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ABSTRACT 

.The Solar Heating and Cooling Systems Operational Results Conference is the 
f ir s t  major conference dealing exclusively with the results o f  complete , 
i ntegrated heating and/or  cooling sys tems . Reports on sys tem performance have 
d rawn heavily on the output of the National So lar Da ta Program and include 
specific  analyses o f  this data by the Department of Housing and Ur ban 
Development (HUD) , IBM-Huntsville ( a  prime contrac tor of  the Department of  
Energy ' s Solar Da ta Program) , and others . As such it provides a large body of 
information on the technical and economic performance of solar  energy systems 
and clearly highlights many of the accomplishments and difficulties o f  the 
emerging solar  energy industry . Speci fic results  included : 

o Well engineered and properly installed solar systems displayed
generally trouble-free operation and high thermal performance,
although in some cases the performance was short o f  p redictions .

o Commercial- sized units typically performed better than residential
ins tallations , primarily due to a severe lack of  engineering and
adherence to proper ins tallation procedures in the residential
applications . Because of  this lack of good design and installation ,
many o f  the residential systems did not perform anywhere �near
expectations .

o Systems , in general , did not perform as expected or  as predicted by
design models , i . e . , overall sys tem performance was less than the
sum of the components and subsystems' performance .  The results o f
poor overall performance were due i n  many cases t o  a poor matching
or integration of components .

o Passive solar heating sys tems appeared to perform be tter and more
trouble- f ree than active systems . However ,  the wider range of
acceptable comfort conditions , the less cri tical evaluation of the
passive sys tems , and the lack of subs tantial performance data on
passive systems ( i . e . , a lack of adequate data inst rumentation and
sufficient numbers of well-instrumented ins tallations ) prohibi t any
def ini tive conclusions on active vs . passive systems .

o Problems in solar sys tems generally fell into two areas : Design
deficiencies and/or inadequate or improper ins tallation procedures .
Many of the problems of design , ins tallation , durability , and
reliability were reported on and categorized. Proper ins tallation
was shown to be much more critical in solar heating and cooling
systems than in conventional installations .

o Designers generally failed to recognize the importance of minimizing
parasitic  electrical power requirements of  the solar system
operations . This resulted in many sys tems utilizing unacceptable
amounts of elec trical energy, in operating the solar sys tem.
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o Thermal l o s s e s  from s t o rage uni t s, p�p�ng and /o r ducting , and o ther
solar compone n t s  were exce s s ive and u sual l y  unexpected . Few
d e s igne r s  and/ or ins ta l lers rea l i z ed the p o t e n t i a l  magni tude o f  the
p ro b l em and cons equently d id l i t tle to account for exc e s s ive heat
l o s s e s . As a result, s y s tem efflclenc i e s  we re grea t ly reduce d . 

o Co n t r o l  subsys tems fa i lures, malfunctions, and dev i a t ions from 
d e s igned modes of operat ion caused s ignificant and in some ins t ances
d i s as trous effects o n  the s o lar sys t em ' s  the rmal p erformanc e .  In
t h i s  r e s pec t, s imp ler des igns per formed b e t t e r  than comp l ex d e s igns . 
I t  s hould be no ted t ha t  s imp le des igns as u s ed here imp li e s  a s impl e
con t r o l  log ic and does not imp l y  the nonus e of sophi s ticated
ha rdware (e . g., so l i d s tate contr o l l e r s ) . 

o Inadequate t raining of ins t a l l a t ion pe r sonne l was demons tra ted t o  be
a major cause of poor system ins tallation and u l t imat e  p e rformanc e . 
I t  should be not ed, however, that many case s o f  i nadeq ua t e
ins t a l l a t ion wer e  d u e  t o  a lack o f  p r o per s pe c i f i c a t ions b y  the
designe r, a nd no t nec e s s a r i l y  due to a care l e s s  ins ta l l e r . 

o Poor cho i c e  of material s  by des igne r s  wa s shown t o  be imp o r tant in
sy s t em perfo rmance and durabil i t y . 

0 Re por t s  o n  s y s t em c o s t s  indicated the need f o r  f ur ther c o s t
r e ductions in s o la r  s y s t em fab r i c a t ion and ins tal la t i on . 
Ins tal lat ion c o s t s  were shown t o  vary w idely and t o  be a major
unknown in pre d ic t ing fu ture c o s ts.

Ana l y s i s  of comments by a t tendees to the conference i nd i ca t ed that feder a l ly 
funde d  demo ns tration proje c t s  were l e s s  co s t-e f f e c t ive and more l ikely t o  
i ncu r o p e rating d ifficul t ie s  than were nondemons t r a t io n  p r ogram p r o je c t s . 
Da ta ga t hered within the Fe deral Demons t ra t ion P r ogram ( by the Na t ional So lar 
Da ta P r ogram) was, howeve r , con s i de red i nvaluab le i n  the devel o pmen t of the 
s o lar ene rgy in�us try . 
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INTRODUCTION 

The Solar Heating and Cooling Systems Operational Results Conference held at 
the Broadmoor Hotel , Colorado Springs , Colorado , in November 1 97 8 ,  cons titutes 

, the f ir s t  major conference on heating and cooling sys tems for building s .  For 
the f i r s t  time c omplete,  integrated systems encompassing heat sources , 
auxiliary and supplementary equipment ,  and heating/cooling distribution 
subsystems , were analyzed and discussed in detail . While there exists  a large 
body of information on co1nponents and subsystems , there has been a severe lack 
of systems engineering and development where all components and subsystems are 
integrated . This has been particularly true in res idential applications . 

The results  of the conference demonstrated this lack of engineering of the 
complete system. In addi tion , poor understanding of solar heating and cooling 
principles and a lack of adequate training resulted in poor performance due to 
careless installations . In general , too many sys tems were engineered and 
installed by personnel with inadequate solar training , HVAC skills , and/or 
experience .\ 

This report attempts to summarize the results of solar heating and cooling 
sys tems operating performance as presented at the Broadmoor Conference . The 
report considers the reported performance of residential , commercial , and 
passive systems ; t he lessons to be learned in des ign , ins tallation , operation , 
and maintenance procedures;  and the findings of cost and benefit  analyses . 
The report concludes with general recommendations for improving performance 
and with some broad conclusions concerning the results  of the conference . The 
reader is encouraged to consult individual papers for specific  and detailed 
recommendations and conclusions . 

The conference reports are based in large part on information provided by the 
National Solar Da t a  Pr ogram, and thus reflect a bias on the reported results 
by referring, in mos t  cases , to federally funded projects involved in the 
Nat ional Demons trat ion Pr ogram. It  is  apparent that the operating performance 
o f  the demons tra t i on program projects were , in general , of a lower quality
than nondemons tra t ion program projects . This fact is due in part to the 
tendency of the Demons tration program to fund unique , innovative , and 
relatively untried systems , whereas nonfederally funded systems were selected 
on a more conservative basis . Consequently , it is necessary to note these 
factors in evaluating the results of poorer sys tem performance of some 
installations . 

Appendix A of thi s  report details some of the reaction and opinions of the 
conference result s  and objectives by at tendees . It should be noted that the 
c onference hosted representatives f rom 4 2  s tates . 

PERFORMANCE RESULTS--RESIDENTIAL 

The operational performance of residential solar heating and cooling systems
were , in general , considerably below expectations . Many of the active solar 
heating sys tems experienced problems with collection , storage , distribution , 
and control . O f  30 p rojects funded by HUD , 1 2  were heat ing systems which 
delivered only 5% to 8% of the incident solar energy . Four of the HUD DHW 
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Table I 

HUU ki'SIUI'NTLAJ. SULAk III'A'l'lNG SYSTI'MS Pt:k�'UkMANCK ANAI.YSIS II)* 

Solar 
Incident Solar Collector tiuJar Col�ccted Efficiency 

Installation (I U Btu) (lu lltu) (%) 
------------

?race and DHW Beating--Liquid Collteclors 

I 47.4 ll.9 

2 10.4 1.6 
3 -

1'>2.'1 45.1 

4 53.9 10.4 

5 !!3.4 15.5 
6 11.5 L.o 

To tals 359.5 86.1 

Space and DIIW Heating--Air Collectors 

1 68.1 12.5 

2 23.9 5.1 

3 113.1 32.!! 
4 79.2 7.0 

5 38.7 7.3 

6 32.2 4.4 

Totals 355.1 69.2 

DIIW Heatin15_ 

1 301.9 99.8 
2 152.1 66.1 
3 21.2 6.0 

4 130.1 34.6 

Totals 695.3 206.4 

25.2 

15.0 
29.5 

19.2 

1!!.6 
13.!! 

23.9 

18.3 
21.6 

29.0 
8.9 

18.9 

13.7 

19.5 

33.0 
43.4 
28.4 

26.5 

34.1 

Energy Enet·gy 
to From 

Storage St� rage 
(tu6 lllu) (lu lltu) 

11.'1 4.7 
U.9 0.!! 

41.3 11.1 
9.1 3.4 

10.9 2.0 
1.5 U.l 

7 5.B 22.1 

11.5 3.0 
2.3 O.B 

28.6 3,1 
5.4 o.o 
4.5 0.5 
5.0 __!�

57.3 10.9 

77.9 45.5 
59.7 43.7 

6,0 5.5 
34.6 29.3 

171!.2 124.0 

*kesults based on information from the National Solar llata Program. 

Solar 
St<>rage De livered System 

�;!' ficiency To Luad U iiden�y 
(%) (lu0 Btu) (%) 

-----

.3'1. l 4.7 ':l.ll 
83.2 O.!l 7.5 
2b.'l ll. I 7.3 

37.7 w.u LIS. 5 
1!!.6 2.2 2.7 

3.2 u.o o.u 

29.1 2B.B B.O 

26.4 2.7 4.0 
35.1 l.!l 7.7 
lu.9 7.2 6.4 

0.0 1.6 2.0 

11.8 1.0 2.6 
67.9 3.4 10.6 

19.0 1 7.B 5.0 

5!!.0 42.3 14.0 
73.0 44.2 29.0 
'12.0 5.5 26.1 
85.0 29.3 22.4 

69.6 121.3 20.0 



systems delivered 20% of the incident energy to load. Table 1 i s  taken from 
Freeborne [1] ( based on information obtained in the National Solar Data 
Program) , and shows a representative sample of the results • 

. The lower system efficiencies were due in part to excess ive thermal storage 
losses (either in the form of heat conduction or hot air leakage).  Storage 
system efficiencies ( storage loss divided by storage input) ranged from 29% 
f or space heating and DHW heating--liquid collectors--to 1 9% f or air  systems 
to 7 0% f or DHW systems . DHW heating systems have lower thermal storage heat 
losses due to a better time synchronization of solar availability and demand 
load. Air systems have low (UA) values for storage heat loss , but damper 
leakage resulted in substantial heat losses. 

It should be noted that in the calculation of system efficiency , storage heat 
losses to the interior of the building are excluded. In fact , much of these 
losses are "useful. " The criterion as to the usefulness of storage losses can 
be based on whether or not the house temperature is above the thermostat 
s etting. When this situation occurs , predominantly in the spring and fall , 
these storage losses are no longer useful. Of course ,  heat losses from 
storage to the building's interior in the cooling season are detrimental to 
the system's performance and not only reduce the ability of the solar system 
to provide useful cooling but actually add to the cooling load. 

The reduced system efficiencies are also due in part to lower than expected 
c o llector ef ficiencies. Table 2 l ists several comparisons of predicted and 
a ctual collector e f f iciencies , storage losses as a percent of the useful solar 
collected heat , and resulting system efficiencies. Note that the system 
e fficiencies also include the effects of heat losses from piping and other 
solar components as well  as thermal storage heat losses. The data is taken 
f rom the demonstration p rogram as monitored by IBM and the National Solar Data 
Program. 

Table 2 

REPORTS OF COLLECTOR AND SYSTEM EFFICIENCIES 

(From the National Solar Data Program and as Reported by IBM) 

Collector 
Efficiency 

Predicted Actual 
(%) (%) 

Storage Thermal 
Loss (percent of 
useful solar 
collected) 

(%) 

Solar 
System 

Efficiency 
(%)

Solar 
System 

COP* 

Reference 
Author/Installation 

48.3 28.0 31.4 19.2 4.7 Nemetz [2]/DHW Heating 

43.8 32.0 77.5 7.2 }tcC umber [3]/ 
Space & DHW Heating 

72.5 43.5 25.0 15.2 47.2 McCumber [4]/ 
DHW (Apartments) 

47.5 25.0 bO.O 10.0 Lee [5]/ 
Heating & Cooling, DHW 

42.9 25.0 40.0 15.0 1.5 Hancock [6]/ 
Heating, Cooling, DHW 

*COP = Total useful solar heat delivered to load/Total electrical power for 
solar operations 
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From Table 2 ,  we .see the continued high level of thermal storage losses (the 
DHW system's heat losses are all nonuseful heat to load and in one case 
implied a tank insulating value of R = 1 hr f t °F/B tu) . In. addition , we see 
the. effect of subs tantially reduced collector efficiencies . McCumber [7 ] did 
a comparativ-e analysis of the predicted and actual outputs of seven different 
solar cbllector arrays and found errors of -54. 2 %  to -4 . 6 % .  Excluding the 
bes t flat plate , which McCumber felt was inconsistent with the majority, the 
average deviation from predicted values was -28.5%. 

In addition to thermal s torage heat losses and poorer collector performance , 
subs tantial energy losses were encountered in piping and ducting. Ward [8 ] 
did an analysis of 24 s olar homes in a single subdivision. Table 3 provides a 
summary of heat losses and heat delivered to load.  Ward then noted that the 
addi tion of two inches of piping insulation would increase the performance 
substantially ( see last  two c'olumns of Table 3). 

Table 3 

PERFORMANCE DATA ON 24 SOLAR R<lMES-WARD [8]

Solar energy collected 

Energy lost between collectors 
and storage 

Storage losses 

Energy lost between storage 
and load 

Solar energy delivered to 
space heating load (controlled) 

S.olar energy delivered to 
" DHW heating load 

Actual Results Revised* 
Totar-- Percent of Totai· Percent of 

Engrgy Useful Solar Engrgy Useful Solar 
(10 Btu) (%) (10 f!tu} (%) 

5.92 100 5.92. 100 

2.30 39 0.77 13 

1.67 28 1.67 28 

0,34 6 0.11 2 

1.09 18 2.85 48 

0.48 8 0.48 8 

*With addition of 2-inch insulation on piping, 

In addition to low sys tem eff iciencies , the residential appl ications reports 
indicated excessive electrical power requirements to operate the solar system. 
This is shown in Table 2 for several of the reported systems and also in Table 
4 .  Systems COP ' s  should exceed 15 o,r 20 in order to compete technically and 
economically with conventional electrical heating and cooling systems with 
COP ' s  of 1 to 4. In Table 2 ,  only the large.,...scale (commercial-sized) DHW
heating sys tem is competitive with conventional systems. In Table 4, the 
space heating sys tems are only marginally competitive , and the space cool ing 
unit is not economically feasible . It should be pointed out , however ,  that 
Ward et a l .  [ 1 4 ]  indicated design modifications which could be expected to 
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achieve a sys tem COP of 17-20 for space cooling , making the system 
competitive .  

Table 4 

EFFICIENCIES AND SYSTEM COP FOR OTHER REPORTED SYSTEMS 

Collector 
Installation Efficiency 

(%) 

33.6 

2 18.1 

3 26.3 

4 27.8 

5 30.0 

6 50.7 

Storage Losses 
(as percent of 

useful solar 
collection) 

(%) 

13.4 

43.5 

5.8-9.3 

5-15 

36.7 

19.4 

System 
Efficiency 

(%) 

29.1 

10.2 

23.5-24.4 

24-26 

19.0 

23.0 

*System COP Total useful solar heating and/or cooling 

System 
COP* 

10.5 

8.3 

11.2-7.8 

5.0 

2.2 

6.7 

Total electrical power t o  operate solar system 

Reference 
Author/Installation 

Karaki [9]/ 
Space Heating--Air 

Hedstrom et al. [ 10]/ 
Space Heating 

Leverenz et al. [ 11]/ 
Space Heating 

Erdmann et al. [ 12]/ 
Space Heating 

Bedinger et al. [13]/ 
Space Heating 

Ward et al. [14]/ 
Space Cooling 

Table 4 i s  also noteworthy in that for the experimental systems (installation 
numbers 1, 3, 4 ,  and 6 ) ,  which were more heavily engineered than demonstration 
systems , the s torage heat losses were much lower and sys tem efficiencies were 
considerably higher . It is  thus evident that properly engineered and 
ins talled solar heating and cooling systems can be technically and 
economically compe titive .  

PERFORMANCE RESULTS--COMMERCIAL 

The operational performance of commercial solar heating and cooling sys tems 
was significantly better than the residential ins tallations . This is due in 
part to the increased engineering design of the larger sys tems . Table 5 
summar izes the major commerical projects reported on at the conference . 
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Table 5 

RESULTS OF COMMERCIAL SOLAR HEATING AND COOLING SYSTEMS 

Collector 
Installation Efficiency 

( ;; ) 

15.u 

2 2b.4 

3 25.7 

4 34.0 

5 26.0 

ti 17.6 

*7 30.0 

8 40.0 

*1st figures are for when 
2nd figures are for when 

-----------

Storage Losses 
(as percent of 

useful 'solar 
collected) 

(%)

27.2 

15.5 

20.1 

3.0 

13.0 

40.0 

20.4 
72.5 

14.2 

fraction of load 
fraction of load 

Solar Solar 
System System Reference 

Efficiency COP Author/Installation 
(%)

7.2 Wallace [15]/ 
Space Cooling 

25.5 13.2H Hedstrom et al. [16]/ 
3.5C Space Heating 

and Cooling 

21.0 Jensen [ 1 7 ] I 
Space Heating 
and Cooling 

33.3 35.3 Aquila [18]/ 
DHW-Restaurant 

22.0 47.3 Armstrong [20]/ 
DHw--Laundry 

11.9 Crum [21]/ 
Heating (and Cooling) 
and DHW--Dormitory 

26.4 10.0 Murray et al. [22]/ 
7.5 12.5 Heating--

Community Center 

34.3 1. 7 3 Fenton et al. [23]/ 
Heating and Cooling--
Office Building 

is 0.63. 
is 0.91. 
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Installations III a nd 116 utilized concentrating solar collectors and 116 used a
continuous flow through the collector 24 hours per- day. These more unusual 
designs demonstrated significantly poorer performance . In one case (/16 ) the 
continuous circulation of collector liquid resulted in 32% of the collected 

_energy being reradiated to the ambient at night . 

Also noteworthy is the reduction in Solar System COP 
(1 3. 2 )  to that for cooling (3. 2 )  in Installation 112 . 
for simplification and reduction of pumps , etc . , 
s ubsystems . 

from the heating value 
This  indicates a need 

in the solar cooling 

Installation /17 provides a clear indication of the reduced system efficiency
when solar carries a large f raction of the heating load , i . e . , a great deal of 
useful collected heat_ is  wasted in overheating• 

In general , the results of the commercial systems clearly show the potential 
technical and economic feasibility for well engineered and properly installed 
systems . 

PERFORMANCE RESULTS--:PASSIVE SYSTEMS

Table 6 l ists the results of three of the passive solar systems reported on. 
While the solar efficiencies appeared high , the extreme excursions of 
temperature raise serious questions as to the feasibility of the systems. 
Temperatures as low as  4 6 °F clearly indicate failure of the sys.tem to heat . 
In the second- installation , the results reflect operation only in March and 
April , which i s  scarcely a tes t  at all. Interior temperatures as low as 62� 
in the spring s-eason suggest that mid-winter conditions would be unacceptable . 

Installation 

2 

3 

Table 6-

PASSIVE SOLAR SYSTEMS RESULTS 

Collector 
Efficiency 

(%)

48.7 

43.8 

45.0 

System 
Efficiency 

(%)

43.2 

43.1 

45.0 

Room 
Temperature Reference 

Range Author/Installation 
(oF) 

46 to lOU Freeborne [1]/ 
Residence 

62 to 84 Freeborne [1]/
Residence 

62 to 81 '..Ieston [24i/ 
Warehouse 

Clearly the reported efficiencies would also be severely degraded if the 
thermal storage uncontrolled heat delivery to load is related to the high 
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temperatures experienced . It appears reasonable that solar s t orage 
eff ic iencies mus t relate to pass ive as well as active systems . 

In addition to the reports by Freeborne Ill and Weston [24] , Boleyn [25]  has 
reported solar gains (pass ive heating ) by large south facing windows in two 
different homes of 1 5 % to 30% .  However , such f igures are misleading because 
the overnight thermal losses have not been accounted for .  Just as a ctive 
solar collectors have heat loss terms as well as incident radiation absorbed 
terms , one should also consider the thermal losses f rom passive solar 
collection and storage devices . 

PERFORMANCE RESULTS--CONCLUSIONS 

The majority of solar heating and coo ling systems reported on at the Broadmoor 
Conference failed to meet predicted levels of performance . Many sys tems , in 
fac t ,  did not even approach the expected or designed level of performance . 
The diff icult ies encountered fell into two major categories . The firs t was 
that the presently accepted equations governing the performance of solar 
heating and cooling sys tems were based primarily on the solar collectors and 
did not adequately reflect the performance of the integrated solar system. 
For tunately , it is now clear , in principle , what additional calculations are 
necessary to accurately describe the p redicted performance of a solar sys tem 
des ign . 

Many of the present design tools currently used (primarily in the residential 
area) do not consider the effects on system performance of:  

o Collector modules in series flow configurations when incorporated
into collector arrays;

o Heat losses f rom interconnections between modules and manifolding o f
module pairs (or  triplets)  i n  parallel flow arrangement s ;

o Heat losses from

* Thermal storage uni ts ,

* P i ping and/or duc ting ( including the physical leakage o f  the
heat transfer fluid--primarily air ) , and

* Other solar components (heat exchangers , pumps and blowers ,
exposed valves , etc . ) ;

o Va riat ions in control strategies due to design and/or f aulty
operation; and

o Pa rasitic electrical power requirements of  the solar system.

The effect of two collector modules in a series flow configuration and heat 
losses f rom the connec tion between modules may reduce the actual useful 
p redicted heat collection to 60% to 98% of the useful solar energy colle c ted.  
Thermal storage and piping/ ducting heat losses have been detailed above . 
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Control s t rategy variations were discussed by Ward [26 ] , where an error of 5 °F 
on the control inst rumentation temperature differential between the collector 
and s torage , was shown to reduce the system efficiency by 8% to 1 2% o f  the 
collector output. Finally , the feasibility o f  solar systems requires high 
system COPs , as p reviously discussed. 

The second area of d i f ficulties causing reduced solar system ef ficiencies was 
in the installation and operation of the solar equipment. Pr imarily this 
involved a lack of recognition by both the ins tallers (e.g. , the heating 
contractors) and the designers of  the importance o f  specifying and 
incorporating such es sential items as adequate insulation and proper control 
s trategies. Again , this second di fficulty is correctable , based on what has 
been learned at the Co lorado S prings conference. Hardware errors involved in 
the installation , operations , and maintenance areas included: controls (poor 
designs and/or malfunctions) ,  inadequate insulation , excessive complexity of 
sys tem design and/or opera tion , and a severe lack of diagnostic tools. 

Bartlett [27 ] has classif ied the control problems into three 
group s : ( 1 )  control sensor problems , ( 2 )  problems with controllers , and 
(3)  p roblems with control actuating devices. Control sensors have been 
inadequately placed in the sys tem (and thus do not reflect the actual 
operating condition· of the system) , have failed in use , and have provided 
inaccurate informat ion; all resulting in extraneous or nonexistent energy 
f lows. Controller problems have malfunctions of equipment as well as 
incompatibilities with solar system designs. Control actuating device 
problems include component failure and inadequate operation (e.g. , valves or 
dampers do not fully ·close). Leaky dampers ,  for example , experienced leaks of 
1 2% to 40% of full f low. 

Inadequate insulation has been a major cause of problems and results f rom a 
lack of proper specif ications or careles s installation. In addition , thermal 
s torage units typically have R-valves considerably lower than predicted ( based 
on the applied insulation R-valves ). For example, storage units have commonly 
had heat losses which exceeded predictions by 5 0% t o  300%. 

Excess ive complexity of sys tem design and/or operation has resulted in poor 
installations by inadequately trained personnel. It is notewor thy that 
commercially viable solar systems in Aus tralia , Israel , and Japan (Ja pan has 
over two million solar DHW sys tems in operation at present) are all relatively 
s imple in concept. This does not imply that the inherent simplicity of 
operable systems allows anyone to design and ins tall a highly ef ficient
system. Mis takes may be tolerated in the design of conventional systems 
utilizing powerful , concentrated energy forms; but the low intens ity and 
intermittent characteristics of sunshine demand exceptional skill for its 
effec t ive applicati on. 

The severe lack of diagnostic tools (e.g. , the inability to quickly insert 
t emporary sensors into each collector module to check for proper flow 
d is tribution) has hampered operational check-outs and maintenance effor ts. 
True Testing , Balancing and Ad jus ting (TBA) i s  an essential requirement in any 
good HVAC system. 
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DESIGN , INSTALLATION, OPERATION , AND MAINTENANCE PROCEDURES 

Problems in design methodology have included : 

o Us e of inadequate Rule-o f-Thumb methods;

o Inability to es timate space heating and/or cooling loads to within
accuracies of 1 0% to 25%;

o Lack of accurate input data , especially weather and solar radiation
data (which may be off by 5% to 30%) ; and

o Limitations in solar calculations .

The limitations in solar calculations resul t in overes timates o f  "Solar Energy 
Used , "  exaggerated collec tor array efficiencies , incorrect use of f-cha r t  or 
s imilar computer-derived models , lack of ability to properly size heat 
exchangers ,  pumps , etc . , and a lack of design tools for hybrid systems 
(active/passive ,  solar wi th heat pumps , etc . ) .  

Collec tor subsystem design problems may be classified as  ( a )  materials 
related , ( b )  f low related , or ( c )  other . Materials related problems include 
glass- , plas tic- ,  and fiberglass-reinforced cover plates , black paint and 
selective surfaces on absorber plates , absorber plate base materials , heat 
t ransfer f luids , internal piping material in collectors , outgass ing , and 
sealants . Flow related problems include f low obs truction,  f low dis tribution , 
poor internal pipe configuration , defective drainage , air leaks , and improper 
venting.  

S torage des ign problems include excessive heat losses , lack of anticipated 
temperature s tratif ication due to improper inlet and outlet connec tions , 
excessive space taken by s torage , inadequate allowance for thermal expans ion, 
leaks , corrosion , poor flow distribution through s torage (u sually pebble-bed 
s torage units) , and excess ive pressure drops . 

Other sys tem des ign problems have included imp roper heat exchanger , pump , 
and/or blower selec tion and des ign , inadequate piping and duct ing de$ign , and 
leaky valves / dampers .  Considerable information .on detailed problems has been 
presented at the conference and should provide considerable assis tance in 
future designs . (See e . g. ,  Sparkes et al . [28 ] ) .  In addition to design 
considerations , the conf erence papers (S parkes et al . [29 ] and other s )  have 
a lso detailed specific problems (and usually , the corresponding solutions ) 
arising in the ins tallation , operation , and maintenance of solar heating and 
cooling systems . 

Collector array associated problems include: mounting collectors too close to 
the existing roof and improper f lashing (causing rot ting of wood structure and 
leaks ) ,  requirements  of support structures to obtain greater collector tilts , 
wind and snow loading , insufficient space for thermal expansion , lack of 
attention to aes thetics , and poorly des igned mounting brackets .  Collector 
piping and / or ducting have required resoldering and recaulking to reduce or 
s top leakage of the col lec tor fluid, and on- s i te connections of  plumbing and 
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ducting has caused many delays .  There has been signif icant glass  breakage in 
handling; g lued-on covers for protection of glazings during shipping have 
become brittle in cold weather and/or have melted in hot weather and became 
very difficult to remove; and air or vapor locks have occurred f requently in 
the collector loop because of improper f illing operations and/or a lack of 
p roper air vents .  Many sys tems lack a proper fill mechanism and an ability to 
easily drain the collector for maintenance ,  and installation problems have 
arisen in joining together collector modules . Other f indings include (Thayer 
et al. [30]): 

o The lifting of collectors onto the roofs of buildings by means of a
light duty cherry picker type boom crane is more cos t-effec t ive than
using either manual lif ting or a heavy duty cons truction c rane.

o Ins talla tions where collectors were lifted to the roof manually were
generally of poorer workmanship with higher potential for sys tem
leaks than ins tallations where collectors were lifted by means of a
c rane .  (The lifting of 1 40 t o  160 pound collectors on a pitched
roof on a hot day is  extremely physically fatiguing with the result
that the installation crew adopts a "devil may care" attitude. )

o A few f i rms in a geographical area will, in the future , specialize
in the ins tallation of collectors because they will possess the
specialized experience and equipment necessary to win competitive
bids for ins tallations .

o The installation . costs o f  collectors would be reduced and system
reliability would be improved i f  collectors were built in lengths
longer than eight feet s ince mos t  arrays are taller than eight feet .
(The present length seems to be dictated by the manual handling
methods . )

o Manufacturers do not comprehend the abuse to which their collectors
are subjec ted on the job s ite before and during installation.
Collectors are walked upon , twisted , exposed to high temperatures ,
dus t  storms , and pipe fittings are over torqued beyond the point of
failure . Warnings and notices in the installations manual are
ineffective because they are generally not read.

o The ins tallation times of  internally manifolded air collectors are
lower than externally manifolded collectors where individual ducts
must be built and connected. The fabrication costs of  internally
and externally manifolded collectors should be about identical.

o S tarter strips used by ins tallers to align the rows of collectors
are of ten badly warped 2-inch by 4-inch lumber . The result is  poor
alignment of  the collectors with gaps beyond the correc tion capacity
o f  gaskets and pipe unions . Sys tem leaks and poor visual appearance
are a consequence.

o The cos t of  installation will be highly dependent upon the crew size
because the crews adjust the speed and effort on normal residential
ins tallations in such a way that the j ob takes one full day .
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o Poor alignment of collectors with potential sys tem leaks occur when
care is not taken to maintain a precise centerline for the roof
trusses .

o Pa nels delivered to the work site have on occasion been loaded in
enclosed trailers by forklif ts at the warehouse . To remove the
panels from the trailer ,  workers have been forced in some cas e s  to
tear apart the packing in place and pull out the panels one by one .

o During installation on sunny days , exposed panels reach s tagnation
temperatures at the absorber .  Hot panel in such cases can be
handled with gloves only and heat escaping from panels makes working
a round the ar ray uncomfortable.  Glare from exposed glazing also
reduces workers' efficiency .

Storage ins tallation problems include the fact that both water tank s torage 
and pebble bed s torage require a gheat deal of space , and that the 
installa tion must provide access  for maintenance and repair .  Underground 
s torage have in general failed to meet expectations because of exces s ive 
thermal losses due to moistened or nonexi stent insulation , degradation by.  
soil , and ground water drainage . High water tables have also resulted  in 
major damage to buried storage subsystems . Concrete water s torage tanks have 
had structural failures and exces sive leakage . Pe bble bed s torage uni ts have 
had excessive dirt included in the rock , causing portions of the bed to be 
useless for heat trans fer to and from storage and poor flow dis tribution 
through other parts of the pebble bed . Insulation has generally been 
insufficient and inadequately ins talled (part icularly along the bot tom of 
water storage tanks--resulting in excessive heat losses  to the ground) .  

Distribution sy stem problems include freezing of pipes , lack of pipe hangers 
and suppor ts , lack of expansion compensators and efforts to minimize 
mechanical stresses from thermal expansion and contraction , lack of pres sure 
tes ts ,  check valves installed backwards , leakage of 3--way valves , rust from 
the storage tank clogging a valve , pumps ins talled improperly (mechanically 
and electrically ) ,  and improper or nonexistent p rovision for draining relief 
valves . Duct ins tallations require a relatively larger space , requiring more 
care ful design and use of space during installation .  In addition , conflicts 
be tween plumbing , ducting , and electrical wiring rough-ins have occurred over 
the best use of space . Dampers  have been ins talled improperly , backwards , and 
in the wrong location . Fans have operated noisily due to undersizing of 
ducts . Freezing of DHW piping/ exchangers have occurred in air sys tems as well 
as wa ter sys tems . 

Chopra et al . [31] evalua ted 47 operating solar demons tration sites and found 
that freezing occurred in 30% o f  these sites . Eight of 16 water sys tems 
f roze , 2 of 19 water-glycol sys tems experienced f reezing problems , and 1/ 3 of
the monitored air sys tems with a DHW op tion had freezing incidents . F igure 1 
[31 ] p resents a composite picture of the reasons why some of the cur rent 
generation of solar systems experienced freezing. Chopra et al. [ 31] and 
Sidles et al. [ 32] have provided an excellent compendium of recommendations 
for avoiding future freezing incidents . 
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Cont rol system problema have in�;luded faulty wiri Ltg, faulty switches ,
tnoperati ve sensors, and sensors improperly located. A major diff iculty has
been the inabi lity to service prewired circuit boards in the f ield. Pa ssive 
sys tems have had problems of overheati.ng, excessive glare , and fading of
interior decorative colors. Watel walls have had serious leakage and
maintenance problems. 

Manufacturers guidelines for mechanical room layouts have been sketchy or 
nonexistent with the result that expensive trial and error designs are tried 
on the job site.  It is  common particularly in air systems to have conflic ting 
uses of space for elec trical , domes tic plumbing , and solar energy transpo r t .  
Bids f o r  solar ins tallations of ten contain excessive contingency allowances . 
(One installation contractor commented that actual cos ts were less than one­
half his bid )  [30 ] .  

Among the lessons learned about solar systems , one of the main ones is  the 
importance of maintenance of a solar system. Some of the maintenance 
ques tions that are important to attend to are the following [29) :  

o The air filters located on the f an-c oil units and in the ducts
should be checked once a month. They should be replaced as
necessary , which would be at  least once a year , and sometimes twice
a year .

o The dampers should be checked regularly and adjusted to ensure
proper closure . They should be oiled occasionally as needed .

o Motors should be checked for wear regularly .

o Blower bearings and motors in the air-handling units  should be
checked periodically .

o The collector seals should be checked a f ew t imes a year , and should
be resealed when necessary .

o In the event of a power failure,  or freezing weather , special care
should be taken to insure against freezing of pipes and components .

o Pipe joints and bands should be inspected regularly for signs of
leakage , or of stress that may lead to leakage.

o Special attention should be paid to roof leakage and deterioration .

o Pipe insulation should be inspec ted periodically for degradation.

Routine maintenance is seen by some sys tem owners as being more complicated 
and more frequent than with a conventional heating sys tem. Several users of  
solar sys tems have pointed out that a detailed maintenance manual would be of 
great help to them. Most  installers do not supply the owner with such a 
manual. Sparkes et al. [29 ] concluded that : 
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"The different kinds of  problems that arise in building 
cons truction , and in heating ,  cooling and domestic hot water 
sys tems in residential buildings also show up in buildings with 
solar systems. There are also additional problems in 
installation , operation ,  and maintenance that are special to solar 
sys tems. Many of these are problems that came up af ter the 
systems were installed , and had not been anticipated earlier. 
These problems and the solutions that are being tried out are 
providing a large body of experience , which can be made use of in 
making future solar ins tallations more efficient and reliable." 

Cash [33), in discussing solar hardware problems , has made the statement that, 
"The lack of knowledge of what is required in solar hardware has resulted in 
many unnecessary mis takes being made in the design , production , and 
ins tallation of solar heating and cooling systems." In addition, "Some means 
mus t be provided to ensure that the system is performing properly , since 
improper performance of the system is one of the most  difficult problems to 
detect." 

COSTS AND BENEFITS 

Several papers were presented at the conference which discussed costs and 
benefits o f  solar heating and cooling sys tems. Remmers et al. [ 34] reported 
on s ix of ten HUD-funded demons tration retrofit ,  space and DHW heating 
systems . A review o f  the HUD tes t program indicates that : 

o The liquid-heating systems were easier to install than the air­
heating collector systems;

o Signif i cant ins tallation and operational problems have affec ted the
performance of all six systems ( s ee Table 7 ) ;

o The liquid DHW system has demonstrated the bes t  performance for DHW 
heating; the other systems have not proven cost effective; and

o Maintenance contracts appear to be a necessary part of any solar
ins tallation made in public housing.

Table 8 p rovides a summary of these HUD sys tems. 

These apparently discouraging results are contradicted by DeLima et al. [35} 
who reported on the cos ts of nonfederally funded residential ins tallations. 
According to DeLima , as of March 1 97 8 ,  the total number of residential SHAC 
installations throughout the country , excluding swimming pool ins tallations, 
have been es timated by Booz , Allen , and Hamilton to be in the range of from 
5 5,0 00 to  6 0,000. This estimate is  based on data obtained from collector 
manufacturers ,  DOE's E�ergy Information Administration and six SMSAs scaled to 
the U.S. population. The installation count , les s pool sys tems , by SMSA, was 
found to be: 
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Type ot 
Solar System 

Liquid SAIIP 

Backyard Solar Furnace 

Liquid DHW 

Air w/o Storage 

Air DHW 

Air w/Eutectic Salt Storage 

Table 7 

SOl.AR SYSTeM lNSTALLATlON AND OPERATIONAL PROBLeMS [34} 

Installation and Operational Problems 

o kefrigerant leak--caused compressor to overheat and degraded h.,at pump pe•·formance. 
o Tenant complained of insufficient DHW at times when the back-up 

natural gas was shut off. 

o Installation delayed by manufacturer's inability to meet delivery schedule. 
o Broken collector cover glass (inner pane) due to excessive thermal stress. 
o Damper motor stuck on--consumed additional parasitic electrical 

power, permitted thermosiphoning to occur, and finally 
caused damper motor to fail. 

o Noisture from snow melt leaked into two of the collector panels 
and contaminated the collector insulation and produced condensation 
on the inside of the cover glasses. 

o Broken electrical wire between the controller and circulating pump 
shut down the pump and caused the collector fluid loop to boil over. 

o System vapor locked resulting in "no flow" condition and subsequent system boil over. 

o Installation hampered by requirement to construct a carport 
on which the collectors are mounted. 

o Very poor DHW heating performance 

o Numerous installation problems including: 
- inability of manufacturer to deliver hardware 
- coordination problems with subcontract labor 
- failure to pass building department inspection 

o Loose blower pulley resulting in curtailed operation on several occasions. 

o Installation problems similar to those experienced with House 7.
o Excessive uncontrolled distribution causing the house t o  be 

uncomfortably warm during the summer. 
o Damper motor failure resulting from poor installation--sealant used 

on connecting ductwork interfered with the operation of the damper. 
o Very poor DHW heating performance 
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Table 8
HUD TEST PROGRAM RETROFIT SOLAR SYSTEM DESIGN SUMMARY [34) 

H01u;e 
No. Solar System Description 

2 

3 

4 

7 

10 

Space Heating � DHW--liquid SAIIP system 
utilizing a 1 hp heat pump, 2 un�lazed 
ground-mounted collectors (64 ft ), an 
80 gal DHW heater (no preheat tank) 
and a load shedding controller 

Space Heating O�ly--backyard solar 
fujnace (128 ft of collectors and 12 
yd of rock storage) operated in 
tandem with house furnace 

DHW Only--closed-loop liquid system 
utilizing 3 roof-mounted, s�lective 
surface collectors (61.5 ft ) and an 
82 gal preheat tank 

Space Heati ng � DHW w/o Storage--air 
system utilizing 6 vertical wall­
mounted single-glazed fiberglass 
collectors (120 ft2) and an 82 gal 
preheat tank 

DHW Only--air system utilizing 
3 roof-mounted double-glazed 
collectors (5 8.5 ft2) and an 
H2 gal preheat tank 

Space Heating � DIIW--air system 
utilizing 14 vertical wall-mounted 
doubl,-glazed collectors (205 ft2), 
75 ft of eutectic salt storage and 
an 82 gal prt<heat tank 

Manufacturer (Installer) 
General Solar Corp. 
(f & N Construction) 

Future Systems Inc. 
(Sun-Trac of Denver) 

American Heliothermal Corp. 
(Solar Industries Inc.) 

Devair Systems 

Solar, Inc. (Mountain 
Mechanical Sales, Inc.) 

Solar, lnc. (Mountain 
Mechanical Sales, Inc.) 

Predicted 
Predicted Cost Benefit 

Installed Annual Solar Pa.yback Rate of , 
Price* Contribu.tion Period !{eturn $/ft2 

$5300 71% 18 yr 7% 83.1:1 

5847 57 18 5 45.7 

2464 61 16 40.1 

2927 21 18 6 24.4 

2640 5 2  18 5 45.1 

8930 41! :w 2 11Y.l 

"1neludes the building permit fees which ranged between 2% and 2 1/2% of the installed price. The costs uf the structural 
analyses that had to be performed to obtain the building permits are not included. These averaged about $200 per
installation. 



0 Boston - 110 

0 De nver - 274  

0 Lo s Angeles - 643 

0 Phoenix - 682 

0 Washington , D . C .  - 145 

So lar energy applications appear to vary by region . Domes tic hot water 
applications are predominant in Washington and Bos ton . In Washington they 
account for 5 5% of  all the nonfederally funded ins tallations but comprise only 
1 8% of the installed collector area . In Boston they account for 65% o f  the 
installations but comprise only 13% o f  the ins talled collector area . Combined 
DHW space heating applications are predominant in Denver . They comprise 45% 
o f  all federally and nonfederally funded ins tallations . The maj ority of  
ins tallat ions in Phoenix and Lo s Angeles are swimming pool systems . They 
account for 5 0% and 83% o f  all ins tallations in Phoenix and Lo s Angeles 
res pee ti vely . 

The average to tal ins talled cos ts for nonfederally funded solar domestic hot 
water sys tems ranged from a low of  $1 ,004  f or Phoenix to a high of $ 2 ,0 8 5  for  
Boston , as shown in  Table 9 .  The average unit cost  ranged from a low of 
$28. 90 f or Phoenix to a high of $47. 7 0  f or Lo s Angeles per square foot of 
ins talled collec tor area , as shown in Fig.  2. If  consumers used life cycle 
cri teria for purchase decisions , solar domestic hot water systems will  compete 
with energy sources which today cos t between $ 6. 8 0  and $15. 0 0  per million B tu 
(assuming the alternative energy sources escalate at 8% p er year ) .  

The majority o f  collectors examined on f ield surveys were hydronic , had copper 
absorber plates and tubes , glass cover plates , and internal manifolds . 
Selec tive absorber plate coa tings were used in 5 0% o f  the sys tems . Freeze 
protection was accomplished in the majority of  the installations by the use o f  
drain-down sys tems . 

ONLY MINOR PROBLEMS WERE ENCOUNTERED IN THE INSTALLATION AND THE 
O PERATION OF SYSTEMS VISITED . ONLY ONE OF THE 30 SYSTEMS EXAMINED 
HAD MAJOR DESIGN PROBLEMS . MOST SYSTEMS HAD MINOR INSTALLATION 
PROBLEMS SUCH AS LEAKING PIPES AND FAULTY CONTROLS .  HOWEVER ,  
INSTALLERS STOOD BEHIND THEIR WORK AND RECTIFIED ALL MALFUNCTIONS . 
AFTER INITIAL FIXES , SYSTEMS GENERALLY ARE WORKING WELL [35 ]. 

Costs of  commercial (nonres idential ) solar energy sys tems have been reported 
by King et al . [36 ] and are summarized in Table 1 0. It  should be noted that 
the space cooling projects all employed concentrating or focusing collectors . 
King et al . [36 ] sugges ts that because of thi s , the costs  cannot be compared 
directly wi th f lat-plate collectors . However , in this reviewer ' s  opinion , 
f lat-plate collectors can perform as well as concentrators for space cooling 
applications; and therefore , on the basis of the presented data , it would 
appear that these concentrating collectors cannot be considered as 
economically viable at the present time in the cooling installations 
discussed . 
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Table 9 

COST COMPARISON FOR DOMESTIC HOT WATER SYSTEMS [ 3 5 )  

Equivalent 
Co s t  

Predic ted MM B tu ' s  Equivalent Local Including 
Average % of Ho t Supplied kWh Elec tricity F i r s t  Simple Fuel P r ice 

S i z e  Average Wa ter Load Per Year Supplied P r ice Year Payback Escala t ion 
::lM�A ( Sq F t )  Co s t  Supplied By Solar Per Year ( i/kWh) Savings (Years) ( i/kWh) l 

N Bos ton 58 2 , 085 4 7  1 0 . 2  2975 5 $ 1 49 1 4  4 . 4  
__, 

Washington 57 1 , 9 9 1  5 4  1 0 . 9  3200 5 $ 1 6 0  1 2  3 . 9 

Denver 4 8  1 , 7 1 9  7 3  1 6 . 0 4684 4 $ 1 87 1 0  2 . 3  

Phoenix 34 1 , 004 6 4  1 1 . 0 3225 4 $ 1 29 8 2 . 0  

L . A .  3 4  1 , 6 00 51 9 . 8  2884 4 $ 1 1 5  1 4  3 . 5  

Miami 3 7  1 , 239 58 9 . 3  2 7 20 4 $ 1 09 12 2 . 9 

! As sumes 20 year financial analysis and 8% e scala tion rate for competing fuel s .
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It is  interesting to  note the wide variations in as common a component as
s torage �anks . Table 1 1  compares s torage costs  which range from $0 . 7 0  to
$ 1 3. 30/ f t  • Steel water tanks alone ranged from $0. 7 0  to  $ 3 . 7 0/ gal . 

Projec t 

Passive 
Kalwall 

P roce ss Hot Water 
Iris Images 
Hogate ' s  
Aratex 

Hea ti ng 
Moseley 
Blakedale 
Scattergood 

Heating and Cooling 
Radian 
Reedy Creek 

Trinity 

Table 1 1
STORAGE COSTS [36]

Container 

Conc re te s lab , contents 
of warehouse 

Three interior tanks , s teel 
Two interior tanks , s teel 
Ex t e rior tank , fiberglass 

Interior tank , s teel 
Buried exterior tank , s teel 
P a r t ially buried pebble bed 

Ex te rior tank , f i berglass 
Two exterior tanks ( hot 
and cold) s teel 
Two exte rior buried tanks , s teel 

23 

Capacity 

3 60 gals 
1 0 , 000 gals 

4 , 000 gals 

2 , 000 gals 
5 ,000 gals 

6 5  tons 

1 , 500 gals 
2 0 , 000 gals 

20 , 000 gals 

Co s t/ Un i t  Volume Co s t/ Un i t  Area 

$ 3 . 6 0/ ga l  
$ 1 . 00/gal 
$ 3 .00/ gal 

$ 0 . 7 0/ gal 
$ 1 . 2 0/gal 
$ 1 29/ ton 

$ 1 . 7 0/ ga l 
$ 2 . 6 0/gal 

$ 3 . 70/ ga 1 
· - - ---

$ 0 . 7 0/ f t2 

$ 2.00/ f t2
$2 .50/f t2 
$2 . 30/ f t2

$3.60/ f t2
$6.50/ f t2 
$2 .40/ f t2 

$ 7 . 40/ f t2
$ 1 3 .30/ f  t2 

$4.60/ f t2 
· --- - _ ...  · � - ---



Struss et al.  [ 3 7 ]  evaluated the economics of ho tel/motel solar hot water 
pro jects and cons idered several poss ible , developing trends . These include : 

o With the proper applica tion a select ive surface can be more  cos t­
ef fective than a nonselec tive type collector .

o The larger the system, the less the cost per ft2 of collector , and
the less the total sys tem uni t cos t .

o Projects are costing be tween $ 100/M BTU/y r  and $200/M BTU/ y r .

o Average des ign costs are 1 0% o f  total sys tem cos t.

o Wood support struc tures are $ 1 .0 0/ f t2 of collector while other type
s truc tures are at leas t $ 2 .0 0/ f t2 •

o Li quid s torage tank costs average $ 1 .44/ gal .

0 Project material costs
$ 6 . 1 6/ f t2 of  collecto r .

(excluding collec tor s )  are averaging 

Sedmak [ 38] has cons idered areas for potential cos t reductions including : a 
need to size the s olar systems in a cost-effective manner , and to use cos t­
ef fective ma terials and subsys tems in designing the sys tems . Sedmak also 
considered the implicat ions of bas ing solar inves tment deci sions on life cycle 
cost compar isons . A notewor thy conclusion was that the energy cos t  rises 
d ramatically when the sys tem life is  ten years or les s ,  primarily because the 
cos t of the sys tem mus t  be paid in a rather short p eriod of time . Extension 
of sys tem life beyond approximately 20 years has l i t t le effect on the first­
year energy cost because the capital recovery factor is  rather insensi tive to 
mortgage terms grea ter than 20  years . ( S e e  Figure 3 . )  

Figure 4 depicts  the sens i tivity of the after tax cost of solar energy to 
system li fetime and interest rate for one system. Rather surpris ingly , the 
af te r tax energy cost rises as sys tem lifetime increases above approximately 
1 0  to 1 5  years . This results because depreciation deductions decline at a 
faster ra te than does the CRF . (CRF Capital Recovery Factor , ''Mortgage 
Payment . " ) 

Finally , Sedmak concludes tha t ,  "The cost of solar energy seems to be directly 
related t o  the complexity of  the s olar sys tem" [ 38 ] .  

Sedmak [ 38] also contended that a life cycle cos t  analysis was a necessary but 
not suff icient condition for optimal inves tment in a solar sys tem. F igure 5 
compares the time of economic competitiveness  for one sys tem for both life 
cycle cost comparison and in addition ,  present cost comparison , i . e . , the 
first-year solar energy cost� . 
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RECOMMENDATIONS 

Numerous recommendat ions for improvements in system performance , durability , 
and cost have been presented at the conference . Lo f [39 ] has made several 
general comments , which are included here f or emphasis : 

The Solar Heating and Cooling Demons tration Pr ogram was intended 
by Congress to show the American public , including arc hi tee ts , 
engineers , manufacturers , and contractors , that solar heating is  
r eady for public use and can alleviate our serious energy 
shor tage . To the extent that well-proven systems were selected 
and demons trated , the program has been beneficia l .  However ,  many 
systems were selec ted and installed , at  government expense ,  which 
had inferior characteristics , inadequate des ign , and totally 
unproven performanc e .  

T o  correct the mistakes of the pas t ,  and t o  establish solar energy 
use in our homes and businesses , I believe the following measures 
must be taken . 

(1) In the solar heating f ield , we mus t  insist  on high quality , 
capably installed , dependable , long-l ived certified equipment . 
The marketplace will then weed out the inferior goods and 
practitioners . The demons tration programs of  DOE , DOD , HUD , and 
other agencies must  be based on selection of economical , proven
systems , not the most  innovative or speculative . Today , perhaps 
more than anything else , solar needs respectability and 
c redibility among 200 million skeptics .  

( 2 )  The desperate need for data on cost  and per formance and 
reliability of operating solar heating sys tems of all types mus t  
be f illed by support o f  capable evaluation s tudies b y  experienced 
engineers in well-des igned solar installations . Even among widely 
used systems , reliable operating data are scarce . The public mus t 
be provided assurance that solar can and will do the j ob .  

( 3 )  W e  must  d o  a far better job of  sys tems engineering and 
i ntegration . Most of the problems being reported at this mee ting ,  
and some o f  the total failures that aren ' t  being reported,  are due 
to a lack of unders tanding of this requirement . Even the bes t  
components , i f  poorly matched and incompetently assembled , will  
f ail to provide satis factory service . 

( 4) Improvements in integrated solar heating systems are needed , 
so  that good performance , both with respect to heat delivery 
efficiency and also with respec t to mechanical integrity , 
reliability ,  and durability , can b e  achieved. Res earch i s  the 
lifeblood of a new industry , and with solar profits some years in 
the future , s trong support of the research and development program 
i n  DOE is e ssentia l .  These improvements require the skillful 
application of effort in a research and development environment-­
not  in trial and error public demons trations . Even though the 
aviation industry is over a half  century old , government fundi ng 
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o f  research o n  a i r c ra f t  ha s been
F o r t u na t e ly , the pub lic i s  not 
t rave l in expe rime n t a l  a i r c raf t .  

e s s e n t i a l  a l l  t hrough t he year s . 
f o rced , o r  even permi t t ed , t o  

(5 ) W e  mu s t  fa c i l i t a t e the t r a ining o f  p rac t i t ioners in the 
hea t i ng ,  ven t i l a t i ng , and air cond i t i oning industry , who are 
a l ready s pe c ia l i s t s in hea t ing and cool ing sys t ems , t o  qua l i f y  
them a s  expe r t s  in s o la r  s y s tem ins tallat ion and s e rvicing . 
As su rance o f  re l i able , t roub le- f r ee , l ong-l ived s o lar heat ing 
s y s tems for the gene ra l  p ub l i c  i s  imp o s s ible unle s s  the s e  t raining 
needs a r e me t .  

This c o n f e r ence i s  showing the abs o lu t e  nec e s s i ty of good d e s ign , 
e ng i nee ri ng , and ins tal lat ion o f  we l l- i n t egrated s o lar hea t ing 
s y s tems . There ar e integrated solar hea t ing sys t ems which are 
p rovid i ng exce l l e n t  s e rvi ce , and they are indeed r eady f o r  
c omme r c i a l i z a t i o n . And the r e  a r e  good s o la r  component s ,  such as 
c o l l e c t o r s , s t o rage un i t s , con t r o l le r s , and o ther e lements which 
need s y s t ems integrat ion and deve lopment for thei r  e f f ec t ive 
a p p l i c a t ion- -a research and deve lopment requi r ement . 

In an at temp t to a s s e s s  the r e s u l t s  o f  the conferenc e , mee t ings were held with 
s e l ec ted par t i c i pant s at the end of each day of the conference . These 
par t i c i pants included repre s e nta t i ves f rom p r iva t e  indu s t ry ( s o lar and 
o the rwi s e ) , unive r s i t ie s , nonp ro f i t  o rgan i z a t i ons , and government (D OE ,  HUD , 
e t c . ) . Re c ommendat ions deve loped in t he s e  me e t ings have been repo r t ed by 
B i s hop [ 4U ] a nd include : 

0 I n i t i a t e  s y s t ems e ngine e r i ng and 
c omponent / s ub s y s tem deve lo pment . 
c o n t ro l s , and s t o rage programs as 
them in a s y s tems concep t .  

integra t ion prog ram t o  replace 
Do n o t  cont inue c o l l e c t o r , 

s eparate eleme n t s ;  r a the r develop 

o Empha s i z e  f i eld t e s t p rog ram f o r  wel l-engineered SHAG s y s t ems . 

0 

Ini t ia t e  a s e c ond genera t i on " de s ign- t o- c o s t "  compe t i t ion to deve lop
and t e s t  sys tem s-engineered s pace heat ing/ cool ing s y s t ems . 
Guarantee a s ubs equent mark e t  f o r  winne rs ( e . g . , demons t r a t ion
p r og ram u s e ) . 

Develop diagno s t i c
e va l ua t ion/ o p t i mi z a t i o n .

t o o l s  f o r  ins talled s y s tem 

o Tr a ns f e r  " le s sons- l ea rned "  t o  u s e r s- -e s p e c i a l ly on DH\v s y s t ems , need
des i gn , ins tall a t ion , check- o u t  procedure s .  Lo ng- t e rm r e l i ab i l i ty 
s t i l l  needs empha s i s . 

o Co r r e c t  s e le c ted exi s t i ng demons t ra t i ons t o  quan t i fy p o tent ial gains
i n  ene rgy d e l ive ry , s tudy sys tem sens i t iv i t ie s , and f ine t une
s y s tems . 

o S t a r t  us ing s eas onal COP t o  r e po r t  s y s tem pe r f ormance . 
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o Emphasize hybrid systems (passive and active) .

o Ini tiate larger program in ins tallation training.

o Emphasize modularization to reduce system cos ts/ installation
problems/costs .

o Ins trument more passive homes .

Conference attendees provided additional information and recommendations. 
Among o ther valuable inputs  by the conference attendees , paragraph 9 of
Appendix A is  particularly noteworthy . Attendees felt that the federal 
government had several important options in helping to increase the 
application of solar energy for heating and cooling o f  buildings . These 
included ( in the order of the greatest percentage of attendees advocating a 
particular point of  view) : 

1.  ( 5 4.2% )  Provide educational material to  designers and i ns tallers ,  

2. ( 5 2.9% )  F und more research and development ,

3. ( 4 7  .1 % )  Provide educational material to consumers ,

4. ( 4 3.5 % )  Subsidize consumers ,

5. ( 2 5.8% ) F und more demonstration projects ,

6. ( 1 9.6%) Subsidize solar industry , and

7. ( 1 5.0% )  Other .

I t  is  clear from these priorities that the conference attendees recognized the 
importance of education material to designers, installers , and to the 
consumer. In this respect the Operational Results Conference was an important 
avenue of providing realistic information on the results of operating solar 
sys tems . 

It  i s  also noteworthy that the conference attendees advocated continued 
funding for research and development . In many respects this interest may be
based on the desire for additional educational information . Clearly the 
ability of any organization to provide educational materials is severely 
limited if research and development are not continued concurrently , so that a 
source of new and relevant information is constantly available. 

In addi tion to continued research and development ,  lt is also essential that 
continued output from the Na tional So lar Da ta Program also be emphasized .  
Such data provides the crit ically necessary information base on which any 
educational or training program i s  dependent . 

AN ESSENTIAL FUNCT ION OF ANY FEDERAL OR STATE GOVERNMENT PROGRAM TO AID IN THE 
LARGE-S CALE APPLICATION OF SOLAR ENERGY IS THE MAKING AVAILABLE TO THE
AMERICAN CONSUMER ACCURATE AND WELL-SUPPORTED INFORMATION . THIS INFORMATION
I S  OBTAINABLE ONLY FROM RESEARCH AND DEVELOPMENT EFFORTS AND FROM THE 
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OPERAT ING R£SULTS AND DATA O F  STATE-O F-T HE-ART , COMt1E RCIAL SOLAR HEATING AND 
COO L I N G  SYSTEMS . T H I S  IMP L i E S  A C RI T I CAL NEE D FOR CONT INUAT ION OF THE 
DEPARTMENT O F  E N E RGY ' S  SO LAR HEAT I NG AND COOLING RE SEARCH AND DEVELOPHENT 
P ROG RA1'1 AND THE NAT IONAL SO LAR DATA P ROGRAM . 

N o te tha t such a re commenda tion doe s no t imp ly a continua t ion o f  a large 
N a t i o nal So lar Heat i ng and Cool ing Demons t ra t ion Pr ogram. In f ac t , r e s ponses 
f r om conference a t tendees , lis ted above , i nd i cated that fewer than one-h a l f  of 
the people recommend i ng continued res earch and deve lopmen t and solar data 
c o l l ect ion , advo cated the funding o f  mo r e  demons t ra t ion p r o j ec t s . In f ac t ,  a 
recommenda t i on by only 2 5 . 8%  o f  the conference attendees ( o f  which 7 0% a r e  
p ro f e s s ionally invo lve d i n  s o lar e nergy) tha t  the Demons t ra t i on P r ogram 
c o n t i nue i s  paramount t o  a recomme nda t i on o f  nonsupport for the p rogram. I t  
i s  apparent tha t t he fede ra l  gove rnment ' s  inve s tment i n  " mo r ta r , brick , and 
s o la r  hardware" is of s igni f icantly l e s s  value than a we l l  organ i zed res earch 
and deve lopment and s o la r  data c o l l e c t ion e f f or t .  There i s  no jus t i f i c a t i o n  
f o r  cont inue d dir e c t- subsidiz i ng o f  the s olar indu s try through the 
Demons trat ion P r ogram ( a l though cons umer s ub s id i z ing through tax credi t s  i s  
s t i l l  rec omme nde d b y  4 3 . 5 %  o f  the conference a t tendees , a n d  thus shoul d  
cont inue ) . 

ON THIS BAS I S , THERE FORE , THIS REV I EWER STRONGLY RECOMMENDS CONTINUATION O F  
T H E  DE PARTME NT O F  ENERGY ' S  SOLAR HEATING AND COOLING RE SEARCH AND DEVELOPMENT 
P KOGRAM AND IN ADDIT ION , THE DE PARTMENT OF ENERGY ' S  N AT IONAL SOLAR DATA 
PROGRAM . T H I S  KEVI EWER KECOMME NDS THAT THE NATIONAL SOLAR HEAT ING AND COOLI NG 
DEMON S T RAT ION PROGRAM BE D I SCO NT I NUE D , AND THAT FUNDS FOR THE DEMONSTRAT ION 
PROGRAM BE UT I L I ZED IN THE R&D AND SOLAR DATA PROGRAMS . IT IS APPARENT THAT 
THO S E  FUNDS BUDGET E D  FOR THE NATIONAL SOLAR DEMONSTRATION P ROGRAM CAN BE 
U T I L I Z E D  MUCH MORE EF FECT IVELY IN PROVIDING RESE ARCH AND DEVELOPMENT AND SOLAR 
D ATA FOR AN INfORMAT IO N  BAS E , WHICH CAN THEN BE INCORPORATED IN EDUCATIONAL 
MAT E KIALS FOR THE AMERICAN PUBLIC AND THE I R  USE O F  SOLAR ENERGY . 

CONCLUSIONS 

In summa r i z i ng the conference , one very de f in i t e  conclus i on whi ch can be drawn 
is tha t s o lar heat ing and cool i ng s y s t ems are technically and e conom i c a l ly 
f eas ible at the present t ime . l f  this conc lusion seems contrad i c tory , i t  i s  
because a care f u l  analy s i s  of the results ind i ca t e s  ra ther preci s e ly why the 
o pera t i onal r e s u l t s  o f  many o f  the s olar hea t i ng and cool ing s y s t ems presented
a t  this conference f a i l e d  to mee t  expectation s . More imp o r tantly , it ha s now 
become c lear wha t s t eps are neces sary to ensure high qua l i ty sys tems in the 
future . The only neces s i ty ,  as so graphically brought out by the con f e r ence , 
i s  tha t  the s o lar s y s t em mu s t  be enginee red and installed proper ly . 

An even more impor t an t  result , which vir tual ly t ranscends the o r ig i na l  
i ntended purpose o f  t h e  confe rence , i s  the demons tra ted imp o r tance o f  s y s t ems . 
�o t only do the con f e rence results prov ide a c lear ind icator o f  s o lar heat ing 
and coo l i ng feasib i l i ty ,  but they a l s o  can be readi ly t rans f e rred to 
conven t i onal hea ting and coo l i ng sy s tems . 
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For  years conventional furnaces have been oversized to account for poorly 
designed or careless ly installed conventional heating systems . Great care and 
considerable effort have gone into the research and development of fuel-f ired 
furnaces , with special efforts exerted in order to ensure the highes t 
efficiencies and cost  effectiveness .  Precise s tandards as to the tes ting and 
expected performance have been carefully developed by such organizations as 
ASTM , ASHRAE , and others . No effort has been spared by industry and others to 
ensure the best possible products consistent with economic cons traints .  And 
once this produc t , in our case a heating furnace , has been brought to near 
perfection , i t  has been turned over to a residential ins taller who oversizes 
the uni t  by 200% to  300% i n  order to account f or leaky ducts , inadequate 
controls , and poorly designed systems . There has in fact been no systems 
engineering applied to heating and cooling systems . 

It  should not be a great surprise to realize that the solar indus try has 
f allen into the same trap . In their case the " furnace" is the solar 
collector , and a great deal of  effort has gone into the design , testing ,  and 
es tablishment of standards for solar collectors . But then they were attached 
to  the other components o f  the solar system and the performance was 
unexpectedly reduced. Unfortunately , it is not economically feasible to 
oversize solar collector arrays to account for sys tem defects , jus t  as it  i s  
n o  longer economically feas ible t o  operate oversized conventional f urnaces a t  
dismal efficiencies , when the cost o f  conventional fuels continue to increas e  
rapidly . 

This nation is  suddenly faced with the necessity o f  developing heating and 
c ooling systems . This is  something which has never been done before. In the 
past we have always developed components and then tied them together in what 
can only be described as a haphazard way . The space program demonstra ted the 
need for sys tems analysis if  reliability ·was to be more than a chance 
probability . But the space program systems were heavily engineered and 
limited to a small number of any one sys tem. 

Solar systems , on the other hand , must  be mass-produced , and inevitably mass­
marketed . Standards mus t  be developed for systems , not jus t  components .  It 
is particularly noteworthy that , until solar heating sys tems were considered , 
no organizat ion had ever developed any sys tem s tandards !  And just as there 
has been a complete lack of s tandards for sys tems , there has also been little 
development o f  complete sys tems by manufacturers of  solar collectors , controls 
ins trumentation , pumps and blowers , and so forth . It is clear that research 
and development mus t  be continued by the government in the area of solar 
heating and cooling systems if there are to be s igni ficant advances in the 
design and installation procedures of complete sys tems . Industry left to 
itself cannot realistically be expected to provide the crl tically needed 
effort in systems . Addit ionally , data from operating solar systems must 
continue to be collected if the consumer and solar industry are to be kept 
reasonably informed on the technical and economic viabili ty of solar heating 
and cooling systems . 

I t  is perhaps t rue that solar domestic hot water heating systems do not 
require further governmental research and development funding because the 
solar industry is now selling complete solar DHW sys tems . In addition , solar 
space heating systems which are technically and economically feas ible are 
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avai lable now . However , the greater complexity of these latter space heating 
systems w i l l  requ i re a c ont inuing R&D effort by the government if major
q ue s t ions o f  des ign and ins tallation are to be objectively resolved . While
many now bel ieve that so lar space cooling using absorption chillers is also
defini tely a viable al terna t ive ,  i t  too will require further DOE s pons ored R&D 
i n o rd e r  t o  advance this important area 6 f  solar applications . 

In summa ry , the DOE- sponsored conference on So lar Heating and Cooling Systems
Ope ra t ional Resul t s  has demonstrated the overriding importance of systems
engineer ing and ins tallat ion , and clearly indicated the importance of sys tems
deve l opme n t .  I t is now time to take advantage of the lessons learned . 
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Appendix A 

INFORMATION SHEET 
ON CONFERENCE ATTENDEES 

STATES REPRESENTED AND NUMBER OF ATTENDEES 
( 3 1 7  Re sponses Out of 4 9 8  Regis trants) 

State Number State Number State Number State Number 

AL 1 0  IA 4 NE 5 sc 3 
AZ 7 KS 10  NV 3 SD 1
CA 28 KY 3 NH 2 TN 5 
co 85 LA 2 NJ 5 TX 1 4  
CT 4 MD 8 NM 7 UT 1 
DC 1 6  HA 4 NY 9 VT 2 
FL 4 HI 4 NC 1 VA 1 2  
ID 3 l1N 5 OH 3 WA 7 
IL 10 HO 4 OK 3 wv 2 
IN 1 HT 1 OR 4 WI 5 

PA 8 WY 2 

1 .  Number o f  attendees aff iliated with : ( 323 responses) 

[ ] f ederal government 77  23. 8% 

[ ] s tate government 34 1 0. 5 %  

[ ] local government 7 2.2% 

[ ] p r ivate sector 1 7 4  '53. 9%

[ ] o ther 5 7  1 7. 6% 

2 .  Current profess ional activity o f  at tendees : ( 3 7 3  r esponses) 

[ ] architect 34 1 0. 5 %  

[ ] engineer-design 84 26.0% 

[ ] engineer-analysis 88 27. 2 %

[ ]  program management 6 4  1 9.8% 

[ ] cons truction 4 1  1 2. 7 %  

[ ] s olar equipment sales 20  6.2%  

[ ] solar equipment 1 9  5.9%  

manufacturer 

[ ] educator 40 12. 4% 

[ ] o ther 6 5  20. 1 %  
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3 .  Ar eas o f  f o rm<l. l train ing o f  a t tendee s :  ( 3 1 5  r e spons e s )
[ ] a r chi tec ture 5 2  1 6 . 5 %  

[ ] eng i ne e r ing 2 07 6 5 . 7 %  

[ ] phy s ic s  39 1 2 .4%  

[ ] bus ine s s  admin i s t r a t ion 4 2  1 3 . 3 %  

[ J b u i l d i ng cons t r u c t ion 44 1 4 . 0% 

[ ] c ons t r uc ti on trade 30 9 . 5 %  

l J o t her 43  1 3 . n  

4 .  At tende e s  p r o f e s s io nal invo lvement i n  s o la r  ene rgy : ( 3 28 r esponses) 
[ ] ll < )  p r o f e s s ional 44  1 3 .4%  

invo l veme nt 

[ 1 l e s s  than one year 5 6  1 7 . 1 % 

[ l more thi-iil  one year 2 2 8  69 . 5 %  

Ave rage numbe r  o f  years i s  3 . 2 years . 

5 .  At tendees o p in io n s on the future o f  s o la r  heat ing and coo l i ng :  ( 3 2 3  r e spon s e s )
[ l very p romi s i ng 2 1 7 67 . 2% 

[ l unce r ta in 1 0 3  3 1 . 9 %  

[ l no promi s e  4 1 . 2% 

6 .  Solar a p p l i c a t ions �hich a t t ende e s  f e e l  a r e  techn i ca l l y  f ea s ible a t  the 

present t ime : ( 3 2 3  r e s ponses ) 
l ] dome s t i c  ho t wa t e r  3 1 1 9 6 . 3% 

l J s pace hea t ing 2 7 5  8 5 . 1 % 

l ] s pace c o o l ing 9 7  30 . 0% 

[ l i ndus t r ia l  p r o c e s s  hea t 1 8 3 5 6 . 7 %  

[ ] p o o l  he a t i ng 2 7 4  84 . 8% 

[ J none o f  t he above 6 1 . 9%  
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7 .  Solar applications which attendees feel are economically attractive at  the 
present t ime for each different geographical region : ( 2 90 responses) 

Application 

Domes tic hot water 

Space heating 

Space cooling 

Indus trial 
process heat 

Pool heating 

None of the above 

Geographical Region 

North- North- North- South- South-
west  

145 
50.0% 

64  
22.1% 

6 
2. 1 %

45 
15.5% 

9 3  
32.1% 

17 
5 . 9% 

central 

185 
63. 8%

120 
41. 4%

5 
1. 7%

79  
27.2% 

113 
39.0%

4 
1. 4%

eas t 

207 
71.4% 

131 
45. 2%

6 
2.1% 

7 4  
25.5% 

110 
37. 9% 

5 
1. 7%

wes t  

246 
84. 8%

179 
61. 7%

7 2  
24.8% 

135 
46. 6%

236 
81. 4%

3 
1.0%

central 

220 
7 5. 9% 

135 
46.6% 

50 
17. 2%

114 
39. 3% 

198 
68. 3%

4 
1. 4%

South­
east 

217 
7 4. 8% 

124 
42.8% 

45 
15. 5%

105 
36. 2%

199 
68. 6%

3 
1. 0%

To tal 

2 7 2  
93. 8% 

232 
80. 0% 

80 
27.6% 

149 
51. 4 %

246 
84. 8%

19 
6 . 6 %  

8. At tendees f e e l  that  the major obs tacles t o  solar heating and cooling
applications and their corresponding priori ty are : ( 322 responses)

[ ]  high ini t ial c o s t  

[ ]  inadequate f inancing available 

l ]  inadequate warranties available 

[ ] lack of product history 

[ ]  lack of informat ion for 
consumers 

[] technology not ready 

[ j other 

Priority 

1 

2 39 
7 4. 2% 

22  
6.8% 

21 
6 . 5% 

66 
20.5% 

34 
10.6%

2 3 

38 8 
11. 8% 2.5%

18 10 
'i . 6% 3. 1%

14 
4.3% 

51 
15. 8%

25  
7 . 8% 

12 
3. 7% 

23 
7.1% 

34 
10. 6%

31 18 11 
9 . 6% 5.6% 3. 4%

33 7 1 
10. 2% 2. 2% 2.2%

39

4 thru 7 

1 
0. 3%

8 
2.4% 

24 
7 . 4% 

13 
4.0% 

13 
4.0% 

11 
3. 4%

3 
0 . 9%

To tal 

286 
88. 8%

58 
18.0%

71 
2 2. 0% 

153 
47. 5 %  

106 
32. 9%

71 
22.0%  

50
i 'l . ')% 



9 .  At tende e s  f e e l  tha t  t he federal gove r nme nt s hould inc rease the a p p l i c a t i on of 
s o lar ene rgy for hea t ing and c o o l i ng by doing the f o l l owing : ( 306 r e s ponses ) 

P r i o r i ty 

1 2 3 4 t hru 7 To tal 

1 00 33 18 1 1  1 6 2  [ ] f und mo re research and developnll� i l t  
3 2 . 7 % 1 0 . 8% 5 . 9% 3 . 6% 52 . 9 %  

2 0  24 2 1  1 4  7 9  [ ] f und more demo ns t ra t i on p r o j e c t s  
6 . 5% -7.8% 6 . 9 % 4 . 6 %  2 5 . 8 % 

5 7 38 28 2 1 1 44 [ ] p rovide e d ucrl t i onal ma t e r i a l  t o  consume r s  
1 8 . 6 %  1 2 . 4 % 9 . 2 %  6 . 9 % 47 . 1 % 

87  45 2 1  1 3  1 66 [ ] p rovide educa t iona l ma te r L1 l  t o  d e s igne r s  
2 8 .4% i4.  7 % 6 . 9%  4 . 2 %  54 . 2 % 

and i n s ta l le r s 

80 25  1 7  1 1  133  [ ] subs i d i z e  co nsume r s  
2 6 . 1 %  8 . 2 % 5 . 6%  3 . 6 %  -43 . 5 %  

20  19  1 1 1 0  6 0  [ ] s ub s i d i z e  s o lar indus try 
6 . 5%  6 . 2 %  3 . 6%  3 . 3 %  1 9 . 6 %  

3 6  5 3 2 46 [ ] o t he r 1 1 . 8% - 1 . 6 %  1 . 0%  o:-6% 1 5 . 0 %  
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