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Abstract Solar-Energy System Reliability Assessments 

This paper compares the reliability of solar hot- 
water and heating systems with that of conventional 
systems using block diagrams, failure modes and effects 
analysis, and fault trees. Although stand-alone solar- 
energy systems are not as reliable as conventional 
systems, the RMA of the combined solar and conventional 
system can be made comparable to currently available 
heating and hot-water systems. An availability matrix 
is presented that can be used to develop maintenance 
schedules that do not decrease the system's availability. 
Field data presented on operating solar heating and 
cooling systems indicate that these systems experience 
four major generic problems: freezing, leakage, con- 
trols, and collectors. 

Introduction 

A major objective of national energy planners is 
the early commercialization of solar heating and cooling 
systems for buildings in order to replace nonrenewable 
energy sources currently being utilized for these func- 
tions. To achieve this objective, solar-energy systems 
must be cost-effective and reliable and must foster con- 
sumer confidence. They must demonstrate high reliabil- 
ity (relative ease of maintenance and repair), and avail- 
ability (relative trouble-free operation) as compared 
with conventional heating and cooling systems. 

Economic considerations are also a significant 
factor in commercialization. These involve the initial 
costs of the system, its operational costs (including 
the costs of unreliability, maintenance, and unavail- 

The most commonly used reliability assessment tech- 
niques are block diagrams, failure modes and effects 
analysis, and fault trees. In this section, these tech- 
niques are applied to solar hot-water systems, solar 
space heating systems, and conventional systems, and 
their relative.reliabi1ities are compared. 

Domestic Hot-Water System Reliability Analysis 
The application of the block diagram technique is 

illustrated with a domestic hot-water preheating system. 
In this example, only one component--the pump-- is con- 
sidered in the reliability design trade-off. 

Figure 1 illustrates the system installed at one of 
the residential solar demonstration sites.. From this 
schematic, the reliability block diagram sh'own in Fig. 2 .: 
can be prepared. By assuming constant component failure ,. 
rates, the system reliability, R is expressed in Eq. 1 
as : S' 

where: 

R through R are the reliabilities of the 1 6 
individual components. 

For constant failure rates, the component reliability is: " 

Ri = exp (- X i t) (2) 

ability), and the thermal- efficiency of the system when 
it is operating. Successful commercialization of solar- and the system reliability, R is 

s' 
energy systems, therefore, requires that system goals 
be established for costs, for operational reliability, nS = exp [-(A + a2 + l3 + i4 + +16)t 1 maintainabilitv. and availabilitv (RMA). and for thermal . . . . . .  
performance. This paper deals with the application of 
established RMA techniques to solar heating and cooling Component failure-rate data for this assessment are 

systems., These techniques can allow realistic RMA goals presented in Table 1. These data were compiled from 

and procedures to be established for the design of various nonsolar sources and the collector-loop-pump 

reliable systems, for RMA trade-off studies, for life 
cycle costing, and for operation and maintenance. 

The paper presents examples of reliability assess- 
ments of solar hot-water and heating systems using sys- 
tem block diagrams, failure modes and effects analysis, 
and fault trees. Results of these assessments are com- 
pared with those for similar conventional systems. 

Most of the component failure rate data used in 
these assessments were obtained from similar components 
used in nonsolar applications. Since some components 
used in solar heating and cooling systems are unique and 
others experience a unique operating environment, it is 
necessary to obtain reliability and maintainability data 
from operational solar-energy systems. Such data are 
being collected and evaluated by Argonne National Labo- 
ratory's (ANL) Solar Reliability and Materials Program 
on systems sponsored by the Office of Solar Applications 
of the United States Department of Energy (DOE) (Ref. 1). 

Table 1. Failure Rates of Components for DHW 
System Per lo5 Hours 

Component Failure Rate 

Collector 1.141 
Collector Piping 1.058 
Controller 1.40 
Collector Pump 30.0 (high) 

3.349 (median) 
0.30 (low) 

Piping System 0.30 
Check Valve 0.301 
Water Heateristorage Tank 0.571 

1980 PROCEEDINGS ANNUAL RELIABILITY and MAINTAINABILITY SYMPOSIUM 



r - - -  I--- 
I I 

CONTROL 

H O T  WATER 
SERVICE 

COLD WATER 
INLET  

Fig.  1. Schematic o f  a  S o l a r  Hot Water System 

f a i l u r e - r a t e  d a t a  were ob ta ined  from t h e  nonnuclear  por- 
t i o n  of  WASH 1400 (Ref. 2 ) .  The f a i l u r e  r a t e  of  t h e  
c o l l e c t o r  was e s t i m a t e d  by.assuming t h a t  t h e  s i n g l e  col-  
l e c t o r  p a n e l  would l a s t  twice  as l o n g  a s  t h e  warranty.  
There fo re ,  t h e  r a t e  was s e t  a t  one f a i l u r e  i n  t e n  y e a r s .  
Th i s  f a i l u r e  r a t e  was used by Chun i n  an e a r l i e r  s tudy  
(Ref. 3 ) .  

Given t h e  component f a i l u r e - r a t e  d a t a ,  Eq, 3  can be  
e v a l u a t e d  f o r  v a r i o u s  t i m e  i n t e r v a l s ,  and t h e  r e s u l t i n g  
r e l i a b i l i t y  curves  a r e  p r e s e n t e d  i n  F ig .  3. For compar- 
i s o n  purposes ,  t h i s  f i g u r e  a l s o  p r e s e n t s  t h e  e s t i m a t e d  
r e l i a b i l i t y  of  a  conven t iona l  domest ic  h o t  wa te r  (DHW) 
system. R e s u l t s  f o r  t h e  c o n v e n t i o n a l  system were 
ob ta ined  by s e t t i n g  t h e  f a i l u r e  r a t e s  of t h e  s o l a r -  
r e l a t e d  components i n  Eq. 3  t o  ze ro .  

The r e l i a b i l i t y  r e s u l t s  shown i n  Fig.  3  i n d i c a t e  
t h a t  t h e  conven t iona l  DHW sys tem is  more r e l i a b l e  than  
t h e  s o l a r  DiIW system.  Only when t h e  low o r  median 
fa i lu re - ra te . r )umps  a r e  used does  t h e  r e l i a b i l i t y  of t h e  
so la r -energy  system beg in  t o  approach t h e  r e l i a b i l i t y  
of  t h e  conven t iona l  system. Hence, t h e  fo l lowing  d i s -  
cuss ion  w i l l  c o n c e n t r a t e  on low and median f a i l u r e  r a t e  
Pumps. 

The mean-l i fe  of a  s o l a r  DHW system hav ing  a  pump 
w i t h  a  median f a i l u r e  r a t e  i s  e s t i m a t e d  a t  12,300 opera- 
t i n g  hours .  A pump w i t h  a  low f a i l u r e  r a t e  w i l l  i n c r e a s e  
t h e  sys tem ' s  mean-l i fe  t o  19,700 o p e r a t i n g  hours .  How- 
e v e r ,  t h e  es t ima ted  mean-l i fe  o f  a  conven t iona l  DHW 
system i s  approximately  67,000 o p e r a t i n g  hours .  The 
r e l i a b i l i t y  l e v e l  of t h e  s o l a r  DHW system can be  in -  
c r e a s e d  by i n s t a l l i n g  a  second pump i n  e i t h e r  a p a r a l l e l  
o r  a  s t andby  c o n f i g u r a t i o n .  For  t h e s e  two c a s e s ,  t h e  
s y s t e m - r e l i a b i l i t y  block diagram i n  F ig .  2  now i n c l u d e s  
t h e  block f o r  t h e  second pump, r e p r e s e n t e d  by dashed 
l i n e s .  Equat ions  4  and 5 a r e  t h e  governing equa t ions :  

\Valer Heater1 
Slorage lank 

where : 

R is  t h e  system r e l i a b i l i t y  wi th  a  p a r a l l e l  
prs redundant  pump, 

Rsrs is t h e  system r e l i a b i l i t y  wi th  a  s tandby 
redundant  pump, 

Rs is  t h e  o r i g i n a l  system r e l i a b i l i t y ,  and 

X 3  i s  t h e  f a i l u r e  r a t e  of t h e  pump. 

The r e l i a b i l i t y  c u r v e s  f o r  t h e  redundant pump con- 
f i g u r a t i o n s  and f o r  a  conven t iona l  DHW system a r e  pre-  
s e n t e d  i n  F ig .  4.  Th i s  f i g u r e  a l s o  i n c l u d e s  t h e  r e s u l t s  
f o r  t h e  median and low f a i l u r e  r a t e  pumps. Although t h e  
r e l i a b i l i t y  of t h e  solar-energy system has  i n c r e a s e d ,  i t  
is s t i l l  l e s s  t h a n  t h a t  o f  t h e  conven t iona l  system. 

A s tandby  c o n f i g u r a t i o n  t h a t  has  pumps wi th  median 
f a i l u r e  r a t e s  (A =. 3.35 x 1 0 - ~ / h r )  w i l l  g i v e  t h e  same 
r e l i a b i l i t y  a s  a  s i n g l e  pump wi th  a  low f a i l u r e  r a t e  
(X = 3.0 x 1 0 - ~ / h r ) .  Fur thermore,  t h e  d i f f e r e n c e  i n  
r e l i a b i l i t y  between t h e  system w i t h  a  s tandby pump and 
t h e  one w i t h  a  p a r a l l e l  pump a f t e r  10,000 hours  of oper- 
a t i o n  is  on ly  4%. Thus, t h e  cho ice  between i n s t a l l i n g  
a  redundant .median f a i l u r e  r a t e  pump c o n f i g u r a t i o n  and 
i n s t a l l i n g  a  s i n g l e  pump w i t h  a  low f a i l u r e  r a t e  becomes 
one of  des ign  p r e f e r e n c e  o r  economics. 

R e s u l t s  cover ing  s e v e r a l  of  t h e  components t h a t  a r e  
c r i t i c a l  t o  t h e  sys tems ,  a s  p resen ted  i n  Figs.. 3  and 4 ,  
e n a b l e  t h e  d e s i g n e r  o f  so la r -energy  systems t o  e v a l u a t e  
v a r i o u s  component and system o p t i o n s .  Cos t -benef i t  
s t u d i e s  l e a d i n g  t o  t h e  d e s i g n  of  t h e  most c o s t - e f f e c t i v e  
system c o n f i g u r a t i o n s  on a  l i f e - c y c l e  b a s i s  can be con- 
duc ted .  For example, t h e  fo l lowing  q u e s t i o n s  can be  
r a i s e d .  ~t a s p e c i f i e d  r e l i a b i l i t y  l e v e l ,  i s  i t  more 
c o s t - e f f e c t i v e  t o  i n s t a l l  two pumps and de lay  mainte- 
nance t h a n  t o  r e l y  on a s i n g l e  pump t h a t  w i l l  r e q u i r e  
more f r e q u e n t  maintenance? For  a  s p e c i f i e d  r e l i a b i l i t y  
l e v e l ,  when should maintenance be performed? 

F a i l u r e  Modes and E f f e c t s  Ana lys i s  
F a i l u r e  modes and e f f e c t s  a n a l y s i s  (FMEA) i s  par- 

t i c u l a r l y  a p p l i c a b l e  to s o l a r  h e a t i n g  and coo l ing  i n s t a l -  
l a t i o n s  because,  i n  g e n e r a l ,  t h e s e  systems do n o t  have 
redundancies  t o  avoid s i n g l e  f a i l u r e  modes. 

FMEA was used t o  e v a l u a t e  t h e  r e l i a b i l i t y  charac-  
t e r i s t i c s  o f  f o u r  c o n t r o l  systems used on solar-energy 
h e a t i n g  p r o j e c t s  (Refs.  4 ,  5 ) .  The r e s u l t s  of t h e s e  
a n a l y s e s  f o r  two so la r -energy  systems u s i n g  a i r  a s  t h e  
h e a t  t r a n s f e r  medium a r e  p r e s e n t e d  and a r e  used t o  char-  
a c t e r i z e  t h e  c o n t r o l  sys tems  f o r  t h e  f a u l t  t r e e  evalua-  
t i o n s  of  t h e  o v e r a l l  so la r -energy  system. 

LOW FAILURE RATE PUMP 

SOLAR SYSTEM WlTH 

R3,  h 3  R4. A4 R6 .  A 6  I SOLAR SYSTEM WlTH 

j . 2  - HIGH FAILURE RATE 
I A =  3 0  1 I ~ ' ~ / H R  I 

Ri * cornponenl reliabilily 

I 

h i  cornponen~ lailure rale : 0 2 4 6 10 

! THOUSANDS OF OPERATING HOURS 

Fig .  2. R e l i a b i l i t y  Block..Diagrams , .-,:. ' . . . . Fig. 3. E f f e c t s  o f  Pump F a i l u r e  R a t e  
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.5 - MEDIAN FAILURE RATE PUMP 

.4 1 I I I I I 

0 2 4 6 8 10 
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Fig. 4. Bene f i t s  o f  Using a Redundant Pump 

Solar-energy systems using a i r  as  t h e  heat t r a n s f e r  
medium have at leas t  t he  following operating modes: 
co l l ec tor s  t o  space heating, storage t o  space heating,  
and co l l ec tor s  t o  storage. I f  a domestic hot water pre- 
heating option i s  included, an addit ional operating 
mode i s  possible. 

The FMEA r e s u l t s  in t h i s  paper are based on non- 
solar data o f  t h e  type shown in Table 2 ( R e f .  2 ) .  These 
failure' data,  including demand and operating fa i lu re  
rat&; were combined using t h e  averaging technique in 
Reference 6 .  Based on the  a v a i l a b i l i t y  o f  solar energy 
and t h e  demand for  heat ,  t h e  control  system switches 
between t h e  three  operating modes. There fore ,  t o  obtain 
an average fa i lu re  ra t e  for  t h e  control  system, t h e  
fa i lu re  modes were weighted by t h e  f rac t ion  o f  t ime each 
mode was operating. 

FMEA data in Table 3 indicate  tha t  both control  
systems have comparable overall  f a i l u r e  ra t e s ;  The 
s l i g h t l y  lower fa i lu re  ra te  fo r  t h e  system located in 
the  northeast can be a t t r ibuted  t o  t h e  use  o f  fewer 
components and d i g i t a l  integrated c i r c u i t s  for  t h e  con- 
t r o l  l og ic .  The control system a t  t h e  midwestern s i t e  
uses electromechanical re lays  fo r  t h e  logic  funct ions  
and these  elements have higher f a i l u r e  ra t e s  than well- 
designed integrated c i r c u i t s .  In  fu ture  solar energy 
systems, i f  these  electromechanical re lays  are replaced 
w i th  solid s ta t e  u n i t s ,  t h e  reliability o f  t h e  control  
system w i l l  probably increase. 

Fault Tree Analysis 
Fault t r e e s  have been constructed and used t o  

assess  t h e  r e l i a b i l i t y  o f  air-cooled solar-energy sys- 
tems ( R e f .  5 ) .  These , t rees  are not complicated and 
usual ly  contain one "OR" gate and t h e  component-oriented 
i n i t i a t i n g  events.  The data inputs  for evaluating t h e  
t r e e s  were obtained from various nonsolar sources and 

Table 2. Control System Component Demand 
and Operating Failure Rates 

Table 3. Comparison o f  Failure Rates fo r  Two Solar- 
Energy Control Systems per 10' Hours 

System 
Location Mode 1 Mode 2 Mode 3 Overall 

Midwest 20.8 0.38 20.8 8.55 

Nor theas t 0.65 3.41 5.23 3.23 

are presented in Table 4. This  t ab le  a lso  contains the  
r e s u l t s  f o r  t h e  control  system FMEAs. 

The e f f e c t i v e  fa i lu re  ra te  for  t h e  col lec tor  array 
was estimated using t h e  partial  redundancy technique 
where k out o f  m col lec tor  panels must be available for  
t h e  system t o  operate success fu l ly  ( R e f .  8 ) .  This  
approach was chosen because, i f  t h e  col lec tor  array 
were represented as  a ser ies  model, then t h e  fa i lu re  
ra t e s  would be on t h e  order o f  per hour. In con- 
t r a s t  a maximum redundancy parallel model where only one 
o f  t h e  m co l l ec tor  panels must be available for  t h e  sys- 
tem t o  operate success fu l ly  would not be representative 
o f  f i e l d  condit ions.  

The par t ia l  redundancy procedure was programmed and 
used t o  provide t h e  col lec tor  fa i lu re  ra te  input f o r  t he  
f a u l t  t r e e  analys is .  The r e s u l t s  o f  these system r e l i -  
a b i l i t y  calcula t ions  are presented in Figs. 5 and 6 .  
For comparison purposes, t h e  r e l i a b i l i t y  estimate o f  a 
standard gas forced-air furnace based on the  model in 
Reference 9 i s  a lso  shown. The data for  t h i s  model are 
presented in Table 5.  

The r e l i a b i l i t y  o f  t he  standard gas forced-air fur-  
nace as  shown in Figs. 5 and 6 exceeds that  o f  t h e  two 
solar heated a i r  systems. The lowest r e l i a b i l i t y  o f  t h e  
solar-energy system occurs when t h e  col lec tor  array r e l i -  
a b i l i t y  i s  approximately 0.40 a t  5000 hours. Because . 
o f  t h e  assumption o f  parallel redundancy, t h i s  col lec-  
t o r  array r e l i a b i l i t y  l e v e l  requires that  95 percent o f  
t he  co l l ec tor  array be available t o  supply the  demand. 

~ a b l e . 4 .  Fault Tree Failure Rate Data 
Per l o 5   ours 

Component Failure Rate 

Collector 
Blower 
Ducting 

1.14 (One Panel) 
0.27 
0.10 

~ o t o r i z e d  Damper 1.33 
Storage 0.015 
Control Sys tem 

.Northeast S i t e  3.23 
-Midwest S i t e  8.55 

Table 5 .  Gas Fired Forced-Air Furnace 
Failure Rate Data Per l o 5  Hours 

Demand Failure Operating Failure 
Rate, per lo4  Rate, per lo6  

Component Demand Hours 

Thermistor - 1.0 
Relay 1 10 
Motor S tar ter  1 10 
Transformer - 1.0 
Fuse Open - 1.0 
Fuse-Fails t o  Open - 10 
Thermostat 1 0.3 

Component Failure Rate 

Thermostat 
Hot Air Sensor 
Overheat Sensor 
Plumbing External' 
Control Valve 
Burner 
Pilot-Light Sensor 
Blower 

I ; Ducting 

1980 PROCEEDINGS ANNUAL RELIABILITY and MAINTAINABILITY SYMPOSIUM 



.4 - 
RCA* COLLECTOR ARRAY 

RELIABILITY AT 
.2 - 5 0 0 0  HOURS 

0 2 4 6 8 10 

THOUSANDS OF OPERATING HOURS 

Fig. 5. R e l i a b i l i t y  o f  a Solar Air System 
i n  the  Midwest 

A more r e a l i s t i c  system r e l i a b i l i t y  estimate i s  ' 
obtained by assuming a co l l ec tor  array r e l i a b i l i t y  o f  
0.90 at  5000 hours. This assumption implies t ha t  10 
percent o f  t h e  col lec tor  array has fa i led  or requires 
maintenance. The corresponding system r e l i a b i l i t y  e s t i -  
mates are shown by t h e  upper curves in Figs. 5 and 6.  

These r e s u l t s  indicate tha t  t h e  overall  r e l i a b i l i t y  
o f  t h e  solar a i r  system i s  approximately 0.50 a t  5000 
hours. Even i f  the  col lec tor  array was per f ec t l y  r e l i -  
able at 5000 hours, t h e  system r e l i a b i l i t y  would be 
approximately 0.53. This  low r e l i a b i l i t y  est imate i s  
primarily caused by t h e  control  system and t h e  damper 
configuration.  

I f  t h e  fa i lu re  ra te  o f  t h e  damper could be reduced 
by an order o f  magnitude t o  1.33 x per hour, then 
the  r e l i a b i l i t y  o f  t h e  solar-energy system increases 
s ign i f i can t l y  and begins t o  approach that  o f  convention- 
a l  systems. Overall system r e l i a b i l i t y  i s  now governed 
by t h e  control system, and as a r e s u l t ,  t h e  r e l i a b i l i t y  
o f  t h e  solar-energy system in t h e  nor theas t ,  which uses 
integrated c i r c u i t s  for  t h e  control  l og ic ,  increases 
from 0.50 t o  0.75 at 5000 hours. For t h e  system in t h e  
midwest, t he  system r e l i a b i l i t y  increases from 0.46 t o  
0.60 a t  5000 hours. 

Discussion o f  Results 
The r e l i a b i l i t y  est imates  resented in t h i s  DaDer - .  

indicate that  solar-enerny systems are not  a s ' r e l iab le  -- - 
as conventional Dm4 or forced-air beating systems. How- 
ever ,  because solar-energy systems depend on t h e  in t e r -  
action among variable insolation ra te s ,  storage, and 
auxi l iary  systems, they  can sometimes be repaired with- 
out decreasing t h e  overall  a v a i l a b i l i t y  o f  t h e  system. 

The ava i lab i l i t y  o f  a solar-energy system can be 
investigated by developing subsystem a v a i l a b i l i t y  matri- 
ces similar t o  the  one presented in Fig. 7 ( R e f .  7 ) .  
This matrjx indicates  t h a t ,  as  long as  solar insola t ion  
i s  not available and a demand for  heat does not  e x i s t ,  
then the  col lec tor  subsystem can be repaired without 
decreasing t h e  overall  a v a i l a b i l i t y  o f  t h e  system. More 
detailed s tudies  along these  l i n e s  are in progress and 

I w i l l  be presented in fu ture  papers. 
I The r e l i a b i l i t y  assessments presented in t h i s  paper 

i 
are based on norisolar data sources. The c r i t i c a l  item 
in t h e  DHW system was t h e  co l l ec tor  loop pump and in t h e  
air-cooled systems t h e  dampers and t h e  controls  vere  
ident i f  led as  t h e  c r i t i c a l  components. Unt i l  addit ional 
data are obtained, it i s  d i f f i c u l t  t o  ascertain whether 
or not these s i tuat ions  are representative o f  operating 
solar-energy systems. 

To quant i fy  t h e  actual r e l i a b i l i t y  and maintain- 
a b i l i t y  o f  t h e  DOE sponsored so larenergy  systems and 
t o  improve theassessments o f  t h e  t ype  presented in t h i s  
paper, t h e  ANL Solar R e l i a b i l i t y  and Materials Program 
has a data acquis i t ion  a c t i v i t y .  Re l iab i l i t y  and main- 
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Fig. 6 .  Re l iab i l i t y  o f  a Solar Air System 
i n  the Northeast 

t a i n a b f i i t y  forms have been prepared f o r  DOE and d i s t r i -  t 
buted t o  t h e  DOE solar demonstration program contrac- 
t o r s .  A t o l l - f r e e  number i s  available for t h e  contrac- 
t o r s  t o  report system success as  well as  problems. i 
Additional f i e l d  information i s  obtained by s i t e  v i s i t s ,  ? 
by reviewing contractor ' s  repor ts ,  from thermal perfor-  
mance reports developed by t h e  National Solar Data 
Network contractor,  and DOE project summaries. 

As f i e l d  information i s  obtained, it i s  logged i n t o  
t h e  ANL Solar R e l i a b i l i t y  and Materials Library. These 
data are being evaluated t o  est imate component f a i lu re  
ra t e s  and t o  provide r e l i a b i l i t y  s t a t i s t i c s  for  fu ture  
evaluations.  Some o f  t he  l i b rary  informat ion i s -  present- 
ed in t h e  following sections.  

R e l i a b i l i t y  Information from Operational Systems 

The r e s u l t s  o f  a review o f  66 DOE-sponsored solar 
heating and cooling systems are presented in F i g .  8 
( R e f .  10) .  These data were collected between April 1977 
and April  1979. They indicate that  three generic prob- 
lems a f f e c t  t h e  performance o f  solar-energy systems. 
Detailed evaluations o f  these  generic problems have 
been completed ( R e f s .  4 ,  11, 12 ) .  

System Freezing 
Solar heating and cooling systems can f reeze  fo r  a 

var i e t y  o f  reasons. A flow chart was developed in 
Reference 11 t o  present a composite picture o f  why some 

Sta te  Solar Subsystem Time Demand 

1 Available U P  Needed 

2 Not Available Down Needed 

EQUIPMENT 

AVAILABLE 

3 Inactive Id le  Needed/Or Not 
Needed 

SOLAR ENERGY AVAILABLE 

YES 

NO 

4 Not Available Down Needed/Or Not 
Needed 

YES 

STATE 1 

STATE 2 

F i g .  7 .  Solar Collector Subsystem Avai labi l i ty  Matrix 

NO 

STATE 3 

STATE 4 
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of5;the air, water, and ~ a t e r - ~ l ~ c d l ~ ~ ~ s t e m i  froze. Many 
of the failures were documented and others were deduced 

. . . . . . . . - . . . 
Conclusions 

by examing system schematics. Detailed recommendations 
to avoid freezing problems in solar-energy systems are 
presented in Reference 11. 

Control Systems 
Control system problems in solar heating and cool- 

ing systems arise because of the need to base control 
decisions on small temperature differences, the depen- 
dence on variable energy sources (solar insola'tion and 
storage), and the presence of auxiliary heating and 
cooling equipment. All of these parameters and the 
requirements to switch between various operating modes 
imply that solar-energy control systems are more compli- 
cated than those used to control conventional heating- 
ventilating and air-conditioning unCts. The use of 
FMEAs and the careful evaluation of truth tables can 
help to reduce the frequency of control system problems. 
Reference 4 summarizes the results of a review of 47 of 
the operational DOE-sponsored solar systems and presents 
guidelines for improving control system reliability. 

Solar-Energy System Interconnections 
The large number of connections between the collec- 

tors and the manifolds necessary on any solar-energy 
system implies that some interconnection devices can be 
expected to fail and some leaks can be anticipated. 
Many of the leakage problems can be traced either to 
improper elastomeric materials or to the use of screw- 
type hose clamps instead of constant-tension clamps. 
Material incompatibility has caused corrosion damage at 
several sites, requiring the retrofitting of pipes and 
flanges. Reference 12 reviews interconnection problems 
in detail and presents recommendations and guidelines 
for the system designer. 

Solar Collectors 
A review of 66 of the operational solar heating and 

cooling systems has shown that 25 of these systems expe- 
rienced 47 different collector problems. PreIimSnary 
field data indicate that 35 of the 47 recorded collector 
problems can be placed in five major categories, as shown 
in Fig. 9. The remaining problems include buckling, 
condensation, lack of clearance, and dust collection on 
the collector glazing. 

The five major collector problem types appear to be 
the result of poor design, thermal stress, failures, and 
stagnation. Preliminary information suggests that the 
causes are not independent. For example, sealing fail- 
ures could have been caused by thermal stresses or 
design deficiencies. 

. I ! v .  ; *!, .. . -  

.~eliabillt~ assessment techniques such as block 
diagrams, FHEAs, and fault trees that are used in the 
nuclear, aerospace, and consumer product industries can 
be used to improve the reliability of solar-energy sys- 
tems. If various design configurations are evaluated, 
cost benefit studies can be performed leading to the 
design of systems that are cost-effective over their 
lifetime. However, for meaningful reliability assess- 
ments and cost-benefit studies, component fa'ilure rates 
under appropriate operating conditions must be available, 
and an improved solar reliability data base must be 
established. 

The field reliability information presented in this 
paper indicates that solar heating and cooling systems 
experience four major generic problems: freezing, leak- 
age, controls, and collectors. Some data on the inci- 
dence of these problems are available, and additional 
data are currently being collected and evaluated. 

The results of the reliability assessments pre- 
sented indicate that stand-alone solar systems are not 
as reliable as conventional domestic hot-water systems 
(one failure in 13 years) or forced-air furnaces (one 
failure in 9 years). However, through proper inter- 
facing with back-up or auxiliary systems, the RMA of 
the hybrid (solar and conventional system) can be made 
comparable to presently available heating and domestic 
hot-water systems. 

The availability of the solar portion of the 
hybrid system can be increased by specifying more reli- 
able components and by performing maintenance when 
there are no demands on the system. Therefore, the 
major challenge for the designer is to increase the 
availability of the solar portion of the hybrid system 
while still producing a cost-effective design. 
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