tc  650 F, the valvl will r e t ~ z k  to the "A" to "C'' p~s i t i on .  
A final safety feature i s  controller S-2. which will cut off the collector pump 

' if i t  sees  a temperature of 40° F. o r  less: The system will them remain off until 
manually reset.  This combination of safety features shd.uld prevent any 
Ehance of freeze up from occurring. 
REMARKS : 

NASA 
Marshall  Space Flight Center 
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SOLAR HEATLYG AND COOLING 
COMMERCLAL DEMONSTRATION PROGRAM 

ADVISORY CIRCULAR 

January 4, 1980 
MAC 00127 

SUBJECT: Potential F i re  Hazard Associated wi'th Solar Reflectors 
Fabricated from Acrylic Materials 

LOCATION: Alabama Power Company, Montevallo, Alabama . 

APPLICABILITY: All Solar Systems with Acrylic Solar Reflectors 

PROB LEIM: A section of aluminized acrylic reflectors, ignited and 
busnccl. The f i s t  w a s  caused Ly U L I ~ !  section sf reflectors rhac had warped, 
concentrating the sun's rays on thc edge of another reflector. Ignition 
appears to have occurred when the flash point of the thin layer of alumi- 
nized acrylic, which had separated from the heavier (1/4" thick) ac~y l i c -  
used a s  a backing material, was exceeded by the concentration of sunlight 
from the warped reflectors. The thin layer of acrylic then ignited the thin 
layer  of aluminum, used as a reflective surface, and the heavier (114") 
acrylic backing which resulted in  an intense fire. 

CORRECTIVE ACTION: 
l n e  reflectors were removed from the installation. 

NASA 
Marshall  Spzco Flight  Czr,tc 
Alabama 35312 
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ANALYTICAL BACKGROUND FOR THE EVALUATION OF THE PERFORMANCE 
OF A SOLAR HEATING AM) COOLING SYSTEM 

C.l SOLAR COLLECTOR PERFORMANCE 

The Hottel and Whillier collector equation has been historically used to evaluate solar 
collector performance. It is usually given as follows: 

where : 

qc = Rate of energy collection by a flat-plate collector, Btu/hr 

FR = Solar collector heat removal factor, dimensionless 
2 2 A = Solar collector area, ft (m ) 

I' = Solar radi.ati.on incident on the (tilted) solar collector 
2 2 surface, Btu/hraft (w/m ) 

(ta) = Product of the cover transmittance and the plate absorptance 
accounting for dirt and shading, dimensionless 

UL = Solar collector overall energy loss coefficient, 

~ t u / h r * f t ~ * ~ F  (w/m2.~c) 

Ti = Fluid temperature at the solar collector inlet, OF (OC) 

Ta = Ambient temperature, OF (OC) 

More recently, Ward [Cl] derived and experimentally verified the following equation for 
solar collector performance: 

9 
= ( a )  - U, (Tf - Ta) - cM(ATf/At) 

A (c2)' 

where : 

Tf = Solar collector,outlet fluid temperature, OF 

c = Specific heat of the solar collector materials and fluid, 
Btu/lbeOF (kJ/kga°C) 

2 2 M = Mass of the collector ar~d fluid per tu~it i i i e d ,  1b/ft (kg/m ) 

ATf = Chaage in collector outlet fluid temperature during the time 
interval At, OF (OC) 

At = Time interval, hr 

For steady-state conditions, ATf/At = 0, and equation (C2) reduces.to: 

qc = A [I' (ta) - UL (Tf - Tall 

In equation (Cl), the quantity FR is: 



where : 

2  2  m = Mass flow r a t e  of c o l l e c t o r  f l u i d  p e r  u n i t  a rea  of c o l l e c t o r ,  l b s / h r - f t  (kg1hr.m ) 

c  = S p e c i f i c  h e a t  ( a t  c o n s t a n t  p ressure )  of t h e  c o l l e c t o r  f l u i d ,  Btu/lba°F (kJ/kge°C) 
P  

Experimentally t h e  h e a t  ou tpu t  of  a  s o l a r  c o l l e c t o r  i s  determined using: 

= kc (AT) 
P  

where AT = Tf - T . .  
1 

C . l . l  So la r  Col lec to r  U t i l i z a b i l i t y  

Klein  [C2] s t a t e s  t h a t  Equation (C1) i n d i c a t e s  t h a t  t h e r e  i s  a  minimum l e v e l  of s o l a r  
r a d i a t i o n  requ i red  t o  mainta in  t h e  c o l l e c t o r  p l a t e  at. t-he t,Pmperature of the  e n t e r i n g  c o l l e c t o r  
f l u i d .  He c a l l e d  t h i s  s o l a r  r a d i a t i o n  i n t e n s i t y  t h e  c r i t i c a l  l e v e l  and s t a t e d  t h a t  it could be 
found by s e t t i n g  q  i n  Equat ion (Cl)  equal  t o  ze ro ,  i . e .  

C 

where : 

2  2  Ic = C r i t i c a l  s o l a r  r a d i a t i o n  l e v e l ,  Btu/hr . f t  (kJ1hr.m ) 

C.1.2 C o l l e c t i b l e  S o l a r  Rad ia t ion  

The au thors  of t h i s  r e p o r t  agree  i n  p r i ~ ~ c i p a l  wi th  t h e  genera l  concept introduced by 
Kle in ;  however they  b e l i e v e  t h a t  Equation (C2) should be used t o  determine t h e  mi.ni.m~im s o l a r  
r a d i a t i o n  i n t e n s i t y  t h a t  i s  c o l l e c t i b l e .  By s e t t i n g  qc = 0  i n  Eqi~ati.on (C2). one obtains;  

whcrc 1 

2 2  I = The minimum s o l a r  r a d i a t i o n  i n t e n s i t y  t h a t  i s  c o l l e c t i b l e ,  B t u / h r - f t  (kJ1hr-m ) 0  

Equation (C8) shows t h a t ,  on a  t y p i c a l  day, t h e  value of I i n  t h e  morning i s  g r e a t e r  
0 

than  t h a t  i n  t h e  evening. However, f o r  ease  of a n a l y s i s ,  assume that  t h e  term, 
~ ~ ( a ' l ' ~ / A t ) / ( t c u ) ,  i s  n e g l i g i b l e  compared t o  I o .  When t h i s  i s  t h e  case ,  then Equation (C8) 

reduces t o :  

C l e a r l y ,  under a l l  p r a c t i c a l  cond i t ions ,  I0 > = c  

The minimum f l u i d  temperature t h a t  i s  u s e f u l  v a r i e s  wi th  t h e  season (hea t ing  o r  cool ing)  
and with  t h e  typc of s o l a r  system. For example, the  minimum u s e f u l  l i q u i d  temperature f o r  
s o l a r  cool ing i s  n o t  l i k e l y  t o  bc l c s s  than  170°P (75OC). On tile o t h e r  hand, Lhe mirlimum 
u s e f u l  l i q u i d  temperature  f o r  s o l a r  hea t ing  could be a s  l i t t l e  a s  72OF (22OC) i f  t h e  h e a t  l o s t  
from s to rage  i s  u s e f u l .  For  an a i r  hea t ing  s o l a r  system, t h e  minimum u s e f u l  a i r  temperature i s  
about  100°F (38OC). For hea t ing  h o t  wa te r ,  temperatures above 40°F (4OC) may be u s e f u l  i n  t h e  
w i n t e r ,  bu t  h igher  temperatures  w i l l  be requ i red  i n  t h e  summer. -In any even t ,  Tf must be 

g r e a t e r  than  any of t h e s e  temperatures  because of p ip ing  (duc t )  h e a t  l o s s e s  and temperature 
drops  ac ross  h e a t  exchangers.  



Because of t h e  importance of c o n t r o l s  i n  t h e  performance of s o l a r  hea t ing  and cool ing 
systems, it i s  necessaary t o  consider  t h e  r e l a t i o n s h i p  between Tf i n  Equation (C9) and t h e  

minimum usefu l  temperatures discussed above. I n  genera l  h e a t  exchangers,  p ip ing  and/or duc t ing  
h e a t  l o s s e s ,  and o t h e r  cons ide ra t ions  ensure  t h a t  Tf > Tmin (where 

Tmin 
i s  t h e  minimum 

u s e f u l  temperature f o r  coo l ing  (+170°F; 77OC), space hea t ing  (70-100°F; 20-40°C), DHW hea t ing  
(+40-60°F; 5-15OC, e t c . ) .  The d i f f e r e n c e  between. Tf and Tmin i s  i n  genera l ,  j u s t  t h e  

c o n t r o l  s e t  p o i n t  f o r  t h e  temperature d i f f e r e n t i a l  between c o l l e c t o r  o u t l e t  and s t o r a g e  ( o r  
- l o a d ) ,  which energ izes  o r  de-energizes t h e  c o l l e c t o r  pump o r b l o w e r .  This  c o n t r o l  s e t t i n g  has 

been found exper imental ly  t o  be t h e  c o n t r o l  s e t  p o i n t  t o  t u r n  t h e  pump ( o r  blower) OFF. This  
s e t  p o i n t  i s  def ined a s  ATc; and when incorporated i n t o  Equation (Cga), we ob ta in :  

S u b s t i t u t i o n  of Equation (C9) i n t o  Equation (C3) g ives :  

qc = A ( r a )  [ I '  - Iol (C10) 

The development of t h e  @-curve method proceeds by using an equat ion s i m i l a r  t o  Equation 
(C10) t o  determine t h e  u s e f u l  energy c o l l e c t i o n  f o r  a  given hour of t h e  day averaged over  a  
long-term ( u s u a l l y  a  month). The t o t a l  q u a n t i t y  of energy c o l l e c t e d  dur ing a  time i n t e r v a l  of 
t h r  i s :  

q c t  = A t  ( r a )  [ I '  - Io ]  (C11) 

The average u s e f u l  energy c o l l e c t i o n ,  E  f o r  a  given hour ( i )  of t h e  day averaged over  N 
days i s :  i' 

qct - A(ta)  t j =N 
E. = - - -  + 
1 N j = l  2 ( I '  - Io ) i j  

where : 

[Ei] = Btu (kJ) 

I n  Equation (C12), t = 1 hour,  t h e  p lus  s u p e r s c r i p t  i s  used t o  i n d i c a t e  t h a t  negat ive  values  of 
( I '  - Iolij a r e  no t  considered,  and N i s  u s u a l l y  t h e  number of days i n  t h e  month. The t o t a l  

q u a n t i t y  of s o l a r  r a d i a t i o n  i n c i d e n t  on the  t i l t e d  su r face  of t h e  s o l a r  c o l l e c t o r  dur ing t h e  
time i n t e r v a l  t i s :  

The average q u a n t i t y  of s o l a r  r a d i a t i o n  inc iden t  on t h e  t i l t e d  s o l a r  c o l l e c t o r  s u r f a c e  Esi f o r  
a  given hour ( i )  of t h e  day averaged over N days i s :  

By d e f i n i t i o n ,  +i i s  t h e  f r a c t i o n  of t h e  long-term average hourly  s o l a r  r a d i a t i o n ,  I ! ,  t h a t  i s  

above t h e  i n t e n s i t y  Ic: 

1 j  =N + @. = - 
1 N 1; z ( I '  - I c ) i j  

j=1 



I n  a  s i m i l a r  f ash ion ,  , the  au thors  of t h i s  r e p o r t  a r e  de f in ing  0 . ,  t o  be t h e  f r a c t i o n  of  t h e  
1 

long-term average hourly  s o l a r  r a d i a t i o n ,  I f ,  t h a t  i s  above t h e  i n t e n s i t y  : I0 

. 1  
j =N + . . 

0.  = - 
1 N I; 1 ( I f  - Io ) i j  

j=1 

The r a t i o  (Ei/Esi) i s  t h e  f r a c t i o n  of t h e  t o t a l  s o l a r  r a d i a t i o n  t h a t  i s  u s e f u l :  

S u b s t i t u t i o n  of Equation (C16) i n t o  Equation (C12) g ives :  
i 

The t u L d 1  d a l l y  u s e f u l  energy ga in ,  Q' ( the  c o l l e c t i b l e  s o l a r  energy) i s  then  t h e  sum of t h e  
C' 

n  hourly  c o n t r i b u t i o n s  where n  i s  t h e  number of holrrs between s u n r l s c  and sunse t :  

S u b s t i t u t i n g  Equation (C18) i n t o  Equation (C19) gives:  

and aga in  t = 1 hour i n  Equation (C20). 

Whi l l i e r  [C3] showed t h a t  4 i s  a  func t ion  of ( I c / I i ) ,  mont.h of t h e  y e a r ,  and I.ocation. 
. - 

The r e l a t i o n  'between I$ and (1,JI;) i s  independent a €  t h e  time of day. Wliil l ier a l s o  showed 

t h a t ,  on the  average,  s o l a r  r a d i a t i o n  i s  usua1l.y syuunetrical about s o l a r  noon, s o  t h a t  it i s  
on ly  necessary t o  determine f o r  each hourly  i n t e r v a l  from s o l a r  noon rat.her than  f o r  each 
hniir of the  day. 

Liu and Jordan [C4, C5, C6] int roduced t h c  q u a n t i t y ,  K ,  wh.ich they, def ined a s  fol lows:  

K = Monthly average s o l a r  r a d i a t i o n  on a  h o r i z o n t a l  s u r f a c e  
Monthly average s o l a r  e x t r a t e r r e s t r i a l  r a d i a t i o n  

They a l s o  show t h a t  @ = f ( 1 ~ / 1 ; ,  K) and t h a t  t h i s  r e l a t i o n s h i p  i s  i-ndependent of month of t h e  

yeclr u r  l o c a t i o n .  They a l s o  developed a  method of inc lud ing  t h e  e f f e c t  of c o l l e c t o r  tilt. 

Comparison of Equations (C15) and (C16) shows t h a t  they  a r e  i d e n t i c a l  i n  concept and 
d i f f e r  only  i n  t h e  magnitude of I t h a t  i s  deemed u s e f u l .  Consequently 0 = f ( I o / I i ,  K) and 
t h i s  r e l a t i o n s h i p  i s  independent of time of year  and l o c a t i o n .  

Klein  [C2] s t a t e d  t h a t  t h e  t o t a l  u s e f u l  energy ga in  over an extended per iod  (such as  a  
month) can be determined by summing t h e  hourly  contri .hutions over t h e  e n t i r e  pe r iod .  I11 okher 
words, each of t h e  n  N hour ly  c o n t r i h ~ ~ t i o n s  a r e  added t o g e t h e r .  Equatiou (C11) can be used f o r  
t h i s  purpose when t = 1 hour: 



In an equation similar to Equation (C21), Klein states that 
Ic 

is evaluated using the daytime 

average ambient temperature but, unfortunately, such records are usually not available. If the 
average daily solar radiation intensity incident on the tilted solar collector surface is 

2 2 defined as I (Btu/ft .day; kJ/m .day), then I = nIt , where n is the number of hours per day 
of sunlight. Therefore, the total solar radiation incident on the collector surface during the 

2 month'is NI Btu/ft .month, where N is the number of days per month. 

Klein [C2] defined the monthly average daily utilizability, 5, as: 

where $ is the fraction of the total solar radiation during the month that is above the level 

Ic. In like manner,. the authors define 6 to be the fraction of the total solar radiation 

during the month that is above the intensity Io: 

Accordingly, Equation (C22) can be substituted into Equation (C21) to obtain: 

C.1.4 Solar Collectors in Series 

Equation (Cl) can be rewritten to obtain the solar collector instantaneous efficiency, '1: 

Solar collector test results on single panels are often expressed in terms of the intercept and 
slope of Equation (C24). Based on this slope intercept test data on a single collector panel, 
Oonk, Jones and Cole-Appel [C7] developed a method for extending these test results to predict 
the performance n f  N solar collector panels in series. Consequently, the solar collector 
efficiency of N panels in series is: 

QN = '1 CN 

where : 

where : 

so that JI and CN are both dimensionless. Siihstituting Equation (C4) into Equation (C27) 
gives : 

From Equation (C28) it is clear that as mc + 0, + 1, and CN + 1/N. Also from Equation 
(C26) : P 



1 
= 1, C2 =.I - , c3 = 1 - @ + % , etc. 

2 

Equation (C2) can also be rewritten in terms of solar collector efficiency: 

It is clear from Equation (C29) that it is very desirable to make JI as small as possible. 

C.1.4.1 Calculation of C2 for CSU Solar House I11 

The manufacturer's data indicates that FR(ro) = 0.8 and that FRUL = 17.58 kJ/hr n2 OC. 

The recommended value of ic for these solar collectors is 196.06 kJ/hr m2 OC. Using 
Equation (C27), P 

and Using Equation (C2Y) ,  

C.1..4.2 Calculation of F,, ( ' la),  and U, for: CSU Solar Houoc I11 

Equating Equations (C27) and (C28) and solving for UL one obtains: 

Using Equation (C31), 

Therefore: 

and 

C.1.4.3 Heat Loss from Interconnections Between N Solar Collectors in Series 

Using AT. to represent the temperature increase across each solar col.lect.or and ilsing 
1. 

AT. to represent the temperature loss across each j.ntercnnn~rtinn, the total temperature 
.I 

increase across an array of N solar collectors in series is: 

T = N  AT^ - (N - i)  AT^ 
similarly, the total rate of energy cnl  lect  ion. is : 

qc = N qi - (N - l)qi 



Using (ua) to represent the heat loss coefficient of the interconnection in Btu/hr*OF, then: 

Clearly Ti < Tj < Tf in a practical situation. In general, however, T. will be nearer Tf 
J 

than Ti.   ow ever, one can with fair accuracy assthe that for two collectors in series 

Likewise for three collectors in series, one can assume that: 

For four collectors in series, the temperatures of the interconnections would be: 

Therefore, whether one has two, three, four or more collectors in series, the average 
temperature of the interconnections is (from Equations C34, C35 or C36): 

Consequently Equation (C33) becomes: 

Substituting Equations (C3) and (C38) into Equation (C32), one obtains: 

Comparing the individual parameters of the last two terms, it is obvious that: 

so that, in general, 

Ti + Tf 
NUB (Tf - Ta)>>>>>(N - 1) (ua) ( - To> (c44) 

so that the term, (N - l)(ua)(Ti + Tf/2 - Ta) is completely negligible in comparison with 

NUA(Tf - Ta). This is true whenever l/u is greater than about 4 ht.ft2.0F/~tu (0.7 rn2*'~/w) 

(i-e., the R - value = 4 or more). 



C.1.5 Solar Collector Array Efficiency 

Qc 
is defined as the daily average useful energy collected by the solar collector over a 

2 2 
specified period of one month, BtuJday-ft (kJ/m .day). 

Qc r CN QM/M - (N-1) qj (C45) 

where 

CN 
accounts for collector modules in series and is given by Equation (C26), 

' QP1 
is given by Equation (C23), 

M is the number of days in the month, 

N is the number of collector modules in series, and 

accounts for the heat losses from the collector modules in series interconnections, 
'j and is given by Equation (C38). 

The daily solar collector efficiency is defined as: 

C.2 COMPARISON OF PERFORMANCE 

The coefficient of performaace, C, expresnps the effectivenecc of a hcnting or cuuliug 
system. It is a dimensionless ratio defined by the expression: 

C = Useful heating or cooling in units of energy Energy supplied to the heating or cooling system 

For a simple theoretical absorption refrigeration system [C8]: 

where : 

'lBE The refrigerated substance absolute temperature, OR 

T = Generator heating medium absolute temperature, OR G 

To = Environmental absolute temperature, OR' 

For a solar cooling system, Equation (C47) can be rewritten as follows: 

C = ERIEH 

where : 

ER = Energy removed from the air, Btu (kJ) 

EH = Heat energy supplied to the solar cooling unit, Btu (kJ) 

The euergy lost from the solar system to the conditioned space, EL, reduces the 

performance of a solar cooling system in two ways: (1) it ad,ds to the load, ER, and (2) it 

reduces the amount of energy available to drive the solar cooling system. Therefore the total 
effect on the solar cooling system is as follows: Using ET to represent the total effect of 
EL, then: 



Defining the ratio: 

From the foregoing, it can be seen that, for a solar heating system, $ 1: 0. Energy losses from 
a solar cooling system to the conditioned space (E ) on the other hand; must be multiplied by L 
$ to obtain the total energy drain on the solar cooling system. For a typical solar cooling 
C of 0.5, from Equation (C51) it is clear that $ = 3. On the other hand, most of the heat 
1ost.from the solar heating system to the conditioned space is useful even if this causes the 
conditioned space temperature to temporarily rise above that desired, because .the excess energy 
is stored in the conditioned space thermal. mass. However, it is highly desirable to minimize 
uncontrolled heat losses year round; otherwise an active solar heating system degenerates into 
an uncontrolled passive.solar heating system. For this reason it is worth defining a term that 
quantitatively measiires the degree of uncontrolled heat supplied by a solar heating system: 

. H =  Controlled solar heat delivered to the conditioned space Total solar.heat delivered to the conditioned space 

Therefore, for an ideal active system, H = 1. For a passive system, H = 0, and for a hybrid 
system, 0 < H < 1. Obviously, many active systems will fall into the hybrid category, but it 
is desirable that H be as close to one as is practical. 

Using Qc to represent the solar energy collected by the solar collector, Btulday, then 

from Equations (C23) and (C45), where we'have neglected q J ' 
Qc = A(ta)t & I CN (C53) ' 

Using QH to represent the controlled solar energy delivered to the load in Btu/day, then for 

solar heating: 

QH = Qc - QE - QI ' (heating) 

where: 

Q = Solar system heat losses to the exterior of the conditioned space,,Rtu/day E 

Q = Solar system heat losses to the interior of the conditioned space, Btulday I 

The total useful solar heat delivered to thc conditioned space Is: 

Qu = Qc - QE (heating) (C55) 

during the winter. The total solar heat delivered to the cooling unit during the summer is: 

Qx = Qc - Q, - Q, (cooling) (C56) 

However,. heat losses to the interior of the conditioned . space are an addition to the cooling 
load of Q /C, Thereforc, the net useful solar heat used for cooling is: I / 

, . 
- (cooling) Qu - Q, - QIIC (C57) 

and so for solar cooling: 

- 1 .  Q - Q - Q - Q 1 + 1 (cooling) 



Keeping in mind that in the winter p ; 0 and in the summer f3 is given by Equation (C51), 
one can write one equation to replace both Equations (C55) and (C58): 

Qu = Qc - QE - QI fi (heating and cooling) (c59) 

By definition (Equation C52): 

H = QH = I -  QI (heating) 
Qc - Q~ Oc - OE 

both QI and QE may include heat losses from the heat storage unit, piping and/or ducting, 

heat exchangers, pumps and/or blowers, and other solar system components. 

C.3 SOLAR SYSTEM EFFICIENCY 

The total energy available to the solar system is A1 (~tujda~; kJ/day). Therefore, the 
solar system thermal efficienty is (for cooling): 

(cooling) 

Using E to represent the quantity of electrS.ca1 energy concumcd by the solar syslenl 
(Btu(elec)/day; kJ(elec)/day), then: 

kw-hr E = (3600)(- 
day 1 

Using qE to represent the efficiency of electric power generation, transmission, and 

distribution, then the total energy, Qe, required to Surnish E Btu(elec)/day (kJ(elec)/day) of 
electric energy is: 

Using qF to represent furnace efficiency, the total energy rpqllired to deliver thc 

energv QU delivered hy the co lar  heating oyotcm is: 

where qF - - 0.6 for a gas furnace and about 0.55.for an oil furnace. 
For solar heating, Equation (C61) becomes: 

Qu q .  = - T A1 (heating) (C61A) 

In the following discussion, .Cc ' wi!.l he 11r;ed to represent th5 cocfficient of performaace 

of a conveutional .mechanical vapor compression unit. If' QD . is the heat delivered by a heat 

pump, then the electrical energy required is Qp/Cc = E. Eonsequentiy, the total energy Qe 
required is given by Equation (C63) or: 

Q 
Q = J  (heating and cooling) ((355) 

Cc'l~ 



The same relationship woula De true if Qp was the cooling rurnished by a heat pump or a 

conventional refrigeration air conditioning compressor. In other words, where the heat deliv- 
ered or the heat removed, 

QP* 
is accomplished by a mechanical vapor compression unit, then 

the total energy required is given by ~ ~ u a t i o n  (C65). 

C.3.1 Fraction of the Heating Load Furnished by Solar Energy 

Using QL to represent the total heatkng load in Btu/day and f to represent the 

' fraction of the total heating load furnished by solar energy, then f QL is the quantity of 

solar energy delivered to the heating load. Therefore (1 - f)QL is the quantity of auxiliary 
energy required and: 

QL = f QL + (1 - f) QL (heating and cooling) (C66) 

and from Equation (C55): 

f QL = Qu = Qc - QE (heating). (c67) 

and : 

(heating) 

Equation (C68) is the conventional representation for the determination of f and often QE 
is assamod to be zero. 

If the actual building heat load is QL Btu/day (kJ/day), then from Equation (C64), the 
amount of conventional energy required is : 

QF = QL/qF (heating) (C69 

If a heat pump is used, the amount of energy required is (from Equation C65): 

(heating) 

 h here fore Equation (C66) must be rewritten to take into account Equations (C69) and (C70). 

Using QU to represent the solar contribution to the total heating load and Q to rl 
represen't the conventional contribution to the total heating loadi and QL 

to represent the 

total heating load (all in Btu/day; kJ/day)', then Equation (C66) can be rewritten: 

QL = Q, + Qi (heating) (c71) 

Qi = QL - Qu (heating) (C72) 

In order to get Q the quantity of .energy required (from Equation C69 and C70) is either: 
rl' 

QF = qq/OF (heating) (C73A) 

(heating) 



so that the actual total building energy requirement, QA, in Btu/day (kJ/day) is: 

.(QL - Qu) 
QA = Qu + QF = Qu + (heating) 

'IF 

(QL - Qu) 
QA = Qu + Qe = Qu + (heating) 

Cc'I~ 

Equations (C74) and (C75~ can be written: 

(heating) 

where: 

qA = flF for a furnace 

qA = CcqE ffr a heat pump 

qA = qE for electric resistance heating 

However, the total energy, QT, in Btulday r e ~ e i ~ e d  to saLisfy a heat.lng l o a d  of QL Btu/day 
is : 

(heating) 

where E is the electrical energy required to operate the solar heating system. 

The conventional energy required for heating the building is (QT, - Qu)/qA. If no solar 

energy was used to heat the building, then the conventional energy requirement would be QL/qA. 
Therefore the gross energy saved by using the solar energy, QG, in Btulday is: 

(heating) 

The net energy saved by using solar energy, Qs, in Btufday (using Equation C63) is: 

(heating) 

For solar heating,' QU is given by Equation (CSS), so: 

(heating) ' 

In addition we define S as the ratio of the useful solar heating to the electrical solar 
opeiiitillg euergy used, i.e.: 

s = QU/E (heating) (C79) 



The overall solar system efficiency is: 

(heating) 

C.3.2 Fraction of the Cooling Load Furnished by Solar Energy 

Using QL to represent the total cooling load in Btu/day (kJ/day) and f *to represent 

the fraction of the total cooling load furnished by solar energy, then Equation (C66) can be 
used. Using C to represent the coefficient of performance of an absorption solar cooling 
unit then: 

fQL = C Q,, (cooling) (C8 1 ) 

Substitution of Equation (C59) into Equation (C81) gives: 

fQL = c Qc-c QE-C QI (1 + 1/C) 

= c(Qc-QE) -QI(c + 1) (cooling) (C83) 

Therefore, from Equation (C81): 

(cooling) (C84) 

Also the right hand term of Equation (C66) is: 

(1 - f)QL = Qp = Cc'IEQe (cooling) (C85 

Substituting Equations (C81) and (C85) into Equation (C66) gives: 

QL = C QU + CcQEQe (cooling) 

' However,the total energy, QT, in Btu/day required .to achieve a cooling of QL Btu/day ' 

(kJ/day) is: 

QT = Q, + Q, + E/'IE (cooling) (C87) 

Substituting Equation (C86) into Equations (C87) gives: 

(QL - C Qu) E 
QT = Qu + + - (cooling) 

'c 'E 'IE 

If no solar energy was used to cool the building, then the conventional energy requirement 
would be QL/CcqE. However, using solar energy to cool the building requires the following 

amount of conventional (non-solar energy): 

Therefore the net energy saved by using solar energy, Qs, is: 



(cooling) 

For solar cooling, QU is given by Equation (C58) so substituting Equation (C58) into 
Equation (C90) gives: 

As before : 

S = QUC/E (cooling) 

The overall solar system efficiency is given by Equation (C80). 

C.3.3 Equations Common to Both Solar Heating and Cooling 

where : 

f3 0 for solar heating 

$ is given by Equation (C51) for solar cooling, i.e. $ = 1 + 1/C ......................................................... 

where : 

C = 1 for solar heating ......................................................... 

where : 

C = 1 for solar heating ......................................................... 

where: 

C = 1 for solar heating 

Q = Total energy required to satisfy a cooling or heating load of QL Btu/day T 
- 

qA - qF for a furnace 

qA = qE for electric resistance heating 

qA = Cc qE for a heat pump or conventional air conditioning unit 

E = Electrical energy required to operate the solar heating'or cooling system 

Cc = Coefficient of Performance of conventional air conditioning unit or heat pdp. ......................................................... 



The energy saved by using solar energy for heating or cooling (in Btu/day; kJ/day) is: 

where : 

C = 1 for solar heating ......................................................... 
For solar heating and cooling, the ratio of useful solar heating and/or cooling 

where : 

C = 1 for solar heating ......................................................... 
For both heating and cooling the overall solar system efficiency is: 

C.4 COMPARISON OF SOLAR HEATING AND SOLAR COOLING 

It is worth noting that if electric resistance heating is avoided, qA has about the same 

value for both heating and cooling, namely about 0.5. On the other hand, = 0 for solar 
. heating and fj is about 3 for solar cooling. Another big difference is that C = 1 for solar 
heating and is about 0.5 for solar cooling. Consequently, if all other things are equal: 

Qu(solar heating) - Qu(solar cooling) 3 Q~ (C93) 

Another way of expressing Equation (C93) is: 

Qu(solar heating) Q~ 
- 1 + 3 -  Qu(solar cooling) - Qu 

Consequently, 

qT(solar heating) OI 
- 2 + 6 -  

qTCsolar coo ling^ - Oil 

In addition, for identical heating and cooling loads, QL: 

Q1 f(so1ar heating) _ + - 
f(so1ar cooling) - Qu 

The ratio of the solar system's S value is: 

QI S(so1ar heating) - + - 
S(so1ar cooling) - Qu 

for the same electrical power coas.~i111ptioa, E. 



If the e1ectri.c power consumption, E, is negligible then: 

Qs(solar heating) Q I - 2  + ' 6  - 
Qs(solar cooling) - Qu 

so that: 

qs (solar heating) Q I 
- 2 . +  6  - qs(solar cooling) - Qu 

In summary, every 'conceivable parameter of performance ( ,  f, S, Q ,  ) for solar 

heating is at least double that for solar cooling even if QI = 0 .  Even if QI is only 17 

percent of Q this ratio is triple, etc. In terms of conventional energy saved, solar 
U' 

heating has at least double the potential of solar cooling. This analysis also clearly shows 
that for solar cooling QI must be zero! 

These conclusions can be maintained, if we choose different values of the parameters. For 
example, assume: 

Heating Cooling Heating and Cooling 

Ta = 5OC Ta = 30°C qE = 0 .25  

T. = 48OC T. = 88OC Cc = 2  
3. 1. 

Tmin 
= 40°C Tmin 

= 80°C q = 0 . 7  F 

C.= 1 C = 0 . 6 8  AT = 5OC 

p = O  f3 = 1  + 1/C = 2 . 5  ATc = 8OC 

With these assumptions (where primes denote cooling), we obtain: 



When Q; = (12.5 percent) Qi, 

Q = 2.1 Q; 
S 

rl = 2.9 rl; 
S 
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APPENDIX D 
Solar  System Costs 

D. 1 COSTS 

Most of t he  information i n  t h i s  sec t ion  is  based on recent  s o l a r  system cos t  s t ud i e s  by 
t he  Department of Energy, Mueller Associates,  Inc. ,  and Others [Dl, D2, D3]. These da ta  were 
based on commercial demonstration p ro j ec t s  from the  National Solar  Data Network. Because of 
t h i s  source of data ,  i t  should be noted t h a t  many of t he  cos t  f igures  from these  f ede ra l l y  
funded pro jec t s  may be s i gn i f i c an t l y  higher than p r iva t e ly  funded p ro j ec t s .  

The da t a  base includes accurate  t o t a l  system construct ion cos t s  f o r  24 demonstration pro- 
j e c t s .  These s i t e s  were not se lec ted  t o  be represen ta t ive  of a l l  s o l a r  energy systems. A very 
la rge  sample of systems would be needed t o  completely understand a l l  t he  operant f ac to r s  
a f f ec t i ng  s o l a r  system cos t s .  Nonetheless, data  on t he  24 s i t e s  do provide a bas i s  f o r  some 
preliminary conclusions. 

D.2 ASSUMPTIONS AND OTHER RELEVANT INFORMATION 

1. Only one passive system is  included i n  t he  study s ince  few commercial demonstration 
pro jec t s  u t i l i z e  passive so l a r  energy. 

2. The cos t s  data  were obtained during v i s i t s  t o  t he  s i t e s ,  discussions with system 
designers ,  construct ion cont rac tors  and owners, and review of DOE vouchers. 

3. The cos t s  presented herein have been modified i n  order  t o  account f o r  d i f fe rences  i n  
t he  contractual  cos t s  of t he  p ro j ec t s  and t he  bare cos t s ,  by reducing t he  contractual  
cos t s  by t he  amount of a standard overheat and p r o f i t  r a t e .  

4. ~ l l  cos t s  a r e  expressed i n  1977  d p l l a r ~ .  

5. The cos t  f igures  do not include t he  design, instrumentation, o r  aux i l i a ry  energy sys- 
tem cos ts .  

Further,  t he  reader  i s  reminded t h a t ,  incomparing the  c o s t s  of var ious systems and sub- 
systems, is  not necessar i ly  "better".  

D.3 TOTAL SYSTEM COST ANALYSIS 

Table D l  summarizes t he  d i f f e r en t  p ro jec t  types.  Table D2 describes t he  pro jec t s  f o r  
which accurate  t o t a l  system and subsystem cos ts  were obtained.   able D3 summarizes t he  ca t e -  
gory cos t  breakdowns f o r  t he  24 s i t e s  grouped according t o  type of appl ica t ion  with cos t s  pre- 
sented a s  do l l a r s  per u n i t  co l l ec to r  a r ea  and percent of t he  t o t a l  system c o s t .  

Tablc D l .  Summary of Prnject  Types 

Description Number of S i t e s  

Passive 1 
Heating 10 
Process water 5 
Heating and cooling 8 

A -. ,- 

New 10 
Re t ro f i t  14 

A i r  type co l l ec to r s  5 
Liquid type co l l ec to r s  18 



sw - space ~ u t i n q .  w - not uawr ,  w 6 e - ~p.u u a t w  d Cooling, 
(URI - ur syaram, (UQI - L i w d  s y s t a u ,  OM) - P u a i n  8 y a t u .  

H - ~ a r  amat-tion. I - ~ ~ o t i t  a t m a i o n  
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Table D2. Basic Information for Cost Analyzed Project? 

I 
P I P J B C L ~  
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a ~ u r c h  

2. &.tar Idutri~l Lou~ga 

3. Bill ings SNppinq NU&O\~.. 

4. Bhkodala Protaaslorul 
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5. m u l O t t .  Are. 8 ~ 1 t h  
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6. ' 01-La &s Otticm Bldq. 

7. Concord Mimiclpal Uqht 
Build- -age 

8. R1C.t I n v a s w t a  
YuohDuw 

9. aogatss m s u ~ a n t  

10. garard Qovo 8c)pOl 

11. Inqham Co. Medical C u a  
Taci'lity 

12. 1.i. 1mges Photo 
Procaaainq L.b 

13. I N L ~ S  school 

14. U l w a l l  Yuehcuaa 

15. W a n  Co. d c l u l  

16. Tsr re l l  e. msalay 
Oitico Bldq. 

17. Mount mahumre'- 
Visitor'. C a n t U  

is. no- w t ~ n  R W C U ~  
CmUr 

.19. ?=pa Jaobsm Ooho6l 

20. u i a n  ortics miu~og 

21. mcdy UUUC.. 
otticm ~ u i ~ d i ~  

22. sc.tt.rqoad Bcbool 
6 v . l ~  

23. Tslex C-lcatidns 
Assembly Plant 

34. TTlrrlty UnlVataity 8-a 
C m l u  c -tory 

D.3.1 Conclusions Drawn from Table D3 
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1. The unit cost for each application type varies considerably. Therefore one should be 
careful in making gross estimations in cost such as "heating systems in commercial 
building cost $ X/square foot of collector area, based on this data. There are, how- 
ever, some Indications [D4] that privately funded DHW systems cost in the area of 
$20 per square foot ($215 per square meter) and that heating and cooling systems 
average approximately $30 per square foot ($322 per square miter). 
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Each system has unique characteristics that affect these category costs. In some 
extreme cases the incremental subsystem costs cannot be justified. 



l A11 c o a t #  i n  1977 $ ' a ,  c o a t r  i n c l u d e  overhead and p r o f i t  
m l l a r a  per rquare f o o t  o f  ~ m t  co l lmctor  a t a a  
Percent o f  t o t a l  eyetem c o a t  -- No category c o s t a  incurred 

Proceee 
llot 
Water 

Liquid 
Space 
Heating 

Air 
Space 
Heating 

apace 
Heating 
b 
Cooling 

Table D3. Summary of System Costs 

3. The percent of t he  t o t a l  system cost  values a r e  r e l a t i v e l y  uniform within most of t h e  
cost  ca tegor ics .  

Aratex 
I r i s  Imagee 
Ingham Co. 
Hogate ' a  
Loudoun Co. 

Average 

Hoeeley 
Telex  
B i l l i n g s  
Charlot te  
Blakedale 

Average 

Howard'eGrove 
Ducat 
Aberdeen 
Scattergood 
Concord 

Average 

PageJackeon 
I r v i n e  
T r i n i t y  
t4t.Ruehmore 
NorthHampton 
Columbis Gas 
Radian 
ReedyCreek 

Average 

4. Storage cos t s  a r e  f a i r l y  cons is ten t  with only a  few systems varying s ign i f i c an t l y  
from the  average of $3.90 per  square foo t  ($41.73 per  square meter) of co l l ec to r  
a rea .  

Total  Average 

Figure D l  i l l u s t r a t e s  t he  r e l a t i onsh ip  between t he  t o t a l  system u n i t  cos t s  f o r  t he  24 
u n i t s  f o r  t he  f i v e  d i f f e r en t  system types.  

10,240 
10,115 

337,260 
203,955 

70,940 

--- 
14,295 

462,305 
77,430 

249.195 
60 ,510 

--- 
53,300 

252,435 
62,595 

113,025 
110,740 

--- 
526,045 
205,190 
950,210 
130,705 
304,600 
352,260 
42,150 

625,905 

--- 

D.3.2 Conclusions Drawn from Figure D l  

--- 

1. Process water systems seem t o  be the  l e a s t  expensive ac t i ve  so l a r  appl ica t ion  on a  
per  square foo t  bas i s ,  followed c lo se ly  by space heating appl ica t ions .  

2 9 . 0  
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43 .2  
46 .6  
60 .0  
6 . 2  
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4 5 . 5  

4 0 . 1  
57 .0  
61 .3  
7 5 . 0  

105.1  
110.3 
i 2 0 . 4  
163.0  

93 .6  

2. Space heating and cooling appl ica t ions  a r e  much more expensive, on t he  average, than 
t he  o ther  system types. However, t he r e  a r e  exceptions t o  these general r u l e s .  Some 
cooiing appl ica t ions  have been i n s t a l l e d  a t  lower r e l a t i v e  cost  than some process 
water systems. 

6 0 . 1  

3. There i s  a  very la rge  range of cos t s  f o r  every appl ica t ion  type. 

11.7  
1 0 . 5  
1 0 . 3  
1 0 . 2  
2 1 . 0  

14 .5  
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2 0 . 4  
1 0 . 0  
1 2 . 0  
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1 0 . 6  
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1 5 . 9  
20 .3  
2 9 . 1  
21 .2  
2 . 4  
5 3 . 0  
37.4 

100.4 

39.3 

Figure D2 shows t o t a l  system cos t s  divided i n t o  two main groups, new and r e t r o f i t  appl ica-  
t ioils . 

2 4 . 1  

D.3.3 Conclusions Drawn from Figure D 2  
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1. A l l  but one of t he  cool i l~g  p ro j ec t s  were r e t r n f i t .  This f a c t  may account f o r  some of 
t he  higher average cos t s  of t he  cooling p ro j ec t s  i n  t h i s  sample. I f  no cooling 
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Figure Dl. Tota l  System Costs Grouped by System Type 
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Figure D2. Total System Cost f o r  New.and Ret ro f i t  Systems 



pro j ec t s  a r e  considered, t he  average cost  i s  $44 per square foo t  (470 per square 
meter) and $48 per square foo t  ($513 per  square meter) f o r  r e t r o f i t  systems. 

A l l  but one of the  f i ve  a i r  type space heating systems a r e  new systems. This pro- 
bably r e f l e c t s  the  g r ea t e r  d i f f i c u l t y  perceived f o r  r e t r o f i t t i n g  a i r  systems. 

. . 
Given a l l  t he  fac tors ,  a  conclusion may be made t h a t  r e t r o f i t  systems a r e  only 
s l i g h t l y  more cos t l y  than systems i n  new construct ion.  - 

Other Conclusions 

Within t he  range of systems s tudied,  economies of s ca l e  were found t o  be a  r e l a t i v e l y  
unimportant cos t  f ac to r .  

Regional cos t  va r i a t i on  influences were not found t o  be s i gn i f i c an t  i n  t he  system 
c o s t s  s tud ies .  

S i t e - b u i l t  f l a t - p l a t e  . co l l ec to r s  ($8 per  square foo t ;  $85.60 per square meter) were 
found t o  be l e s s  expensive than t he  o ther  f l a t - p l a a t e  co l l ec to r s  (material co s t s ) :  

Collector  Type Ave 'p ig~  C i i l  l ec ror  L O E ~ E  

-- p e t  squarc f o n t  B B  - 

Slre-buil~, t l a t - p l a t e  $8 
Single  glazed, f l a t  black, f l a t - p l a t e  $12 
Double glazed, f l a t  black, f l a t - p l a t e  $16 
S i ~ ~ g l t f  glazed, s e l e c t i v e ,  f lat-p1at.e $16 
Double glazed, s e l ec t i ve ,  f l a t - p l a t e  $16 

@@Multiply $ / f t 2  by 10.7 t o  obtain $/m2 

Within tho l imitcd data s tudied,  it was fouiid t h a t  i n  a l l  cases concentrating t racking 
co l l ec to r s  and t he  s i ng l e  evacuated tubular  co l l ec to r  were more expensive per square 
foo t  than t he  f l a t - p l a t e  co l l ec to r s .  

. . 
Piping, ductwork, and i n su l a t i on  cos t s  f o r  systems i n  new construct ion (average cos t  
of $8.88 per  square foot  of co l l ec to r  area;  $351 per  square meter) were found t o  be 
almost ha l f  t h a t  i n  r e t ro f i t . sy s t ems  (average cos t  of $18.16 per  square foot  of co l -  
l e c t o r  area;  $194 per square meter).  For var ious system types, piping,  ductwork, and 
inculn t ion  c o s t 3  varied a s  a percentage of t o t a l  cos t s  ('as shown below): 

Fiping, Ductwurk and Average cos t s  per 
InsuLation Costs f o r  S q u n r c F o o t o l l e c t u r  . . -.-.- ~ @ @  

~ i r  Eystcms $ 7.60 (17%) 
18j.q~.~i.d type heat ing sys.ecl~ls $15.90 (31%) 
Heating and cooling systems $19.00 

@@Multiply by 10.7 t o  obtain $/m2 

Storage cos t s  a r e  s t rongly dependent on t h e  t p e  of s toraee  vessel iisecl. Unproscur- 
ized Syst6ms s torage  cos t s  were found t o  be lower. However, they rcprcsent  a higher 
percentage of LuLal system cos t .  This implies t h a t  p ressur iza t ion  probably impacts 
o ther  cos t s  a s  well a s  s to rage  system cost.5. 

Storage Vessel Average Cost per  Unit 

- - Storage Capacity ($/hl~tu.OP) @ 

Unpressurized s t e e l  143 
Fiberglass  181 
Pressurized s t e e l  288 
Rock bins  300 
Residential water hea te r  type 420 

@Multiply $/Btu*OF9by 10.2 t o  obtain $/k.7a°C 

Storage tank locat ion:  
(a)  Buried tanks' were. found t o  be l e a s t  expensive but .only s l i g h t l y  l e s s  expensive 

than e x t e r i o r  tanks.  (The added cos t  of piping t o  ex t e r i o r  o r  buried tanks was 
not considered and. they should be added i n  ca lcu la t ing  cos t s . )  

(b) Tanks placed within t he  bui ldings were, on t he  average, found t o  be s i gn i f i c an t l y  
more expensive than o the r s .  (The ana lys i s  did not charge t h e  cos t  of bui lding 
space t o ' t h e  cos t s  of i n t e r i o r  s to rage . )  



8. Controls and e l e c t r i c a l  cos t s  were found t o  average seven percent of t o t a l  system 
cos ts  (Range: 1% t o  13%) and averaged $4.40 per  square foo t  ($47 per  square meter) 
of co l l ec to r  area.  The cos t s  per ac tua tor  o r  con t ro l l e r  were found t o  range from $325 
t o  $925 (ignoring unusual da ta ) .  Pumps, blowers, automatic valves,  motorized dampers 
were a l l  considered ac tua tors .  Note: Large va r i a t i ons  i n  system c o s t s  were observed 
i n  a l l  types. The reader i s  advised t o  be aware of t he  limited'sample s i z e  and i t s  
implications regarding t he  v a l i d i t y  of t he  averages presented. 

S t russ ,  e t  a1 [D3] i n  evaluating t he  economics of hotel/motel s o l a r  hot water p ro jec t s  
made several  addi t iona l  claims: 

1 .  With t he  proper appl ica t ion ,  a s e l ec t i ve  surface can be more cos t - e f f ec t i ve  than a 
non-selective surface.  Note t h a t  s t r u s s ' s  sample did not include s i t e - b u i l t  co l l ec to r s .  

2. Projects  cos t  between $100 and $200 per  mi l l ion  Btu per year  ($95 and $190 G J  per year) .  

3. Average design cos t s  were 10% of t he  t o t a l  system cos t .  

4 .  Wood support s t r uc tu re s  f o r  co l l ec to r s  cos t  about half  t h e  cost  of o ther  types 'o f  
support s t r uc tu re s .  

5. Liquid s torage  tanks averaged $1. SO/gallon ($ .39 / l i t e r ) .  

6 .  Project  mater ial  c o s t s  (excluding co l l ec to r s )  averaged about $6 per  square foo't ($64.50 
per  square meter) of co l l ec to r  a rea .  
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