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Abstract 
 

Solar hot water (SHW) systems have been installed commercially for over 30 years, yet 
few quantitative details are known about their reliability.  This report describes a 
comprehensive analysis of all of the known major previous research and data regarding 
the reliability of SHW systems and components.  Some important conclusions emerged.  
First, based on a detailed inspection of ten-year-old systems in Florida, about half of 
active systems can be expected to fail within a ten-year period.  Second, valves were 
identified as the probable cause of a majority of active SHW failures.  Third, passive 
integral and thermosiphon SHW systems have much lower failure rates than active ones, 
probably due to their simple design that employs few mechanical parts.  Fourth, it is 
probable that the existing data about reliability do not reveal the full extent of fielded 
system failures because most of the data were based on trouble calls.  Often an SHW 
system owner is not aware of a failure because the backup system silently continues to 
produce hot water.  Thus, a repair event may not be generated in a timely manner, if at 
all.  This final report for the project provides all of the pertinent details about this study, 
including the source of the data, the techniques to assure their quality before analysis, the 
organization of the data into perhaps the most comprehensive reliability database in 
existence, a detailed statistical analysis, and a list of recommendations for additional 
critical work.  Important recommendations include the inclusion of an alarm on SHW 
systems to identify a failed system, the need for a scientifically designed study to collect 
high-quality reliability data that will lead to design improvements and lower costs, and 
accelerated testing of components that are identified as highly problematic. 

                                                 
*  The work described in this report was performed for Sandia National Laboratories under Purchase Order 

No. 836745. 
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1. INTRODUCTION 
 
The reliability of solar hot water (SHW) systems has been in question for many years.  The 
matter is not necessarily focused on concerns about low quality, although that is always a 
question with mechanical products.  Rather the issue is that there has been a dearth of high-
quality reliability information.  For years the actual reliability of these systems was simply 
unknown. 
 
Many people, especially Jay Burch at the National Renewable Energy Laboratory (NREL), have 
continued to present a strong case that systematic improvements—which are always possible in 
any mechanical system—depend on the identification of weak components and design flaws.  
These problems cannot be identified without seeking them out and carefully measuring them. 
 
While the energy performance of SHW systems has consumed the industry, no known 
scientifically designed, well-controlled studies have been done to allow a thorough analysis of 
SHW reliability.  Energy performance information is important and can suggest reliability 
shortcomings, but it is not synonymous with reliability information.  Performance data can 
provide information about a system’s startup and failure dates and sometimes document its 
degradation over time.  What performance data rarely provide, however, is information about 
how and why a system failed, which is critical to future improvements.  A properly conducted 
reliability study would quantify the lifetime of major components, identify poor designs, and 
suggest improvements that would extend overall system life and reduce costs. 
 
Over the past 30 years there has been a general lack of support for comprehensive reliability 
studies.  One can speculate about the foundations for this resistance, but the result is that high-
quality reliability data are quite limited. 
 
However, reliability data do exist in some form; some are based on surveys and others come 
from repair records.  Some of the studies associated with these data have produced interesting 
and useful results.  No known work has examined all of the available data in a comprehensive 
manner, one that compares the various datasets for accuracy, consistency, and commonality. 
 
These questions beg answers: Do all of these different existing studies lead to the same 
conclusions?  Is there consistency between data collected by the method of surveying versus 
ones based on actual service records?  Does a comprehensive review of all the available data 
produce any new implications for improving SHW products? 
 
The purposes of this study are to: 
 

• Identify and procure as much of the available SHW reliability data as possible 
• Organize and place the data from the various datasets into a single database with a 

common format 
• Summarize the data and compare the summary statistics among the various groups of 

data within the database 
• Analyze the data to the extent possible to derive more information 
• Forge recommendation for future action 
• Document the results 
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This study does not address costs. 
 
The remainder of this report is divided into the following sections.  Section 2, Historical 
Perspective, provides a brief review of SHW industry evolutions.  Section 3, General 
Information About Reliability Data, discusses the various types of reliability data and the typical 
metrics used to define reliability.  Section 4, Data Collection and Procurement, discusses the 
various sources of data and the data that were actually procured.  Section 5, The Combined 
Reliability Database, describes how the database was created and organized.  The database in its 
entirety accompanies the electronic version of this report and is available electronically (see 
below for link). In Section 6, Discussion of Related and Ancillary Studies, pervious work and 
analyses are discussed.  Section 7, Comparisons and Analysis of Database, contains discussion 
and many graphics comparing the various measures of reliability among the different sources of 
data.  Section 8, Conclusions and Recommendations, presents the summary of major findings 
from this study along with recommendations for controlled studies of SHW reliability. 
 
For clarity throughout the report, the term “database” refers to the Excel spreadsheet and its 
worksheets that were created in this project.  The term “dataset” refers to the individual sets of 
data that were received from one of the sources. 
 
Appendix A contains a bibliography of materials that were used in the study or were related to it.  
Appendix B contains copies of the four most important studies relating to this work; all included 
in their entirety with permission of the authors or copyright holders.  Appendix C contains a 
printed copy of the database.  An electronic version of the database can be obtained at 
http://www.sandia.gov/Renewable_Energy/excel/Reliability%20database.xls. 
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2. HISTORICAL PERSPECTIVE 
 
Solar hot water (SHW) systems have existed in the United States since the late 1800s.  Most of 
the early systems were simple batch water heaters consisting of a black-painted water storage 
tank housed inside of an insulated box with a glazing on one side to allow solar radiation to 
enter.  Essentially the tank acted as a repository for hot water that could be used domestically.  
When applied, it was usually the only source of water heating in the structure (other than the old-
fashioned technique of heating a pot of water on the stove). 
 
Through the early part of the 20th century SHW systems slowly began to gain favor as water 
plumbing became a standard feature in new buildings.  However, by the second decade the 
distribution of natural gas and electricity began to burgeon in major population areas.  Mass-
produced gas and electric water heaters quickly eclipsed solar systems as the equipment of 
choice for heating water in commercial, industrial, and domestic settings. 
 
The Arab Oil Embargo in the early 1970s brought public attention to the perils of a national 
dependence on finite supplies of fossil fuels.  The embargo-generated panic produced increasing 
interest in alternative energy sources, such as solar and wind.  The federal and state governments 
responded with a surge of incentives and funding for renewable technology. 
 
Solar hot water was one of the first solar technologies to emerge as a commercially viable 
product.  By the late 1970s a host of SHW manufacturers were operating in full production, most 
of them producing systems for domestic and pool water heating.  Some of these companies are 
still operating today. 
 
However, starting in 1980 and for two following decades, the effect of the embargo waned, fossil 
energy prices settled at affordable levels, and a deregulated market seemed to stabilize fossil-
product supplies to easily match steadily growing demand.  Government assistance for solar 
technology dwindled and the SHW industry struggled to compete in the hot water market 
dominated by relatively low-cost gas- and electrically fired water heaters.  Many solar 
manufacturers failed. 
 
Those SHW companies that remained at the outset of the 21st century produced mostly domestic 
or pool water heaters using technologies that had not fundamentally changed since their 
inception.  Flat-panel collectors—both glazed and unglazed—and batch heating devices 
dominated the SHW industry.  Over the years SHW systems have seen incremental 
improvements in manufacturing quality (e.g., welding and brazing), materials (especially 
ultraviolet [UV] resistant polymers), and component selection such as improved pumps and 
valves. 
 
The only truly new product was developed early in this century.  NREL, working with its 
contractors, produced a polymer collector, the first of its kind.  Although the system is certified 
by the Solar Rating Certification Corporation (SRCC), few of these systems have been installed 
commercially. 
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The SHW industry was largely sustained over these difficult decades with a steady stream of 
individual sales to environmentally conscious home and small-business owners.  Additionally, a 
few large-scale purchases of domestic SHW systems buoyed the industry.  Some of these 
programs were organized through forward-thinking public utilities such as the Sacramento 
Municipal Utility District (SMUD) or public programs such as the Federal Weatherization 
Assistance Program. 
 
In the mid 1980s the industry was sufficiently robust to collaborate with universities and federal 
labs in organizing the SRCC to independently test and certify the performance of SHW 
collectors and systems.  SRCC provides an invaluable service to the industry by quantifying the 
energy performance of collectors under carefully controlled conditions.  The SRCC certification 
has elevated the status of the SHW industry’s products to a level akin to other certified 
mechanical and electrical products, such as those listed by Underwriters Laboratories, Inc. (UL). 
 
As part of the certification process, the SRCC laboratories perform some initial durability tests 
and review system designs for potential flaws.  If the systems meet the SRCC standards, they are 
awarded a certification.  While these durability tests are useful to identify early failures, they do 
little to quantify long-term potential reliability, especially that of the SHW system’s components. 
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3. GENERAL INFORMATION ABOUT RELIABILITY DATA 
 
Mechanical equipment has existed for centuries and there exists a long history of measuring, 
collecting, recording, and analyzing reliability information.  There are four principal measures of 
reliability that are typically used.  The most common, according to Carl Hiller, a mechanical 
equipment reliability expert, is service life.  Hiller (2000) states that “scientifically obtained 
mean service life data is derived from a study of actual equipment installation and removal 
dates.”  It is always a temporal metric and is defined as the age at which 50% of equipment is 
still in use and 50% has been replaced.  From service life the mean time between failures 
(MTBF) can be computed.  The MTBF is an important measure that can be used to improve 
systems, components, and fix warranty schedules. 
 
Other measures of component reliability include time to first failure, the reliability index, and 
counts of total failures.  The time to first failure is similar to the service life but measures the 
average elapsed time to when the first component of its type fails.  The reliability index is 
usually a nonparametric estimate of reliability that ranges from 0 (fails immediately) to 10 (never 
fails).  In some engineering fields it is a computed measure.  In other engineering areas it is a 
qualitative estimate produced from human judgment. 
 
The fourth measure, counts, is a simple total of: 
 

1. the failures of a specific system; 
2. the failures of a specific system type or class; 
3. the failures of certain components within a specific system; 
4. the failures of certain components within a specific system type or class of systems; and 
5. the failures of certain component in all systems. 

 
Most of the existing SHW reliability field data has been collected as an indirect result of routine 
installation and maintenance of systems, rather than from studies designed to answer specific 
reliability questions. 
 
For example, between 1990 and 1999 SMUD oversaw the installation of over 3,000 SHW 
systems in Sacramento.  As part of the program they hired a solar contractor to provide service 
for these systems.  This contractor kept records on the repairs and this information was collected 
by NREL.  It has been useful in providing reliability information. 
 
SMUD oversaw the installation of thousands of SHW systems during the 1990s and had 
contracts with Bergquam Energy to perform repairs as needed.  As repairs were made, 
descriptions of the work were recorded.  SMUD repair records contained information on system 
types.  Also, SMUD kept a record of total installations sorted by system type. 
 
Murray & SUN, another Sacramento area solar contractor, repaired other solar systems in the 
Sacramento area and kept records of them.  However, the records of these repairs that were 
available for this report do not have an indication of system type.  However, solar pool system 
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repairs were differentiated from SHW system repairs.  There is no record of the population of 
total SHW/pool installations that existed in the area serviced by Murray & SUN. 
 
In total, the Bergquam and Murray records totaled 1,130, and henceforth in this report, the 
SMUD records originating from Bergquam are referred to as “SMUD,” the Murray data are 
called “Murray,” and the grouped data (Bergquam plus Murray records) are referred to as 
“Sacramento.” 
 
There are shortcomings in using repair records for reliability analysis.  First, the repair records 
are not always consistent in format.  Some records describe the type of system under repair, its 
installation date, and the details about the corrective action.  Other records report only the 
corrective action in general terms with no technical details. 
 
Second, repair records can fail to identify some nonoperational systems because the system 
owner must call for service in order to create a record.  Solar systems always have fossil or 
electric water heating backup systems.  A SHW system could silently fail and a nonobservant 
owner may never notice its nonoperational status.  Even if a failure is noticed, some owners may 
decline to call for service because hot water is still being produced by the backup system. 
 
Third, these data do not represent a random sampling of the population of all installed SHW 
systems and therefore could contain biases due to the prevalence of certain systems that had a 
propensity for failure or problems.  Simply stated, problematic systems are the ones that make 
their way into the repair records.  A particularly unreliable system type could skew the data with 
an extraordinarily high number of failures for certain components.  For example, quickly 
perusing the raw data service records from SMUD shows that one particular system type 
required repair at a high rate.  Eventually, that system model ceased to be installed because the 
manufacturer closed the business, but its reliability legacy lives in the historical data. 
 
Another approach to collecting reliability data is to conduct surveys of knowledgeable SHW 
industry experts.  They can be asked for their opinion about the lifetime of components and other 
problems.  This is a low-cost method of obtaining reliability information, but it has its 
shortcomings. 
 
Hiller (2000) identified three problems with this survey approach:  “First, if the respondent has 
not maintained actual installation and removal data for the equipment over a long period of time, 
and has not performed the rigorous mathematical analyses necessary to determine equipment 
survival rates, the respondent will be unable to state with certainty what percentage of units have 
been replaced at any given age.  That person most likely will provide an opinion of how long 
equipment lasts based on the individual’s experience with equipment removed from service—
with little regard for equipment still in use. At best, opinion surveys only can produce age at 
replacement information.  Age at replacement information and service life information are not 
identical.” 
 
“Second, many equipment types have service lives longer than the typical career span of a person 
in the industry.  This means that a respondent often relies on ‘second-hand’ information unless 
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the firm has long-term records of equipment installation and removal dates, and the individual 
has used proper procedures to analyze the data.” 
 
“Third, opinions are easily swayed by rumor, exaggeration, and false advertising.” 
 
Another reason is that every industry representative is inherently biased in favor of his or her 
products and against the competitor’s products.  Furthermore, some manufacturers have accurate 
information based on warranty claims but are reluctant to make it public due to business 
concerns. 
 
A different type of survey is one of physically inspecting installed systems.  Typically these 
inspections are done at some fixed periods after the installation.  In this case a trained technician 
visits each installation site, determines the condition of the system, and carefully documents the 
problems.  If the inspection interval is sufficiently short, reasonably accurate service life 
information can be obtained for systems and components. 
 
However, the approach is expensive and time-consuming and there have been limited attempts to 
collect data in this manner.  In 2003 the Florida Solar Energy Center (FSEC) conducted a field 
survey of 151 SHW systems installed ten years previous as part of the Federal Solar 
Weatherization Assistance Program (SWAP).  The data they collected is among the most 
detailed and accurate in existence, but it is limited in that it was a single, one-time visit to the 
installations and the exact failure dates for some equipment could not be determined because it 
was not known how long dead equipment had been inoperative. 
 
The FSEC and Sacramento data are the most recent measures of SHW reliability data that are 
known to exist.  More recent data are likely to exist in the files of contractors and manufacturers, 
but they are not readily accessible.  Importantly, neither database contains information on the age 
of the components that failed, a critical statistic for reliability analysis. 
 
The age of the existing data is of some concern.  Both the FSEC and Sacramento data have 
measures of failures in systems that were built in the 1990s, eight to seventeen years ago.  While 
systems have not substantially changed in configuration over the years, manufacturers do make 
incremental improvements over time, especially if a certain component becomes an expensive 
warranty-service issue.  As the industry grows, as it is growing now, there is competitive 
pressure to reduce costs but keep quality as high as possible.  Therefore, manufacturers look to 
improve their products and reduce costs, and these changes can sometimes result in improved 
reliability.  Contractors and installers also learn how to build and install systems that have fewer 
problems, especially regarding initial failures that require contractor “call-backs” to the site, an 
event that every installer wants to avoid.  Finally, competitive pressures tend to drive bad 
products off the market over time. 
 



 

16 

It is logical, therefore, to conclude that the existing SHW products are the best they have ever 
been, even if marginally so.  It follows, then, that reliability estimates taken from systems 
ranging in age from 15 to 20 years might be somewhat more pessimistic relative to the newest 
systems.†  However, the various other shortcomings, as discussed in detail above, probably 
overwhelm the magnitude of this potential bias and can probably be ignored as a concern within 
this study. 
 

                                                 
†  According the John Harrison, of the FSEC (an SRCC test lab), in the Orlando area there have been few changes 

in the style, quality and performance of many of the components used in many SHW systems over the past 
decade. 
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4. DATA COLLECTION AND PROCUREMENT 
 
Sources of Data 
 
This part of the study began by identifying potential sources of reliability data.  This 
investigation included phone calls and follow-ups to organizations who have been involved in 
SHW and who were likely to have information on system reliability. 
 
The principal organizations contacted included: 
 

• Solar Rating Certification Corporation (SRCC) 
• Hawaiian Electric Company (HECO) 
• National Renewable Energy Lab (NREL) 
• Salt River Project 
• Arizona Public Service 
• Sacramento Municipal Utility District (SMUD) 
• Solar Energy Industries Association 
• Florida Solar Energy Center (FSEC) 
• US H2O 
• Maui Community College 
• Hawaii Natural Energy Institute 
• Colorado State University 
• Virginia Tech University 
• National Association of Home Builders (NAHB) 
• Pulte Homes 
• Building Sciences Corporation  
• Bergquam Energy 
• Multiple SHW manufacturers and vendors 

 
Although it is possible that some data sources were not identified, it is probable that most of the 
major sources of information are contained on this list.‡ 
 
In addition to the personal contacts, a literature search was conducted at the University of New 
Mexico Centennial library and via the internet.  Many documents were tagged as relating to 
SHW reliability, but only 15 were identified as having reasonable significance to this effort.  The 
titles of these documents are found in Appendix A. 
 

                                                 
‡  Several people who reviewed this document before publication noted additional sources of information, 

including Florida Power & Light and Eugene Water & Electric, both of which have overseen the installation of 
many SHW systems and may have reliability information.  Contractual limitation of this study prevented these 
sources from being contacted at this time.  However, they will be included in any follow-on study, if one is 
implemented.  
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Data Procurement 
 
Three of the sources provided raw data (i.e., copies of actual records of SWH repairs): HECO, 
NREL (hard copies of repair data from SMUD), and the FSEC, who provided Sacramento repair 
records as well as data from the SWAP program, a program that FSEC managed for the 
Department of Energy (DOE). 
 
The HECO data consisted of only 19 hard repair records and a summary presentation by Ron 
Richmond (Richmond 2005).  NREL supplied six hard-copy binders of miscellaneous records of 
information, including SMUD repair records.  FSEC supplied 1,130 records of SHW records 
from Sacramento and 151 records from the SWAP. 
 
The 151 SWAP records originated from a survey of installed systems that FSEC conducted in 
2003.  Over 800 SWAP SHW systems were installed in the early 1990s.  In 2003, FSEC 
inspected 151 of these systems and documented their operational status.  These data were 
supplied for this project.  The SWAP dataset was entirely in the form of hard copies and all 
records were provided for this project. 
 
Several years ago NREL procured copies of the Bergquam and Murray repair records and 
supplied copies of them to FSEC.  In total there were 1,130 of these records.  At the outset of this 
project, NREL had 548 of the Bergquam repair records in their dataset, all in hard-copy form.  
NREL also had other data and SHW reliability analysis reports.  NREL supplied all of their data 
and information for this project.§ 
 
FSEC had previously synthesized all 1,130 Bergquam and Murray records into an Excel 
spreadsheet and they provided that spreadsheet for use in this project.  Although many of these 
records related to systems that were not installed under the SMUD program (including the 
Murray records), all were installed in the Sacramento area. 
 
The 548 hard-copy records of the SMUD data were to be used as a quality check on the tabled 
data that FSEC supplied. 
 
Jim Bergquam supplied information about the total number of installed systems in the SMUD 
area during the 1990s.  These data were used in this study to compute the proportion of systems 
that had failed in the SMUD area. 
 
Industry survey data and reports were obtained from Arizona State University (ASU), FSEC, and 
NREL.  In all three studies SHW manufacturers and installers were asked their opinion about the 
reliability of SHW components and systems. 
 

                                                 
§  Some of the SMUD-managed installations—those before 1992—were not SRCC certified.  It would be 

interesting to assess whether any quality differences could be discerned between noncertified systems and the 
later ones, all of which were certified.  However, the data do not contain the resolution and detail to allow such a 
comparison. 
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The ASU study was funded by NREL and was supervised by Professor Byard Wood of the ASU 
Mechanical Engineering Department.  The report presents three principal measures of 
reliability—lifetime, time to first failure, and reliability index—for many SHW system 
components.  In this study, Wood and his team surveyed 28 existing SHW manufacturers and 
installers.  The survey questionnaire asked for opinions about the reliability of various 
components of SHW systems. 
 
The NREL survey, conducted in 1994 by Jay Burch, and the FSEC survey, conducted by John 
Harrison in 1993, are similar. 
 
The NREL survey contains component service life information based on opinions from eight 
Sacramento-area SHW contractors and manufacturers.  The FSEC study also produced 
component lifetime estimates based on opinions from five Florida contractors.  This work was 
done in preparation for the SWAP, a pilot effort in Florida. 
 
The result of the FSEC survey was a table of estimated lifetimes for various SHW components.  
Since no accompanying report was available to explain the details, John Harrison was contacted 
directly for information.  He said that the study was informal and intended to produce 
preliminary and rough estimates of the average life of components.  Although these are not 
service life estimates, they are still of value. 
 
In all three industry survey reports, there is no breakout for different system types. Presumably, 
life and reliability estimates are meant to represent all systems.  It is not clear what the mix of 
system types might have been in the imagination of the interviewees as they were estimating the 
various lifetime and reliability estimates.  This situation creates uncertainty and potentially large 
variance that should be considered as they are applied. 
 
All three survey studies were successfully procured for use in this project. 
 
NREL had conducted another reliability study, records from which were included in the hard-
copy information that NREL had supplied for this project.  A pie chart resulting from that NREL 
effort summarized a survey of 185 solar systems; the chart indicated the number and types of 
problems that had been identified.  The data appeared to be candidates for inclusion in the 
database, but with no accompanying report, it was impossible to verify the source of the data or 
the type of survey methods used, or to ensure that that they were unique from the other data that 
that was to be included in the database. 
 
The best source for this verification was Russ Hewett (retired), NREL’s principal investigator for 
the study.  After discussions with him, it remained unclear as to the exact source of the data but 
that it was probable that they were derived from the SMUD records.  Therefore, for 
completeness these data were procured for the project, but were not expected to be included in 
the analysis or discussions. 
 
Miscellaneous summary data from several other sources were available, but they are not 
significant due to limited number and questionable accuracy.  Therefore they were not procured. 
 



 

20 

Some specific solar-related corrosion information was collected from several sources, and these 
are included in the bibliographic listed in this report.  The most significant of these were reports 
produced by Sandia National Laboratories (SNL). 
 
All of the records procured for this study related to SHW installations in the 1990s.  The SWAP 
survey, however, was conducted in 2003.  No more recent data could be found. 
 
Personal consulting contacts regarding reliability were also arranged.  The names and 
professional affiliations are found in Appendix A, subsection Consultants.  Some of these 
individuals, especially John Harrison and Jim Huggins of FSEC and Jay Burch of NREL, 
contributed considerable information, advice, documentation, and guidance. 
 
Section 6 of this report contains more information about previous analysis and reports relating to 
some of the datasets that were discussed above. 
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5. THE COMBINED RELIABILITY DATABASE 
 
The data that were procured fell into two basic groups: (1) repair records and inspection records 
of actual systems and (2) results of surveys of industry members. 
 
The goal of this part of the project was to design and construct the database for both sets of data.  
As this effort is being discussed, it might be useful to the reader to have the Excel database 
available to review.  The database can be downloaded using 
http://www.sandia.gov/Renewable_Energy/excel/Reliability%20database.xls. 
 
The development of the database used to contain the datasets of repair and inspection records 
follows directly below.  The design of the database used to contain the datasets from the industry 
surveys is described later in this section. 
 
The Database Structure for the Repair and Inspection Records 
 
The first task was to define common categories for all the component types.  Common categories 
were needed to facilitate comparisons among the various data sources. 
 
Common categories were selected for the various component types by reviewing the categories 
that were listed in the source datasets and then selecting an optimal number of categories that 
represented all of them.  Eight categories were selected: 
 

• Collector—includes any measure of the collector and its components, including 
mounting issues. 

• Controller—includes data for any control mechanism for an active system, but not the 
sensors. 

• Sensor—includes all of the sensors involved with the operation and control of the system, 
but not the energy performance monitoring sensors.** 

• Tank—includes information about storage tanks and heating tanks, but not tanks that are 
integral to the collector, as in a batch system. 

• Pump—includes all information about pumps of all kinds. 
• Heat transfer; includes various different items that relate to the transfer of heat from one 

part of the system to another, including fluids and heat exchangers. 
• Piping—includes information about the piping itself as well as connectors, mounting 

techniques, and insulation. 
• Valves—includes information about valves including manual and electrical ones, vents, 

emergency valves, drain valves, etc. 
 
All the data—surveys and repair records—were fitted into these categories.  In some cases best 
judgments were applied to determine the appropriate category to place an item, but in the large 
                                                 
**  Monitoring sensors are not included because they are not critical to the operation of the system.  A failure of one 

of these sensors will not disable the system as would a failure of sensors that are critical to its operations, such as 
the ones used to measure the temperature of the storage tank and the collector. 
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majority of cases the categories selected for this study were very similar or identical to the ones 
in the source datasets.  Therefore minimal manipulation of the original data was needed. 
 
The next step was to select system-type descriptors.  Most of the repair or survey records 
described the type of solar system that was installed along with the problems that were identified. 
 
Systems were described in various ways throughout the records.  Some were clear, such as 
“ICS,” the integral type.  Others were more cryptic, such as “drainback-draindown.”  A system 
can be one or the other, but it is inconceivable how it could be both. 
 
Others were consolidated where it made sense to do so.  For example, a “pumped system” and a 
“pumped direct system” were assumed to be the same system type, a “pumped system.”†† After 
thoroughly reviewing the raw data, the following system-type categories were selected: 
 

• Integral Collector System (ICS) 
• Pumped 
• Thermosiphon  
• Photovoltaic (PV) controlled pump  
• Pool 
• Unknown 

 
The ICS category contains only ICS systems.  The pumped category contains all types of 
systems that use pumps to circulate a fluid through the collector, except PV-pumped systems.  
The thermosiphon category contains traditional thermosiphon systems along with similar ones, 
such as the Copper Cricket, a system that uses thermosiphoning principles to drive a phase-
changing fluid through the collector.  PV-controlled systems are pumped systems that use 
photovoltaic panels to power the pump and control the flow.  The pool category contains all 
types of solar pool water heaters.  All information that is not clearly associated with a specific 
system type is placed in the category called “unknown.” 
 
With the component and system-type categories selected, the attention turned to the design of the 
database itself.  After discussing the possible database structure with Greg Kolb of SNL and Jay 
Burch of NREL, a hierarchical design was adopted. 
 
The most detailed data provide the foundation of the database.  Subsequent rollups summarize 
the information into higher-level categories.  For example, within the general area of 
“collectors,” a high-level category, there are many failure possibilities involving the collector 
itself as well as collector mounting system.  With respect to the collector itself, failure could 
result from a leaking absorber, broken glazing, clogged header, etc.  These are referred to as 
subcategories.  A collector mounting issue could involve improper orientation or tilt, poor 
flashings that caused roof leaks, etc. 
 
                                                 
††  Pumped systems are typically classified as direct or indirect.  In a direct system, city water is heated directly 

within the collector and delivered to a single hot water heater.  In an indirect system, the collector fluid is self-
contained and the domestic supply water is heated via an intermediate heat exchanger.  Indirect systems are more 
complex than direct systems because they use multiple tanks and pump loops, but they are more freeze-tolerant. 
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Therefore, at the most detailed database level, the general collector category is divided in two: 
“Collector problems” and “Collector mounting problems.”  Under each of these two categories 
are the numerous subcategories that describe the specific problems.  The most rudimentary level 
of the record detail contains as much information as was available in the raw data reports. 
 
At the next level of detail, called a “mid level summary,” the totals from the two collector 
categories are summarized and rolled up into a higher-level database.  For example, in this mid-
level database, only two entries appear under the broad category of “collectors”: “Collector 
problems” (labeled “faulty collector problems”) and “Collector mounting problems.” 
 
At the highest level, called the “hi level summary,” the collector problem totals are rolled up into 
a single category called “collectors,” which contains a summary total of all the collector 
problems.  At this level there is only a single entry—a number that represents the total problems 
in the category of “collectors.” 
 
For example, the hierarchy for collectors looks like this: 
 
Collector (highest rollup level) 
 

• Collector problems (middle rollup level) 
o Defective collector (detailed level) 
o Leaking collector (detailed level) 
o Header tube leaking (detailed level) 
o Riser tube leaking (detailed level) 
o Etc. 

 
• Collector mounting problems (middle rollup level) 

o Collector not firmly attached to roof (detailed level) 
o Mounting bolts not secured (detailed level) 
o Improper structural mounting (detailed level) 
o Improper roof flashing (detailed level) 
o Etc. 

 
The other major component categories are constructed in similar fashion to the collector 
category. 
 
The convolution of the problem categories and the system types results in a two-dimensional 
data matrix.  Along the ordinate, or each row of the Excel spreadsheet, are the labels for the 
various problem categories.  Along the abscissa, or each column in the spreadsheet, are the labels 
for the system-type categories.  The cells that intersect the rows and columns are the number of 
instances in which a problem was recorded. 
 
These counts are the basic, final statistic in the database.  They are single summary values that 
represent the whole population of counts that exist in the records.  Averaging is done across the 
categories where it is sensible, but the average then represents the average count of problems that 
were reported in that category. 
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Summary rows are interspersed in the data, corresponding to the higher-level category, i.e., they 
contain the rollup numbers.  Column totals (the right-most column) presents the total number of 
problems for all the collector types. 
 
A complete database for the field data contains three spreadsheets, one that has detailed 
summary information (worksheets labeled “detail sum”), one that contains the next level of 
rollups, called the mid-level summary (worksheets labeled “mid level sum”), and one that has the 
final rollups, called the high-level summary (worksheet labeled “hi level sum.”) 
 
A higher-level rollup is possible that would summarize the system types into a single generic 
system type, resulting in a vector array.  However, since many problems are typical for certain 
types of systems and some problems are impossible for other types, this summary was not 
included it because it would probably be misleading.  For example, ICS systems have no pumps, 
so they can have no pump problems.  If these systems are rolled up with pumped systems and 
other types that contain pumps, the resulting summary data would probably lack meaning. 
 
Because there were three major sources of repair data—Sacramento, SWAP, HECO—a tri-level 
database structure was created to contain each dataset.  The result is potentially nine worksheets. 
 
A tenth worksheet is a rollup of the three high-level worksheets for each data source (worksheet 
labeled “Combo hi level sum”).  The format for this highest-level worksheet is identical to the 
high-level summary worksheets, but each cell contains the total number of occurrences of 
problems for all three dataset sources. 
 
The Database Structure for the Industry Survey Records 
 
The basic structure adopted for the service records was applied to the survey data.  The basic 
datum in the database is an estimate of time or the reliability index.  The identical component 
and system description categories constituted the basic database structure.  As noted earlier in 
this report, these three datasets did not break out the data by system type. 
 
Two levels of details were created and represented in the database worksheets: Detailed level and 
hi level sum.  The detailed level worksheet (labeled “…survey detailed”) contains the raw data as 
presented by the investigators.  Many of the investigators’ component categories matched nearly 
identically with the ones chosen for this database.  But some rearranging was required.  Some 
data were totally missing.  For example, the FSEC dataset contained no data for sensors; this 
information was probably integrated into a different category.  It was ignored in this database. 
 
The data from the detailed worksheets were rolled up to the highest-level worksheets (labeled 
“survey hi level sum”). 
 



 

25 

Data Quality Assurance 
 
Because the data were in various formats and configurations, the quality assurance step consisted 
of visually inspecting the records to identify inconsistencies and other obvious errors. 
The digital datasets that FSEC supplied were inspected before they were included into the 
database.  Potential inconsistencies were resolved in phone conversation with FSEC personnel.  
For example, in some instances it appeared that there was more than one problem per record, 
which might appear to be counterintuitive.  But after discussion with John Harrison at FSEC, he 
explained that it was frequently the case that technicians found more than a single problem in a 
service call; thus these entries were probably valid. 
 
Similarly, sometimes the technician found no problem with the solar system.  Such a case might 
happen when a controller was turned off or the system was valved off.  In these cases, the 
systems were indeed operational, but not operating.  Its status was not due to a mechanical 
failure, but probably an erroneous human intervention. 
 
NREL had supplied 548 hard-copy records of SMUD repairs.  Each of these hard-copy records 
was examined to ensure that its noted problem category was listed in the database worksheet that 
contained the FSEC dataset.  There is no identifier in the FSEC records, such as a date, that ties 
the data in the table to the original service records.  Since it was impossible to know for certain 
whether a specific hard-copy record was included in the numbers that FSEC supplied, this was 
the only check that could be made.  Basically, the best that one could do was to a search for 
inconsistencies that might flag quality problems, such as possible duplicate entries. 
 
Similarly inspected were the SWAP and HECO repair records as well as all the data from the 
industry surveys. 
 
Generally the repair data entered into the database were found to be reasonably consistent. 
 
The quality assurance efforts also help to enhance the credibility of the data.  In total, the 
database lends itself to further analysis and scrutiny for a broad range of systems and 
applications, which heretofore was very difficult. 
 
Data Entry 
 
Initially, the database was configured as described above, with all the cells blank.  The 
subcategories below the major categories were left to be defined as the database was populated. 
For example, if a repair record indicated that the solar system failed because of a check valve 
problem and a “check valve” category did not currently exist in the database under the main 
category of “valve,” then one was created.  Because the worksheets were all linked, all 
dependent worksheets were updated accordingly. 
 
Unfortunately, this was a laborious, manual process because the worksheet linking system was 
insufficiently robust to automatically create these new rows of data in the other worksheets.  
Much of FSEC’s Sacramento table was imported using the import feature in Excel. 
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Hard-copy records from the SWAP and HECO were entered by hand after reading each record 
and applying the quality assurance methods noted above. 
 
The HECO data were not in sufficient detail to warrant a detailed summary worksheet.  
Therefore, the HECO dataset only resulted in two levels of detail in the database and therefore 
only two worksheets, the “mid level sum” and the “hi level sum.” 
 
The worksheets were carefully checked for accuracy as they were built.  Checksums were 
applied, which totaled the data in different ways, to compare with the column and row totals.  
These sums had to match across the appropriate worksheets at all times; a mismatch was a flag 
for a problem.  The worksheet links were frequently checked during the populating process to 
ensure that changes at the bottom levels were properly reflected at the higher levels. 
 
The highest-level Excel rollup spreadsheet for the repair data is named “Combo hi level sum” 
and was populated with the data from the three “hi level sum” worksheets. 

Statistical Information in the Database 
 
Some statistical information is included in the worksheets, mostly for quality assurance but also 
for subsequent comparison analysis.  For example, since the total number of service calls was 
known, the number of problems per service call should generally be close to one.  It is 
conceivable that more than one problem might be discovered in a problematic system, as 
Harrison suggested, but that is probably the exception rather than the rule.  In the Sacramento hi 
level summary worksheet, the row labeled “Problems per service call” shows the number of 
problems encountered per service call per system type.  The average number of problems per all 
service calls is 1.2, close to the expected value of 1.0. 
 
Further examination of these data shows that pumped systems experienced multiple problems per 
service call.  Again, this is expected because these systems contain many mechanical 
components that can fail.  The ICS systems, on the other hand, show less than one problem per 
service call, indicating that frequently the service call did not find a problem and it might have 
been that an operational system was for some reason deliberately taken out of service. 
 
The other statistics include a matrix titled “Problems as a percent of total.”  These values quickly 
show, by system, the components that have been most problematic, at least during the 1990s 
when most of these systems were installed.  These data also serve as a quality check.  For 
example, since integral collectors essentially consist of a collector, a few valves, and piping, an 
accurate database should not reflect problems in other categories.  Indeed, the only problems that 
are noted for the ICS systems lay in the collector, piping, and valve categories, with the large 
majority in the collector area—just as expected.  This is evidence that the data are reasonable and 
accurate. 
 
The total number of SMUD system installations is precisely known for the ICS, Pumped, and 
Thermosiphon systems.  These totals are noted in the row labeled “Total installations.”  In the 
database, the SMUD records from Bergquam are clearly differentiated from the other 
Sacramento records from Murray. 
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Using these totals, two important statistics are computed: “Percent of total installations,” which 
is computed by dividing the total installed of each system type by the total number of all system 
installed, and “Proportion of problems as a % of total installed,” which is computed by dividing 
the total number of service calls by the total number installed.  This proportion relates the 
approximate percentage of fielded systems that have experienced problems within the period of 
record, 1990–1999.  It should be noted that “service call” totals is used in the computation of the 
proportion instead of “total problems” because it is the basic response to a problem with a 
system.‡‡ 
 
Presumably, a single service call resulted in a repaired system, regardless of how many problems 
were involved.  Even in the case of an operational system that erroneously generated a service 
call, a technician was still dispatched to the scene to bring the system back on line or to explain 
its operation to the owner.  Both statistics are useful for understanding the problematic tendency 
of the various system types. 
 
The SWAP database worksheets are constructed similarly to those of Sacramento’s and many 
similar statistics are presented.  However, there is an important, but subtle difference between the 
two.  SMUD repair records are based on both service calls and a few inspections conducted by 
SMUD.  The exact proportion of service call based data and inspection data could not be 
differentiated in the data used in this investigation.  Service calls are initiated by a homeowner 
who notices that the solar system is not operating and calls for service.  Because every solar 
system has a fossil or electric backup, a nonattentive owner may not notice that the system is 
nonoperational or may not care.  In these cases, a failed system would be presumed to be 
operating based on its absence in the service record.  The number of these unreported 
nonoperational systems is not known. 
 
The SWAP data are based on a 2003 field survey of systems that were installed ten years 
previous.  Only systems that were actually inspected are included in the totals.  The various rows 
in the hi level summary datasheet contain the critical related information—the “total installed 
systems,” the “total attempted inspections,” the “total actual inspections,” the “total operational 
systems,” and the “total non-operational systems.” Since the inspection was conducted by 
experienced solar engineers from FSEC, these data probably present the most accurate 
representation of the reliability of fielded SHW systems. 
 
The “percent of operational systems” is also listed.  One minus this value is the “sample 
proportion of problems relative to total inspected.”  Since these percentages are taken from a 
sample of fielded SHW system (i.e., the ones that were inspected), a logical question is how well 
might this proportion represent the overall population of systems (i.e., all of the fielded SHW 
systems in the world).  Using the sample size and assuming normal distributions, the 95% 
confidence limits for the proportion can be interpolated from a table (Crow et al. 1960).  There is 
a 95% confidence that the actual population proportion lies between the upper and lower 
confidence limits. 
 

                                                 
‡‡  As will be discussed later in this report, it is important to note that the exact number of problems is unknown.  

Thus, the numbers used here represent the best estimates possible based on the available data. 
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The same confidence limits are presented in the Sacramento hi level worksheet based on the 
SMUD installation data.  Note that the SMUD and SWAP proportions for the various system 
types are quite different because the databases represent different measures; one is based on 
service records and the other based on a field survey.  More discussion about the confidence 
limits is found in Section 7. 
 
The HECO hi level worksheet is in a similar format.  The number of total installations is 
unknown.  Therefore, the statistical presentation is limited to the basic averages presented in the 
other hi level worksheets. 
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6. DISCUSSION OF RELATED AND ANCILLARY STUDIES 
 
This database consists of several sets of reliability data obtained from different sources, as 
described in Section 2.  Some of those sources had previously reported on analyses of the 
datasets that were procured for this project.  The most relevant ones include: 
 

• A report on the Sacramento data analysis by Harrison, published by FSEC; 
• A final report on the SWAP program by Harrison, published by FSEC; 
• A report on the ASU survey, by Wood et al., published by ASU under contract to NREL; 

and 
• A report on the NREL survey, by Burch, a draft report that was not published. 

 
All of these reports are contained in their entirety in Appendix B. 
 
The Sacramento analysis by Harrison is well done.  In it he carefully examines the records from 
the two contractors (Bergquam and Murray) and compares them.  He also discusses each major 
problem category separately and ranks the problem categories based on reported total service 
calls. 
 
The report contains tabled values of reported failures and some simple averages.  No plots or 
other statistical analysis are included.  The report includes valuable discussions about failures, 
their potential sources, and frequency.  A major conclusion is that valves are the most 
problematic component in a fielded pumped system. 
 
The SWAP report, also authored by Harrison, is thorough and informative.  It reports on the 
development of the SWAP program and describes its implementation.  It contains a detailed 
summary about how the 2003 field survey was conducted and the findings.  It contains high-
quality data and is perhaps the best source of SHW reliability data that exists today. 
 
The ASU study, conducted by Wood and his team, is also well done and presents an overview 
about how the industry survey was conducted, including some of the questions that were posed 
as part of the survey.  While the report does not include raw data or a copy of the survey 
questions relating the lifetime and reliability measures, it does contain summary statistics 
including a mean value and standard deviation for each reliability metric.  All of the reliability 
and lifetime estimates are presented in graphical plots.  It also contains a list of the open-ended 
questions that were posed to the industry participants about impediments and other problems in 
the industry. 
 
It is unclear how the ASU researchers defined the mean lifetime metric.  As noted by Hiller 
(2000), service life is the most useful metric.  It is the time required for 50% of specific fielded 
systems or components to fail.  Since the lifetime metric is not clearly defined, it is assumed that 
it is the participant’s best guess about how long the average systems or components are 
operational in the field.  This estimate is less useful than service life and increases the 
uncertainty as these data are compared to other survey data. 
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Conclusions from this study suggest that drain ball valves, horizontal-shaft pumps, and collector 
enclosures are the most reliable components.  The least reliable ones include mixing valves and 
pipe insulation.  In total, the report is credible. 
 
The NREL survey, conducted by Jay Burch, contains a compilation of lifetime estimates for 
various components.  Importantly, these estimates are for service life, as it is normally defined 
within the reliability engineering community.  Details are provided about how the data were 
collected and analyzed.  The report presents service life estimates for a long list of components 
under best- and worst-case conditions.  This report contains perhaps the highest-quality estimates 
of service life for SHW systems and components. 
 
Additionally, the report describes many recommendations and ideas for improving the reliability 
of SHW systems.  Overall the report is well done and the data are considered to be as high a 
quality as can be expected from this type of survey.  Unfortunately, the report was never 
published. 
 
In total, these four reports constitute the bulk of the existing general information about SHW 
reliability.  These reports, in their entirety, are included in Appendix B, with permission from the 
authors. 
 
In addition to the studies about overall reliability of SHW systems, substantial work on corrosion 
in solar collectors was conducted by Menicucci et al. at SNL.  This work was initiated by a series 
of failures of ICS systems at the Tucson, Arizona, subdivision Civano just after the turn of the 
century.  All of the failures were due to pitting copper corrosion.  Analyses by SNL’s Corrosion 
Lab and the Copper Development Association suggested that the corrosion event was caused by 
a unique water quality condition coupled with high operating temperatures that were exacerbated 
by shallow mounting angles, some lying nearly flat on the roofs. 
 
In addition, Menicucci investigated a catastrophic failure of a large solar pool system that used 
unglazed copper collectors.  Massive amounts of pitting corrosion destroyed the 6,000-square-
foot collector within a 72-hour period.  The corrosion was induced by radical changes to the 
chemistry of the pool water that resulted from chemically shocking the pool. 
 
Information about these events and others are contained in Menicucci et al. (2007). 
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7. COMPARISONS AND ANALYSIS OF DATABASE 
 
This section presents the results from comparing the six datasets that are contained in the 
database.  The datasets can be categorized into two basic groups: (1) counts of problems based 
on field repairs or field surveys and (2) results of surveys of experts. 
 
The field repair information is contained in the SWAP, Sacramento, and HECO worksheets in 
the database.  The ASU, FSEC, and NREL survey datasets are contained in the appropriately 
labeled worksheets in the database. 
 
As the reader progresses through the ensuing discussion, it might be useful to have available for 
reference the database itself.  There are numerous references to the database throughout this 
section.  The database is contained in print in Appendix C.  It is electronically available at 
http://www.sandia.gov/Renewable_Energy/excel/Reliability%20database.xls. 
 
Comparison of the Field Data from SWAP, HECO, and Sacramento 
 
The combined dataset, a worksheet labeled “Combo hi level sum,” provides a good starting point 
for the comparison.  It contains the summary total problems for all three datasets.  Figures 1 
through 5 present a graphical breakdown of the problem areas, as a percentage of totals, for all of 
the major system types. 
 
Valves, sensors, and pumps appear to be the predominant problem among systems that use these 
components.  This is consistent with previous studies. 
 
Pool systems show many collector problems, which may stem from early problems with 
polymers used in solar pool collectors.  These problems are believed to be solved today with 
advanced polymer design.  In the absence of additional information about the pool systems, little 
more discussion is possible, and solar pool systems will not be addressed further in this report. 
 
A more interesting comparison is between the SWAP and Sacramento datasets (reference 
worksheets “Sacramento Hi lev sum” and “SWAP Hi lev sum”). Because both of these datasets 
contain records of similar types for systems that were installed in the 1990s, the failure patterns 
would be expected to be similar.  One difference is that one set of data, Sacramento, is for 
systems installed in California while SWAP data are for systems installed in Florida.  This 
geographical difference may be expected to be inconsequential because many of the same 
manufacturers supplied hardware to both locales. 
 
However, Greg Kolb of SNL has suggested that collector failures may be higher in a location 
where a greater percentage of the pumped systems are of the direct type rather than the indirect 
type.  He theorizes that direct systems, which continually pump fresh domestic water through the 
collectors, would subject the collector to greater potential corrosion.  Thus, collector failures 
would be greater in this location than in one with a greater percentage of indirect systems.  
However, since indirect systems contain more total components (in terms of pumps and valves), 
failures of these components would be higher. 
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Figure 1.  ICS Problems by Category. 
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Figure 2.  Pumped Systems Problems by Category. 
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Figure 3.  Thermosiphon Problems by Category. 
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Figure 4.  PV-Controlled System Problems by Category. 



 

34 

0.0%

5.0%

10.0%

15.0%

20.0%

25.0%

30.0%

35.0%

40.0%

45.0%

50.0%

Collector
problems

Controller
problems

Sensor
Problems

Tank Problems Pump Problems Heat Transfer
Problems

Piping problems Valve Problems 

%
 o

f T
ot

al

 
Figure 5.  Pool System Problems by Category. 

 
 
Direct-pumped systems are typically installed in areas of the country that are not subjected to 
significant freezing.  If it can be shown that a large percentage of the SWAP systems were of the 
direct type and that most of the Sacramento systems were of the indirect type, then the SWAP 
data would show a higher percentages of collector failures and a lower percentage of other 
component failures than would be observed in the Sacramento data. 
 
The data do show this trend.  About 23% of all pumped system failures among the SWAP 
systems are due to collector failures, whereas only about 7% of collectors failed among the 
Sacramento systems (see worksheets “Sacramento Hi lev sum” and “SWAP Hi level sum” in the 
database). 
 
Unfortunately, the exact details about the type of pumped systems installed in the SWAP 
program are not known, even among the ones that were surveyed.§§  Even within the Sacramento 
systems where the exact system types are known, the service records are not sufficiently clear to 
distinguish between the types of pumped systems that were being repaired because those details 
were not always recorded.  Thus, although the theory is plausible and the data tend to support it, 
it remains moot. 
 

                                                 
§§  According to John Harrison of the Florida Solar Energy Center, all of the SWAP systems that were installed 

were either differentially controlled or ICS.  However, the exact configuration of these systems is not known 
with certainty, such as might be contained on a mechanical drawing.  More information:  
http://www.fsec.ucf.edu/en/research/solarthermal/swap/swap_allsites.htm. 
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Only two system types are common between the SMUD and SWAP datasets, ICS and pumped.  
Table 1 shows the problem totals for each system type expressed as a percentage of total 
problems.  Figures 6 and 7 show the results of comparing the two summary problem datasets. 
 

Table 1. Comparison of Proportions of Failed Systems 

Reported problems
Mean 

proportion
Upper 
95%

Lower 
95%

Mean 
proportion

Upper 
95%

Lower 
95%

Significant 
Difference

Collector problems 66.7% 83% 51% 92.9% 100% 70% no
Controller problems 0.0% 0% 0% 0.0% 0% 0%
Sensor Problems 0.0% 0% 0% 0.0% 0% 0%
Tank Problems 0.0% 0% 0% 0.0% 0% 0%
Pump Problems 0.0% 0% 0% 0.0% 0% 0%
Heat Transfer Problems 0.0% 0% 0% 0.0% 0% 0%
Piping problems 4.8% 0% 10% 0.0% 0% 0% no
Valve Problems 28.6% 44% 14% 7.1% 0% 25% no

Reported problems
Mean 

proportion
Upper 
95%

Lower 
95%

Mean 
proportion

Upper 
95%

Lower 
95%

Significant 
Difference

Collector problems 22.5% 36% 10% 6.8% 9% 4% yes
Controller problems 15.5% 23% 8% 6.2% 9% 4% no
Sensor Problems 1.4% 6% 0% 19.0% 24% 14% yes
Tank Problems 2.8% 9% 0% 12.6% 17% 9% no
Pump Problems 5.6% 12% 1% 12.6% 17% 9% no
Heat Transfer Problems 0.0% 0% 0% 8.2% 10% 5% yes
Piping problems 7.0% 15% 2% 5.8% 8% 4% no
Valve Problems 45.1% 58% 32% 28.7% 36% 23% no

SWAP (n-=21) SMUD (n=14)
ICS comparison

Pumped comparison
SWAP (n-=71) SMUD (n=585)

 
 
The ICS system has few moving parts to fail (Figure 6).  Therefore, both datasets show the 
predominate failures to be with the collector itself.  Among pumped systems, both datasets show 
similar trends and indicate that valves are the most problematic component (Figure 7).  
Collectors and controller problems seem to be more prevalent in the SWAP systems than at 
SMUD.  Conversely, sensor, tank, and pump problems constitute a greater percentage of the 
problems at SMUD than in SWAP. 
 
Tests were conducted to determine whether the differences between the two datasets are 
statistically significant.  These tests can help determine, at a specific level of statistical 
significance, whether differences are due to random chance or whether they are likely to be real 
in the whole population of collector types.  Table 1 contains the results of the tests. 
 
The column labeled “Mean Proportion” is the percentage of problems allocated to the specific 
components listed.  The approximate upper and lower 95% confidence limits can be easily 
computed for each based on a graph (Crow et al. 1960).  The confidence limits imply that based 
on the population size (n), there is a 95% probability that the proportion computed from the 
population of all of these type of collectors in the field would fall between these upper and lower 
values.  These limits provide an easy and visual method to compare with other proportions 
computed from different datasets.  If there is overlap of the ranges, then it is possible that the 
proportions may actually be the same in the population and the difference observed here is 
simply a chance event.  Therefore, the difference would not be considered to be significant. 
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Figure 6.  Comparison of ICS Problem Allocation. 
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Figure 7.  Comparison of Pumped System Problem Allocation. 
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For example, row one of Table 1 compares the proportion of problems allocated to collector 
problems for the SWAP and Sacramento datasets.  In the SWAP dataset the sample proportion is 
66.7% while Sacramento is 92.9%, a difference that appears considerable.  However, because of 
the relatively small sample sizes the approximate 95% confidence bands are large, ranging from 
51 – 83% for SWAP and 70 – 100% for SMUD.  These ranges overlap, indicating that the 
difference is not statistically significant because the actual population proportions might be 
anywhere in the region of 51% to 100%.  The sample proportions for each are 66.7% and 92.9%. 
 
The test was applied to each component proportion for both types of systems.  The conclusion 
from the test is found in the last column.  As can be seen, the differences between the proportions 
for the ICS system components measured in the SWAP and SMUD datasets are not significant.  
Thus, the datasets appear to be consistent and reasonable. 
 
This is not the case for pumped systems.  Some of the proportions are significantly different and 
others are not.  In these datasets the pumped system sample size is much larger than for ICS 
system, resulting in tightened confidence limits.  Thus, differences, if they are real, are more 
likely to appear in the pumped system data.  Based on these tests, it appears that these two 
datasets have significant and real differences. 
 
Another visual method of examining these two datasets is by mapping a sorted list of 
components based on their proportions.  Figure 8 shows the sorted list for pumped system 
problems.  Under the respective captions of “SWAP” and “SMUD” are the problem areas sorted 
in descending order based on the corresponding proportion values.  The arrowed lines connect 
the matching problem area.  If the datasets were consistent, all of the arrows would be a set of 
horizontal lines.  As can be seen, this is not the case and is another indication that these datasets 
are different, at least with respect to pumped systems. 
 
 

SWAP SMUD
Valve  Valve  
Collector Sensor 
Controller Tank
Piping Pump 
Pump Heat Transfer
Tank Collector
Sensor Controller
Heat Transfer Piping  

Figure 8.  Comparison of Sorted Problem Areas for Pumped Systems. 

 
 
Another way to compare these two sorted lists for pumped systems is by testing them with the 
Spearman Rank Correlation method (Spiegel 1961).  The method is particularly useful when 
comparing a set of factors or measures that were derived from different measuring techniques, 
both of which might be expected to produce a similar or identical rank ordering of those factors.  
In this case, there are two sets of data that purportedly measure factors of reliability of SHW 
systems.  The factors are the “problem areas” that were identified. 
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The Spearman test was applied to quantitatively test the ordered lists depicted in Figure 8.  The 
results of the tests are shown in Table 2.  The null hypothesis in this case is that there is no 
significant difference in the rank ordering of the two sets of factors.  As can be seen, the resulting 
Spearman correlation coefficient (rs) is far lower than the 5% critical value for a two-tailed test.  
Therefore the hypothesis can be rejected and it is logical to assume that the lists are different. 
 

Table 2.  Rank Comparison of Pumped Systems 

Component SWAP Rank SMUD Rank Difference Difference 2

Valve  1 1 0 0
Collector 2 6 4 16
Controller 3 7 4 16
Piping 4 8 4 16
Pump 5 4 -1 1
Tank 6 3 -3 9
Sensor 7 2 -5 25
Heat Transfer 8 5 -3 9

sum diff2 92  
rs -0.10

Critical value 5% 0.74

Rank comparison (pumped systems) Spearman Test

 
 
 
A definitive explanation for the difference is not readily apparent based on the details available 
in the datasets.  However, it is possible that certain system types, such as those with less rugged 
collectors or other fundamental flaws, might have biased the data 
 
Both of these datasets have information about the number of systems that were installed (see 
worksheets “Sacramento Hi lev sum” and “SWAP Hi level sum” in the database).  As a result, 
the proportion of total operational systems can be computed based on the samples.  As above, the 
95% confidence limits can be computed and these can be plotted and compared. 
 
Figure 9 shows a plot of the proportions of nonoperational systems taken from the respective 
SWAP and SMUD samples.  The three values, the lower 95% limit, the sample proportion, and 
the upper 95% limit are shown as a vertical line.  The large dot in the middle of the line is the 
computed proportion from the database.  The lines are color-coded to show the dataset origin.  
The confidence limits are large for the SWAP data because the sample size is relatively small, at 
least as compared with SMUD. 
 
As can be seen within the SWAP dataset, the differences between the proportions for the ICS 
and pumped systems appear to be statistically significant.  There are no thermosiphon system 
data in the SWAP dataset. 
 
Within the SMUD dataset, there appears to be no significant difference between the ICS and 
thermosiphon system.  However, there appears to be a significant difference between these two 
systems and the pumped systems. 
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Figure 9.  Proportion of Problematic Systems as a Percentage of 

 Total Installed (plus approximate 95% confidence limits). 

 
 
The results are reasonable and consistent with expectations.  Pumped systems have many more 
components that can potentially fail than do the ICS and thermosiphon systems, which are 
relatively simple. 
 
The difference between the proportion of nonoperating systems in the SWAP and SMUD 
datasets is very large and significant.  Some of this difference perhaps can be explained in that 
the SWAP dataset is based on a field survey of systems; thus every non-operational system is 
recorded in the data.  In the SMUD dataset, however, only systems that were identified by their 
owners as being nonoperational are recorded.  It is possible that many nonoperating systems 
existed in the field and are presumed operational by their absence in the dataset.  In any case, it 
appears that ICS and thermosiphon systems are much more likely to operate problem-free for at 
least 10 years than pumped systems. 
 
Contrasts with Other Information 
 
In 2005, Ron Richmond, then representing HECO, presented data at the Solar Power 2005 
meeting in Washington DC (Richmond 2005).  In that presentation he reported that over 27,000 
SHW systems had been installed on the Hawaiian Islands.  Richmond presented information that 
suggested warranty claims for these systems totaled to 158.  The reporting period for the 
information was 1996 to 2004, an eight-year span. 
 
Using these data, a failure rate of 0.6% is reported, far lower than what has been found in the 
SMUD and SWAP data; the SMUD and SWAP failure rates are at between 50 and 90 times 
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higher, respectively.  Some of this large disparity could be related to differences in collector 
types due to geographical conditions, as was discussed above relative to direct and indirect 
systems at SMUD and SWAP.  However, based on information available for this study, it is not 
possible to reconcile the differences between the HECO report and information derived from the 
SMUD and SWAP data.  It is an item of substantial curiosity and should be investigated further. 
 
Comparison of the ASU, FSEC, and NREL Survey Datasets 
 
Table 3 contains the summarized data from the three surveys.  Summary statistics are found in 
the last three rows.  Also included in the right-most column is the average problem allocation 
proportions from the “Combo hi level sum,” which reflects the average proportions from the 
three field datasets of SWAP, HECO, and SMUD. 
 

Table 3.  Summary of Estimates from NREL and ASU Surveys 

Component Mean Lifetime Estimates--Overall Averages

Component areas
NREL Average 

Life (years)
ASU Average 
Life (years)

FSEC Average 
Life (years)

Average of all 
Surveys

Allocation of 
problems SMUD 

SWAP HECO

Collector 22.5 20.2 26.0 22.9 16.8%
Controller 20.0 13.0 10.1 14.4 6.9%
Sensors 15.0 11.0 no data 13.0 15.0%
Tanks 18.5 10.5 9.7 12.9 11.1%
Pumps 9.5 9.0 10.9 9.8 10.7%
Heat Transfer 3.0 6.0 9.7 6.2 4.6%
Piping 7.0 11.3 20.0 12.8 4.4%
Valves 8.6 6.9 8.2 7.9 30.4%

Average life all components 13.0 11.0 13.5 12.5
Minimal life all components 3.0 6.0 8.2 6.2
Maximum life all components 22.5 20.2 26.0 22.9  

 
 
Figure 10 presents a plot of the results.  There are no data in the FSEC survey relating to sensors. 
 
While there is some consistency, there are some notable differences between the datasets.  In the 
FSEC survey, piping lifetime estimates are much higher than in the others.  This is probably due 
to how the questions were posed and how the results were consolidated.  In the FSEC survey, 
“piping” referred to the piping material itself, which is often made of metal and long-lived.  In 
the ASU and NREL surveys, piping insulation was noted as a separate item.  Insulation is 
relatively short-lived.  Both piping material and piping insulation were rolled up into the general 
category of “piping” in the database. 
 
The other significant differences involve the category of tanks and controllers, both of which are 
estimated to have much longer lives from the NREL survey than in the other two.  It is not clear 
how to explain these differences, but they are probably related to the problem just noted above. 
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Figure 10.  Comparison of Survey Results. 

 
It is important to note that each of these surveys was conducted with a different goal, using 
different techniques, a different industry representative sample, and different summary methods 
for the data.  Two of the surveys, ASU and FSEC, had limited or no documentation to describe 
how the surveys were designed and conducted.  Therefore, some differences are expected. 
 
The only common statistic among the surveys is the average lifetime, and even that is 
questionable because it is unclear that all the interviewees were trying to estimate service life, as 
was clearly the case in the NREL survey.  Without statistics about the distribution associated 
with the means, meaningful parametric tests for statistically significant differences are 
impossible. 
 
The Spearman Rank Correlation method, a nonparametric test described previously in this report, 
was applied to test the consistency of the rankings of life estimates between the three sources of 
data. 
 
From each source (NREL, ASU, and FSEC) the components were ordered according to their 
estimated lifetimes, as shown in Table 3.  Since the FSEC data did not contain a lifetime estimate 
for sensors, this component was ignored whenever the FSEC data were compared to the other 
two. 
 
The Spearman test was applied to the three sorted lists, each of which was gathered from a 
different industry survey source.  The null hypothesis is that there is no significant difference 
between any of the lists.  Three tests were conducted, covering every possible comparison among 
the three lists. 
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Tables 4a, 4b, and 4c contain the results.  The NREL and ASU data sets are the most closely 
correlated, but the Spearman coefficient (rs) is equal to the critical value.  The other two 
comparisons show almost no correlation.  When the three tests are considered in sum, and given 
that the NREL-ASU comparison did not technically exceed the critical, two-tailed value, the 
hypothesis is rejected for all of the datasets.  Therefore, it is probable that the three datasets have 
produced different results. 
 

Table 4.  Results of Spearman Test 

Component Rank (NREL) Rank (ASU) Difference Difference 2

Collector 1 1 0 0
Controller 2 2 0 0
Sensors 4 4 0 0
Tanks 3 5 2 4
Pumps 5 6 1 1
Heat Transfer 8 8 0 0
Piping 7 3 -4 16
Valves 6 7 1 1

Sum Difference2 22
rs 0.74

Critical value 5% 0.74

Component Rank (NREL) Rank (FSEC) Difference Difference 2

Collector 1 1 0 0
Controller 2 4 2 4
Tanks 3 6 3 9
Pumps 4 3 -1 1
Heat Transfer 7 5 -2 4
Piping 6 2 -4 16
Valves 5 7 2 4

Sum Difference2 38
rs 0.32

Critical value 5% 0.79

Component Rank (FSEC) Rank (ASU) Difference Difference 2

Collector 1 1 0 0
Controller 4 2 -2 4
Tanks 6 4 -2 4
Pumps 3 5 2 4
Heat Transfer 5 7 2 4
Piping 2 3 1 1
Valves 7 6 -1 1

Sum Difference2 18
rs 0.68

Critical value 5% 0.79

Rank comparison (FSEC v. ASU) Spearman Test

Rank comparison (NREL v. ASU) Spearman Test

Rank comparison (NREL v. FSEC) Spearman Test

 

(a) 

(b) 

(c) 
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The ASU survey produced some additional measures other than lifetimes.  These are plotted in 
Figure 11 for information only.  There is good consistency among these measures, as expected. 
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Figure 11.  Summary of ASU Estimates. 

 
 
Comparison of the Survey and Field Datasets 
 
The most interesting comparisons are between the survey datasets (ASU, FSEC, and NREL) and 
the field datasets (SWAP, HECO, and SMUD).  The groups are completely different, one 
presenting lifetime estimates from industry representatives and the other relating observed 
problems in the field.  Nonetheless, if they are all reflecting the truth about the population of 
SHW systems in existence, then some consistency should be evident. 
 
It is logical to believe that components with short estimated lives would be the same ones that 
would create problems in the field.  Long lifetimes would tend to be associated with fewer 
problems. 
 
Figure 12 shows this comparison graphically.  On the abscissa is listed the component categories.  
On the right ordinate is the percent of problems reported (also called the proportion of problems) 
and has its scale oriented in the normal matter with the lowest value at the bottom and increasing 
vertically.  On the left ordinate is the estimated mean lifetime (red line).  Note that it is in reverse 
orientation, with the largest value at the bottom and descending vertically, because a long 
lifetime is expected to be inversely related to the number of field problems. 
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Figure 12.  Comparison of Survey Results and Reported Problems. 

 
The plot shows little of the expected consistency.  For example, based on the surveys a collector 
has a long projected life and, therefore, is expected to be less problematic in the field.  But this is 
not what the field data show. 
 
Similarly, pumps, heat transfer, and piping are all inconsistent.  The surveys suggest all of these 
items have short lives, but the field data show them to be relatively nonproblematic in the field.  
Sensor, tanks, and especially valves show the expected trends. 
 
A way to compare these two basic sets of data is through a visual comparison after sorting, as 
was done in comparing the pumped systems between the SWAP and Sacramento datasets.  
Figure 13 shows the results.  The survey list in the left-most column was sorted in ascending 
order according to average lifetime estimates.  The field data on the right-most column were 
sorted in descending order according to the proportion of problems.  Except for valves, there is 
little of the consistency that was expected. 
 
The Spearman test was applied to the two sorted lists shown in Table 5.  As can be seen, the 
Spearman coefficient (rs) is far below the critical value and the hypothesis that there is no 
difference between the lists must be rejected.  In fact, the coefficient is so low that it is not 
unreasonable to assume that the difference is largely due to chance, that same kind of variance 
one might find had the ranks been arranged in a random fashion.  In total, these two sets of data 
appear to be producing different results that lead to different conclusions about component 
reliability. 
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NREL, ASU, 
FSEC

Sacramento, 
SWAP,HECO

Heat Transfer Valves
Valves Collector
Pumps Sensors
Piping Tanks
Tanks Pumps
Sensors Controller
Controller Heat Transfer
Collector Piping  

Figure 13.  Sorted Comparison. 

 
Table 5.  Spearman Test Applied to the Two Sorted Lists 

Component Lifetimes Problem Alloc. Difference Difference 2

Heat Transfer 1 7 6 36
Valves 2 1 -1 1
Pumps 3 5 2 4
Piping 4 8 4 16
Tanks 5 4 -1 1
Sensors 6 3 -3 9
Controller 7 6 -1 1
Collector 8 2 -6 36

Sum Difference2 104
rs -0.24

Critical Value 5% 0.74

Ranks (Life estimates v. problem allocation) Spearman Test

 
 
 
An explanation for these inconsistencies is reduced to speculation.  It is possible that the 
differences in the way that the data were recorded and rolled up have introduced noise and bias 
into the data.  Another possibility is that the estimates are wrong, perhaps for the reason that 
Hiller suggested (Hiller 2000).  Possibly the datasets are sufficiently different that they cannot be 
combined.  If that is true, their value is diminished because it cannot be known which of them is 
correct. 
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8. CONCLUSIONS AND RECOMMENDATIONS 
 
The following conclusions are drawn from the analysis above: 
 

• There are no known controlled, scientific studies about the reliability of fielded SHW 
systems.  All of the existing data are by-products resulting from existing installations. 

 
• Although the SRCC performs some initial durability tests as part of certification, there 

exists no long-term testing program for SHW system reliability.  It is believed that all 
collectors in this database received SRCC certification. 

 
• All of the existing data have been measured on systems built in the 1990s.  Presuming 

that systems improve over time, existing systems may be more reliable than what might 
be suggested by the data. 

 
• The largest dataset of field information is based on Sacramento installations. These data 

are based on detailed service records.  The Sacramento data indicated that about 16% of 
pumped systems had required service over a ten-year period.  Only around 7% of ICS and 
thermosiphon systems required servicing in that same ten-year period. 

 
• There are two potential biases in the Sacramento data.  First, some nonoperational 

systems may never have been identified for service, so these systems would be 
incorrectly presumed to be operational based on the absence of a record.  Second, a 
disproportionate number of failures from certain poor-quality systems could indicate 
more frequent problems than would normally exist. 

 
• The SWAP dataset is of very high quality because the data were based on field 

inspections of the-year-old systems.  The main drawback regarding this dataset is the 
small sample size. 

 
• The SWAP data showed that over 50% of pumped systems had serious operational 

problems after ten years; the large majority of them were not operating.  Only around 
20% of ICS and thermosiphon systems had experienced serious operational problems in 
the same ten-year period. 

 
• When compared, the SWAP and Sacramento data show a moderate amount of 

consistency in identifying problematic components.  It is possible, but difficult to 
confirm, that some of the inconsistency is due to differences in how certain components 
were identified and how the totals were rolled up into the summary worksheets in the 
database. 
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• There have been three good-quality surveys of experts to estimate the life and reliability 
of certain SHW components.  All of the studies have potential for bias and error because 
the estimates are based on human judgments.  Only the NREL study confirms that the 
lifetime estimates reflect “service life,” the most desirable statistic for reliability analysis. 

 
• As with the field data, the three surveys show a moderate amount of inconsistency 

relative to the lifetimes of SHW components.  These inconsistencies may relate to 
differences in how the survey questions were framed and posed and from the process of 
rolling up the data to the summary worksheets. 

 
• All of the data point to valves as being the most problematic component in a SHW 

pumped system.  In the field datasets, valves are responsible for over a third of the 
problems. 

 
• Based on the data, solar pool system failures are predominantly related to the collector. 

 
• As expected based on their simplicity, ICS and thermosiphon systems appear to 

experience the fewest field problems.  The difference between the proportion of failures 
in ICS and thermosiphon systems versus pumped systems is not statistically significant. 

 
• There exists a very significant difference between the proportion of SHW water systems 

that have failed on the Hawaiian Islands and that same estimate based on SWAP and 
SMUD data.  The Hawaiian failures are much smaller—by factors of 50 to 90 times—
than those based on the other datasets.  Due to lack of details, no possible explanation can 
be formulated. 

 
• There is notable discontinuity between the summaries of the field data and the survey 

data.  Admittedly, it is difficult and risky to compare these two very different types of 
data, one of which contains lifetime estimates and the other that contains records of field 
failures.  However, even with that uncertainty, it is reasonable to expect that components 
that have short lifetime estimates would fail more frequently in the field.  This is 
apparently not the case based on the database data. 
 

Each dataset is based on a unique set of assumptions and measures.  It is possible that the 
differences between them create sufficiently large variance so that a meaningful 
comparison is not possible. 

 
Based on this study, the following are recommended. 

1. The DOE, in cooperation with the SRCC (including its test labs) and the national labs, should 
design and implement a study of SHW reliability based on fielded systems.  Most 
importantly, the study should compute service life (as classically defined) so that specific 
recommendations can be formed to clearly identify problematic components and to suggest 
improvements.  MTBF values should be computed for all major components so that installers 
will have sound information to base selections about components and in determining 
warranty periods.   
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This study should be designed based on stratified sampling principles and sample sizes 
should be sufficiently large to produce statistics that are generally representative of the 
population.  The samples should include a sufficient random selection of various system 
types located in various geographical locations across the United States.  Stratified sampling 
involves ensuring that component subcategories are represented in the data.  For example, in 
the general category of “valve,” a “ball valve” is a subcategory, as is a “gate valve.”   
 

Field surveys of operating systems, such as was done in the SWAP program, is a good way 
to collect the required data.  These surveys could periodically review the status of a sample 
of systems throughout the country.  If properly designed, the data could produce information 
that would be useful to provide beneficial information.  The field survey program should also 
include some careful studies that will follow a sampling of fielded systems during their entire 
life cycle—installation to failure.   
 
All surveys should seek out and carefully record the history of each of the systems that is 
examined as well as the age of failed components. 
 

The resulting report should be widely disseminated. 

2. After the field study is completed and there exists some understanding of failure 
rates/mechanisms for components along with theories for failures, an accelerated testing 
program of existing product should commence, starting with the components with highest 
failure rates.  This testing could be done through a collaborative effort between DOE, the 
national labs, and SRCC. 
 

Accelerated testing is well established in the industry, especially among automobile and 
appliance manufacturers.  These tests involve rapid repetition of a condition that the tested 
article will experience more slowly over its life.  In a solar collector, this might involve 
rapidly cycling of pumps and valves and subjecting them to quickly changing environmental 
conditions, especially heat and cold.  Other similar tests can be configured for other 
components.  
 
After components fail during an accelerated test, a root-cause analysis should be conducted 
to determine cause and recommend improvements.  SNL is particularly adept at this kind of 
analysis due to its experience with weapon systems.  However, additional expertise could be 
provided by NREL and some universities.  The resulting information should be disseminated 
to component manufacturers and solar manufacturers and installers. 

3. Solar systems with pumps, valves, and controls are expected to fail one or more times during 
their >20-year lifetime and it is unrealistic to attempt to develop active solar systems that 
never fail.  However, as pointed out in the discussion, the solar-system owner will often not 
know the system has failed.  Simple and inexpensive methods for alerting the owner of 
nonoperation should be a feature of future residential SHW systems.  For example, for an 
indirect system with a solar storage tank, a simple audible alarm could be issued after the 
solar tank has been cold for a week.  Such alarms would reduce the system down time and 
could greatly increase the system availability.*** 

                                                 
***  Since Availability = Mean Time Between Failure/(Mean Time Between Failure + Mean Down Time), the shorter 

the Mean Down Time, the higher the availability.  To increase system availability, both Mean Time Between 
Failure and Mean Down Time must be addressed. 
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4. This report has shown the limited usefulness of reliability data derived from indirect 
measures, such as repair records.  In the future, these indirect measures could be more useful 
by simply implementing some quality control as they are being collected.  For example, the 
inclusion of the system description in the repair record would be easy to obtain and helpful 
when used in a reliability analysis.  Consistency is also a positive feature to improve data 
usefulness. 
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APPENDIX C.  Printed Copy of Database 
 

 
ASU Survey – Hi Level Summary 

Summary of Estimates
ASU survey, March 1988
24 participants in study

Component areas
First Failure 
(average yrs)

Lifetime         
(average yrs)

Reliability Index 
(average)

Collector 10.9 20.2 8.6
Controller 7.5 13.0 8.5
Sensors 5.5 11.0 7.5
Tanks 6.6 10.5 7.6
Pumps 6.0 9.0 7.5
Heat Transfer 4.0 6.0 6.0
Piping 8.5 11.3 6.5
Valves 4.7 6.9 6.2

Averages 6.7 11.0 7.3

Experience of Participants in Years
ICS 6
Drainback 14
Indirect Thermosiphon 0
Pool 2
Not Specified 7
Total 29

Survey Results Representing All System Types
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ASU Survey – Detailed 
Summary of Estimates
ASU survey, March 1988
24 participants in study

First Failure 
(ave yrs)

Lifetime
(ave yrs)

Reliability Index
(ave)

Collector 10.9 20.2 8.6
Passage blocked 11.0 19.0 9.0
Copper collector painted 10.0 18.5 8.5
Copper collector selective surface 10.5 21.0 9.0
Aluminum collector painted 7.5 17.0 7.5
Aluminum collector selective surface 6.5 17.0 8.0
Fluid passages 9.0 19.0 8.5
Collector cover 16.0 30.0 9.5
Collector enclosure 15.0 25.0 9.0
Collector gaskets 13.0 15.0 8.5

Controller 7.5 13.0 8.5

Sensors 5.5 11.0 7.5

Tanks 6.6 10.5 7.6
Solar storage tank glass 7.5 11.0 7.5
Solar storage tank steel 7.0 11.0 6.5
Solar storage tank thermostat 6.0 11.0 8.5
Expansion tank 6.0 9.0 8.0

Pumps 6.0 9.0 7.5
Horizontal shaft pumps 6.5 10.0 8.0
Vertical shart pumps 5.5 8.0 7.0

Heat Transfer 4.0 6.0 6.0
Glycol fluid 4.0 6.0 6.0

Piping 8.5 11.3 6.5
Piping insulation painted 8.0 8.0 9.0
Piping insulation w/AL tape 9.0 14.5 4.0
Piping insulation untreated 3.0 6.0 6.0

Valves 4.7 6.9 6.2
Valve, air vent 4.0 6.5 6.0
Valve, Draindown 3.5 6.0 5.5
Valve, spring check valve 5.0 7.5 6.5
Valve, flapper check valve 5.0 7.0 6.0
Valve, drain ball valve 7.0 8.5 8.0
Valve, vent 4.5 6.5 6.0
Valve, mix or tempering 3.5 5.5 4.5
Valve, P&T 4.5 7.0 6.5
Valve, pressure 5.5 8.0 7.0

Totals 6.7 11.0 7.3

Experience of Participants in Years
ICS 6
Drainback 14
Indirect Thermosiphon 0
Pool 2
Unknown 7
Total 29

Survey Results Representing All System Types
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FSEC Survey – Hi Level Summary 
 

Summary of Estimates
FSEC survey, March 1988
Five participants in study

Component areas
Lifetime         

(average yrs)

Collector 26.0
Controller 10.1
Sensors no data
Tanks 9.7
Pumps 10.9
Heat Transfer 9.7
Piping 20.0
Valves 8.2

Averages 13.5  
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FSEC Survey – Detailed 
 

DHW SYSTEM COMPONENT LIFETIME SURVEY
Survey of Industry conducted by John Harrison, Florida Solar Energy Center (1993)

Respondent: Type of industry Company A Company B Company C Company D Company E
activity (5 individual respondents) Distributor Manufacturer Manufacturer Installer Manufacturer

Installer Distributor Distributor
Installer Installer

COMPONENT AVERAGE
SYSTEM COMPONENT ANTICIPATED LIFETIME - IN YEARS AVERAGE BY CATEGORY

Flat Plate Collector 30 (20+) 30.0 30.0 40.0 15.0 29.0
ICS Collector 30.0 30.0 9 (8-10) 23.0 26.0

Pump DC 12.5 (10-15) 12.5 (10-15) 7.0 9 (3-15) 8.0 9.8
Pump AC 12.5 (10-15) 10 (8-12) 15.0 12.5 (10-15) 10.0 12.0 10.9

Storage Tank - Solar 12.5 (10-15) 9.5 (7-12) 8.5 (7-10) 7.5 (5-10) 9.0 9.4
Storage Tank - Conventional 12.5 (10-15) 9.5 (7-12) 8.5 (7-10) 7.5 (5-10) 9.0 9.4 9.4

Controller - Differential 9 (8-10) 7 (4-10) 10.0 6.5 (8-13) 12.0 8.9
Controller - PV 10.0 20.0 17.5 (15-20) 10+ 14.4
Controller - Timer 10.0 10.0 10.0 8.0 9.5
Controller - Snap Switch 7.0 8.0 7.5 10.1

Heat Exchanger (Internal) 12.5 (10-15) 10+ 8.0 10+ 10.1
Heat Exchanger (External) 15 (10-20) 10.0 10.0 10+ 9.0 10.8
Expansion Tank 7.5 (5-10) 10.0 7.0 7.5 (5-10) 10.0 8.4 9.7

Freeze Prevention Valves 4 (3-5) 3.0 5.0 5.0 4.3
Air Vent 4 (3-5) 3.5 (3-4) 7.0 5.0 8.0 5.5
Pressure/Temp Relief Valve 10.0 10 (1-10) 8.0 10.0 7.0 9.0
Pressure Relief Valve 10.0 10 (1-10) 20.0 10.0 8.0 11.6
Vacuum Breaker 4 (3-5) 6.5 (5-8) 5.0 5.0 15.0 7.1
Isolation Valve - Gate 9 (8-10) 0.5 3 (2-4) 10.0 5.6
Isolation Valve - Ball 15 (10-20) 12.5 (10-15) 10.0 12.5 (10-15) 15.0 13.0
Drain Valve 10.0 20.0 20.0 8.5 (7-10) 15.0 14.7
Check Valve - Vertical 6 (5-7) 6.5 (3-10) 2.0 5.0 10.0 5.9
Check Valve - Horizontal 6 (5-7) 6.5 (3-10) 1.0 2.0 10.0 5.1
Check Valve - Motorized 10+ 10.0 6 (5-7) 8.6 8.2

Piping - Copper 20+ 20+ 20.0 20+ 20+ 20.0 20.0
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NREL Survey – Hi Level Summary 
 

Summary of Estimates
NREL Survey of Installers
Component Mean Lifetime Estimates--Overall Averages

Component areas Average years

Collector 22.5
Controller 20.0
Sensors 15.0
Tanks 18.5
Pumps 9.5
Heat Transfer 3.0
Piping 7.0
Valves 8.6
Averages  
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NREL Survey – Detailed 
 

NREL Survey of Sacramento Contractors 1994
Data as presented in draft NREL report

Component Low2 High3 Average Low2 High3 Average
Overall 
Average

Collector
  Glass cover 30 60 45 30 60 45 45
  Polycarbonate cover 5 20 12.5 5 20 12.5 12.5
  Plastic films (Tedlar) 5 20 12.5 5 20 12.5 12.5
  Copper absorber 20 60 40 10 30 20 30
  EPDM absorber 5 20 12.5 5 20 12.5 12.5
  Glycol fluid (heat transfer) 5 10 7.5 3 6 4.5 6

Tanks
  Glass-lined 8 25 16.5 5 20 12.5 14.5
  Polypropylene (unpress.) 20 40 30 10 20 15 22.5
  
Pumps 5 20 12.5 3 10 6.5 9.5

Controller
  Current models 10 30 20 10 30 20 20
  Sensors 10 20 15 10 20 15 15

Loop regulation (valves)
  Mixing valve, no trap 3 7 5 2 5 3.5 4.25
  Mixing valve, trapped 5 30 17.5 5 10 7.5 12.5
  Check valves 10 40 25 5 10 7.5 16.25
  Vent valve 3 8 5.5 2 6 4 4.75
  Vacuum relief 3 10 6.5 2 6 4 5.25
  Draindown valve 3 9 6 2 6 4 5
  Expansion tank 5 20 12.5 2 6 4 8.25
  Pressure relief valve 10 25 17.5 4 12 8 12.75

Pipe insulation
  painted 2 8 5 2 8 5 5
  aluminum tape 8 10 9 8 10 9 9

Notes:
1) Mean lifetime: Defined as the time for 50% of the population of operating units to fail.
2) Low: lowest estimate provided by contractors.
3) High: highest estimate provided by contractors.

Best Conditions (i.e., properly 
installed & maintained)

Worst Conditions (i.e., poor 
water qual, over temp)

Component Mean Lifetime1 Estimates
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Combo – Hi Level Summary 
 

Combined SWAP/HECO/Sacramento High Level Summary of Problems

ICS Pumped Thermo PV control Pool Unknown Totals

Problem areas
Collector problems 27 56 6 1 82 71 243
Controller problems 0 55 0 1 17 26 99
Sensor Problems 0 112 1 1 26 77 217
Tank Problems 0 76 11 0 0 74 161
Pump Problems 0 79 0 2 6 68 155
Heat Transfer Problems 0 48 3 0 1 14 66
Piping problems 1 39 2 0 1 21 64
Valve Problems 7 200 28 3 40 161 439
Totals 35 665 51 8 173 512 1444

Problem areas
Collector problems 77.1% 8.4% 11.8% 12.5% 47.4% 13.9% 16.8%
Controller problems 0.0% 8.3% 0.0% 12.5% 9.8% 5.1% 6.9%
Sensor Problems 0.0% 16.8% 2.0% 12.5% 15.0% 15.0% 15.0%
Tank Problems 0.0% 11.4% 21.6% 0.0% 0.0% 14.5% 11.1%
Pump Problems 0.0% 11.9% 0.0% 25.0% 3.5% 13.3% 10.7%
Heat Transfer Problems 0.0% 7.2% 5.9% 0.0% 0.6% 2.7% 4.6%
Piping problems 2.9% 5.9% 3.9% 0.0% 0.6% 4.1% 4.4%
Valve Problems 20.0% 30.1% 54.9% 37.5% 23.1% 31.4% 30.4%
Totals 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

SYSTEM TYPE

TOTAL REPORTED PROBLEMS

PROBLEMS AS A PERCENTAGE OF TOTAL
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SWAP – Hi Level Summary 
 

SWAP High Level Summary of Problems

Installations, 1993-1997; 
Inspections in 2003 ICS Pumped1 Thermo PV control Pool Unknown Totals
Total Installed systems 393 406 2 no data 0 0 801
Total attempted inspections 80 81 8 169
Total actual inspections 76 67 8 151
Total operational systems 62 32 6 100
Total non-operational systems 14 35 2 51
Percent of operational systems 81.6% 47.8% 75.0% 66.2%
Sample proportion of problems relative 
to total inspected 18.4% 52.2% 25.0%
Lower 95% confidence limits on 
proportion 8.0% 37.0% 8.0%
Upper 95% confidence limits on 
proportion 24.0% 65.0% 48.0%

Problem areas
Collector problems 14 16 0 30
Controller problems 0 11 0 11
Sensor Problems 0 1 0 1
Tank Problems 0 2 0 2
Pump Problems 0 4 1 5
Heat Transfer Problems 0 0 0 0
Piping problems 1 5 0 6
Valve Problems 6 32 2 40
Totals 21 71 3 95

Problems per inpected system 3.6 0.9 2.7 1.6

Problem areas
Collector problems 66.7% 22.5% 0.0% 31.6%
Controller problems 0.0% 15.5% 0.0% 11.6%
Sensor Problems 0.0% 1.4% 0.0% 1.1%
Tank Problems 0.0% 2.8% 0.0% 2.1%
Pump Problems 0.0% 5.6% 33.3% 5.3%
Heat Transfer Problems 0.0% 0.0% 0.0% 0.0%
Piping problems 4.8% 7.0% 0.0% 6.3%
Valve Problems 28.6% 45.1% 66.7% 42.1%
Totals 100.0% 100.0% 100.0% 100.0%

ICS Pumped1 Thermo PV control Pool Unknown Totals
NUMBER OF SYSTEMS INSTALLED 393 406 2 801

Notes:
1. An undetermined number of these were PV control systems.

SWAP
Upper 95% confidence limit 24.0% 65.0%
Lower 95% confidence limits 8.0% 37.0%
Proporation of problems as % installed 18.4% 52.2%

SYSTEM TYPE

TOTAL REPORTED PROBLEMS FOR ALL INSPECTIONS

PROBLEMS AS A PERCENTAGE OF TOTAL

Total Installed Systems
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SWAP – Mid Level Summary 
 

Summary of Problems
SWAP Installs, 1993-1997; 200 inspects ICS Direct circ Thermo PV control Pool Unknown Totals
SYSTEMS INSTALLED 393 406 2
INSPECTED SYSTEMS W/PROBLEMS 73 68 0 8 0 0 149

Collector problems 14 16 0 0 0 0 30
Faulty Collector Problem Totals 9 16 0 0 0 0 25
Collector Mounting Problem Totals 5 0 0 0 0 0 5

Controller problems 0 11 0 0 0 0 11
Diff Controller problem Totals 0 7 0 0 0 0 7
PV Controller  problem Totals 0 0 0 0 0 0 0
Timer Controller problem Totals 0 4 0 0 0 0 4

Sensor Problems 0 1 0 0 0 0 1
Sensor failure Totals 0 1 0 0 0 0 1
Sensor wiring problem Totals 0 0 0 0 0 0 0

Tank Problems 0 2 0 0 0 0 2
Solar Storage Water Heater problem Totals 0 2 0 0 0 0 2
Electric Auxiliary Water Heater problem 0 0 0 0 0 0 0
Gas Auxiliary Water Heater problem totals 0 0 0 0 0 0 0
Drainback tank problem totals 0 0 0 0 0 0 0

Pump Problems 0 4 0 1 0 0 5
Pumps problem totals 0 4 0 1 0 0 5

Heat Transfer Problems 0 0 0 0 0 0 0
Heat exchanger problem Totals 0 0 0 0 0 0 0
Heat transfer fluid problem Totals 0 0 0 0 0 0 0

Piping problems 1 5 0 0 0 0 6
Piping problems Totals 1 5 0 0 0 0 6
Insulation exterior problem Totals 0 0 0 0 0 0 0

Valve Problems 6 32 0 2 0 0 40
Valve, air vent problem totals 0 14 0 1 0 0 15
Valve, automatic draindown Totals 0 0 0 0 0 0 0
Valve, anti-scald problem Totals 0 8 0 0 0 0 8
Valve, check problem Totals 0 2 0 0 0 0 2
Valve, fill drain problem Totals 0 0 0 0 0 0 0
Valve, freeze Totals 6 5 0 0 0 0 11
Valve, isolation and supply Totals 0 0 0 0 0 0 0
Valve, mixing/temp problem Totals 0 1 0 0 0 0 1
Valve T&P collector loop problem Totals 0 2 0 1 0 0 3
Valve, Vacuum breaker problem Totals 0 0 0 0 0 0 0

Totals 21 71 0 3 0 0 95

SYSTEM TYPE
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SWAP – Detailed Summary 
 

Detailed Summary of Problems
SWAP, 1993-1997; 200 Inspections 2003-2004 ICS Pumped Thermo PV control Pool Unknown Totals
SYSTEMS INSTALLED 393 406 2
INSPECTED SYSTEMS W/PROBLEMS 73 68 8 149

Collector Problem Totals 9 16 0 0 0 0 25
  -defective collector 0
  -leaking 8 5 13
  -leaking (source unknown) 0
  -header tubes leaking 0
  -header tube leaking 3 3
  -riser to header connection leaking 0
  -riser tubes leaking 0
  -leaking due to freeze damage 1 1
  -glazing is broken 0
  -O-rings defective 0
  -plug on pool panel defective 0
  -panels blew off roof 0
  -enclosure structural problem 0
  -no fluid flow in collector 0
  -glazing extremely dirty 0
  -structural damage to roof from collector leak 0
  -collector bypassed 0
  -collector removed for re roofing 0
  -collector removed permanently 1 6 7
  -unknown problem 1 1

Collector Mounting Problem Totals 5 0 0 0 0 0 5
  -collector not firmly attached to roof 0
  -defective mounting 1 1
  -mounting bolts not secured 0
  -improper structural mounting method 1 1
  -improper roof flashing used 0
  -flashing not sealed 0
  -roof penetration not sealed 1 1
  -leak at mounting points 1 1
  -collector not tilted for drainage 0
  -improper orientation (azimuth) 1 1
  -unknown problem 0

Diff Controller problem Totals 0 7 0 0 0 0 7
  -defective controller 6 6
  -switch on "on" position 0
  -high temp limit setting inaccurate 0
  -loose connections at sensor terminal 0
  -improperly programmed 0
  -controller stays on all the time 0
  -controller  operates only in manual mode 0
  -system shuts off at wrong high limit or runs continus 0
  -no power to the controller 1 1
  -unknown problem 0

System Type
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Detailed Summary of Problems
SWAP, 1993-1997; 200 Inspections 2003-2004 ICS Pumped Thermo PV control Pool Unknown Totals

PV Controller  problem Totals 0 0 0 0 0 0 0
  -pv module shaded 0
  -pv module too small for head 0

Timer Controller problem Totals 0 4 0 0 0 0 4
  -defective timer 4 4
  -wrong on/off time 0
  -current time incorrect 0
  -unplugged from power source 0

Sensor failure Totals 0 1 0 0 0 0 1
  -defective sensor 0
  -defective collector sensor 0
  -defective tank sensor 0
  -collector sensor not properly attached/secured 0
  -tank sensor not properly attached/secured 0
  -improper connection method 0
  -improper mounting location (collector) 0
  -sensor not protected from environment 1 1
  -sensor not installed (required) 0
  -sensor and controller not compatible 0
  -defective snap switch 0
  -unknown problem 0
  -defective temp gauge 0
  -leaking at body of gauge 0
  -defective transformer 0

Sensor wiring problem Totals 0 0 0 0 0 0 0
  -defective sensor wiring 0
  -defective wire connections 0
  -open collector sensor wiring 0
  -shorted collector sensor wiring 0
  -open water heater sensor wiring 0
  -shorted water heater sensor wiring 0
  -sensor wires reversed 0
  -sensor wire run not secured 0
  -sensor wires not connected 0
  -sensor wires crimped 0
  -sensor wires chaffed from obstructions 0
  -wiring insulation chewed off by rodents 0
  -line cord problem 0
  -roof wiring penetrations not sealed properly 0
  -unknown problem 0

Solar Storage Water Heater problem Totals 0 2 0 0 0 0 2
  -defective water heater 1 1
  -tank fitting leak 0
  -internal tank leak 0
  -thermosiphon tank leak 0
  -defective element 0
  -defective thermostat 0
  -defective thermostat wiring 0
  -thermostat set too low 1 1
  -thermostat tripped (overheating) 0
  -voltage to water heater inadequate 0
  -defective circuit breaker 0
  -thermosiphon  tank shell coming apart 0
  -tank outer shell cracked 0
  -white deposits in storage tank 0
  -solar blocked from tank bottom calcification 0
  -unknown problem 0

System Type
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Detailed Summary of Problems
SWAP, 1993-1997; 200 Inspections 2003-2004 ICS Pumped Thermo PV control Pool Unknown Totals

Electric Auxiliary Water Heater problem 0 0 0 0 0 0 0
  -defective tank 0
  -internal tank leak 0
  -defective element 0
  -leak at element bolt 0
  -defective thermostat 0
  -thermostat tripped 0
  -upper thermostat set too low 0
  -lower thermostat set too low 0
  -no electrical power to tank 0
  -old water heater in efficient without solar 0
  -not properly insulated 0
  -unknown problem 0

Gas Auxiliary Water Heater problem totals 0 0 0 0 0 0 0
  -defective tank 0
  -internal tank leak 0
  -defective thermocouple 0
  -loose thermocouple connection 0
  -failure to ignite 0
  -pilot light off 0
  -pilot valve defective 0
  -unknown problem 0

Drainback tank problem totals 0 0 0 0 0 0 0
  -defective tank 0
  -tank leaks 0
  -level indicator leaks 0
  -tank is empty of fluid 0
  -tank water level low 0
  -improper fluid level 0
  -tank overfilled 0
  -unknown problem 0
  -expansion tank problem 0

Pumps problem totals 0 4 0 1 0 0 5
  -pump failure 3 1 4
  -defective pump 0
  -defective rotor 0
  -defective gasket 0
  -motor failure 0
  -defective capacitor 0
  -replaced cartridge 0
  -bearing dry (need lubrication) 0
  -leak in pump 1 1
  -leak at pump connections 0
  -loose pump mounting flanges 0
  -air trapped in pump 0
  -improperly installed 0
  -required pump not installed 0
  -unknown problem 0
  -stuck shaft, impeller, or coupling 0
  -pressure problem 0
  -no pressure 0
  -no collector loop pressure 0
  -pressure too high, pool sweep runs with solar on 0

System Type
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Detailed Summary of Problems
SWAP, 1993-1997; 200 Inspections 2003-2004 ICS Pumped Thermo PV control Pool Unknown Totals

Heat exchanger problem Totals 0 0 0 0 0 0 0
  -heat exchanger leak 0
  -inefficient due to clogging 0
  -isolated from system 0
  -defective heat exchanger 0
  -air in heat exchanger 0
  -unknown problem 0

Heat transfer fluid problem Totals 0 0 0 0 0 0 0
  -insufficient glycol mixture 0
  -loss of chemical stability 0
  -loss of fluid due to a leak 0
  -fluid level low 0
  -no fluid in system 0
  -low pressure in loop 0
  -no pressure in heat transfer loop 0
  -recharge of fluid required 0
  -wrong type of glycol used 0

Piping problems Totals 1 5 0 0 0 0 6
  -entrapped air 0
  -leak in piping 1 1
  -leak at roof piping penetration 1 4 5

Insulation exterior problem Totals 0 0 0 0 0 0 0
  -defective insulation 0
  -insulation deteriorating (non UV) 0
  -uv protective foil tape deteriorating 0
  -new insulation needed 0
  -animals destroying insulation 0
  -wrong type (foam/plastic) insulation used 0
  -not used (required) 0

Valve, air vent problem totals 0 14 0 1 0 0 15
  -defective air vent 14 1 15
  -internal leak 0
  -air in hot water line 0
  -needs air vent 0
  -leak at plumbing fitting 0
  -not operating (air in system) 0
  -not installed (required) 0
  -inoperative due to freeze 0
  -unknown problem 0

Valve, automatic draindown Totals 0 0 0 0 0 0 0
  -valve defective 0
  -does not open or close fully 0
  -valve stuck in drain position 0
  -valve stuck in fill position 0
  -o-rings defective 0
  -noisy operation 0
  -unknown problem 0

Valve, anti-scald problem Totals 0 8 0 0 0 0 8
  -defective valve 8 8
  -needs internal rebuilding 0
  -unknown problem 0

System Type
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Detailed Summary of Problems
SWAP, 1993-1997; 200 Inspections 2003-2004 ICS Pumped Thermo PV control Pool Unknown Totals
Valve, check problem Totals 0 2 0 0 0 0 2
  -defective valve 2 2
  -leaking 0
  -valve stuck open - internal leak 0
  -not installed (required) 0
  -unknown problem 0

Valve, fill drain problem Totals 0 0 0 0 0 0 0
  -valve defective 0
  -internal leak at seals 0
  -packing nuts loose 0
  -not installed (required) 0
  -unknown problem 0

Valve, freeze Totals 6 5 0 0 0 0 11
  -valve defective 1 5 6
  -valve leaking 5 5
  -freeze plug problem 0
  -unknown problem 0

Valve, isolation and supply Totals 0 0 0 0 0 0 0
  -defective valve 0
  -leak at seats 0
  -improper setting (position) 0
  -not installed (required) 0
  -defective motorized pool valve 0
  -isolation valve not sealing completely 0
  -unknown problem 0
  -internal leak at seal 0

Valve, mixing/temp problem Totals 0 1 0 0 0 0 1
  -defective valve 1 1
  -leaking 0
  -needs internal rebuilding 0
  -improper temperature setting 0
  -loose packing nut 0
  -stuck due to deposits 0
  -required - due to water being too hot 0
  -unknown problem 0

Valve T&P collector loop problem Totals 0 2 0 1 0 0 3
  -defective collector valve 2 1 3
  -leaking collector valve 0
  -discharge not routed to proper location 0
  -leaking at port - did not reseal after opening 0
  -unknown problem 0
  -defective water heater valve 0
  -internal leak on water heater valve 0

Valve, Vacuum breaker problem Totals 0 0 0 0 0 0 0
  -defective valve 0
  -leaking 0
  -valve has been plugged 0
  -unknown problem 0

Summary 21 71 0 3 0 0 95
Checksum 95

System Type
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HECO Presentation 
 

HECO Summary Information
Presented by Ron Richmond at Solar Power Meeting 2005, Washington DC

Estimated 
Life (yrs)

Warranty 
(yrs) Claims

Collectors    >20   5 & 10 <0.1%
Tanks    >15 5 <1.5%
AC pumps    >10   1 & 1.5 <1.0%
DC pumps      >5 1 <3.0%
Controllers    >10 10 <1.0%

  Equipment 
installed Claims

Warranty 
rate

Collectors ~40,000 63 0.16%
Tanks ~27,000 21 0.08%
Pumps ~27,000 38 0.14%
Controllers ~25,000 36 0.14%

Estimated 
total 
installations 27000
Total claims 158
Warranty rate 0.6%

Preliminary Research Estimates 1995

Actual Warranty Claims (1996-2004)
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HECO – Hi Level Summary 
 

HECO High Level Summary of Problems
HECO Oahu records,                  1996-

1999
ICS Direct circ Thermo PV control Pool Unknown Totals

Total Installed unknown unknown unknown unknown unknown unknown unknown
Service Calls 9 2 8 19
Calls as Percentage of total 47.4% 10.5% 42.1% 100.0%

Problem areas
Collector problems 0 0 0 0 0 0 0
Controller problems 0 8 0 0 0 1 9
Sensor Problems 0 0 0 1 0 1 2
Tank Problems 0 0 0 0 0 0 0
Pump Problems 0 1 0 1 0 0 2
Heat Transfer Problems 0 0 0 0 0 0 0
Piping problems 0 0 0 0 0 0 0
Valve Problems 0 0 0 0 0 6 6
Totals 0 9 0 2 0 8 19

Problems per service call 1.0 1.0 1.0 1.0

Problem areas
Collector problems 0.0% 0.0% 0.0% 0.0%
Controller problems 88.9% 0.0% 12.5% 47.4%
Sensor Problems 0.0% 50.0% 12.5% 10.5%
Tank Problems 0.0% 0.0% 0.0% 0.0%
Pump Problems 11.1% 50.0% 0.0% 10.5%
Heat Transfer Problems 0.0% 0.0% 0.0% 0.0%
Piping problems 0.0% 0.0% 0.0% 0.0%
Valve Problems 0.0% 0.0% 75.0% 31.6%
Totals 100.0% 100.0% 100.0% 100.0%

SYSTEM TYPE

TOTAL REPORTED PROBLEMS

PROBLEMS AS A PERCENTAGE OF TOTAL
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HECO – Mid Level Summary 
 

Summary of Problems
HECO records, 1996-1999 ICS Pumped Thermo PV control Pool Unknown Totals
TOTAL INSTALLED
SERVICE CALLS 9 2 8 19

Collector problems 0 0 0 0 0 0 0
Faulty Collector Problem Totals 0 0 0 0 0 0 0
Collector Mounting Problem Totals 0 0 0 0 0 0 0

Controller problems 0 8 0 0 0 1 9
Diff Controller problem Totals 0 7 0 0 0 1 8
PV Controller  problem Totals 0 0 0 0 0 0 0
Timer Controller problem Totals 0 1 0 0 0 0 1

Sensor Problems 0 0 0 1 0 1 2
Sensor failure Totals 0 0 0 0 0 1 1
Sensor wiring problem Totals 0 0 0 1 0 0 1

Tank Problems 0 0 0 0 0 0 0
Solar Storage Water Heater problem Totals 0 0 0 0 0 0 0
Electric Auxiliary Water Heater problem 0 0 0 0 0 0 0
Gas Auxiliary Water Heater problem totals 0 0 0 0 0 0 0
Drainback tank problem totals 0 0 0 0 0 0 0

Pump Problems 0 1 0 1 0 0 2
Pumps problem totals 0 1 0 1 0 0 2

Heat Transfer Problems 0 0 0 0 0 0 0
Heat exchanger problem Totals 0 0 0 0 0 0 0
Heat transfer fluid problem Totals 0 0 0 0 0 0 0

Piping problems 0 0 0 0 0 0 0
Piping problems Totals 0 0 0 0 0 0 0
Insulation exterior problem Totals 0 0 0 0 0 0 0

Valve Problems 0 0 0 0 0 6 6
Valve, air vent problem totals 0 0 0 0 0 1 1
Valve, automatic draindown Totals 0 0 0 0 0 0 0
Valve, anti-scald problem Totals 0 0 0 0 0 0 0
Valve, check problem Totals 0 0 0 0 0 1 1
Valve, fill drain problem Totals 0 0 0 0 0 0 0
Valve, freeze Totals 0 0 0 0 0 0 0
Valve, isolation and supply Totals 0 0 0 0 0 0 0
Valve, mixing/temp problem Totals 0 0 0 0 0 0 0
Valve T&P collector loop problem Totals 0 0 0 0 0 4 4
Valve, Vacuum breaker problem Totals 0 0 0 0 0 0 0

Totals 0 9 0 2 0 8 19

SYSTEM TYPE
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Sacramento – Hi Level Summary 
 

Detailed Summary of Problems
Sacramento Data

ICS Pumped Thermo PV control Pool Unknown Totals
Total Installations 423 1889 907 unknown unknown unknown 3219
Percent of total installations 13.1% 58.7% 28.2%

Service Calls 31 298 61 3 242 495 1130
Proporation of problems as % of total 
installed 7.3% 15.8% 6.7%
Lower 95% confidence limits for 
proportion 5% 14% 5%
Upper 95% confidence limit for 
proportion 9% 17% 8%
Percent of total service calls 2.7% 26.4% 5.4% 0.3% 21.4% 43.8% 100.0%

Problem areas
Collector problems 13 40 6 1 82 71 213
Controller problems 0 36 0 1 17 25 79
Sensor Problems 0 111 1 0 26 76 214
Tank Problems 0 74 11 0 0 74 159
Pump Problems 0 74 0 0 6 68 148
Heat Transfer Problems 0 48 3 0 1 14 66
Piping problems 0 34 2 0 1 21 58
Valve Problems 1 168 28 1 40 155 393
Totals 14 585 51 3 173 504 1330

Problems per service call 0.5 2.0 0.8 1.0 0.7 1.0 1.2
Percent of problem per total installed 3.3% 31.0% 5.6%

Problem areas
Collector problems 92.9% 6.8% 11.8% 33.3% 47.4% 14.1% 16.0%
Controller problems 0.0% 6.2% 0.0% 33.3% 9.8% 5.0% 5.9%
Sensor Problems 0.0% 19.0% 2.0% 0.0% 15.0% 15.1% 16.1%
Tank Problems 0.0% 12.6% 21.6% 0.0% 0.0% 14.7% 12.0%
Pump Problems 0.0% 12.6% 0.0% 0.0% 3.5% 13.5% 11.1%
Heat Transfer Problems 0.0% 8.2% 5.9% 0.0% 0.6% 2.8% 5.0%
Piping problems 0.0% 5.8% 3.9% 0.0% 0.6% 4.2% 4.4%
Valve Problems 7.1% 28.7% 54.9% 33.3% 23.1% 30.8% 29.5%
Totals 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

Notes:
1 Includes only ICS, Pumped and Thermosiphon totals

System Type

TOTAL REPORTED PROBLEMS

PROBLEMS AS A PERCENTAGE OF TOTAL

MurraySMUD
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Sacramento – Mid Level Summary 
 

Detailed Summary of Problems
Sacramento Data

ICS Pumped Thermo PV control Pool Unknown Totals
TOTAL INSTALLED 423 1889 907 unknown unknown unknown
SERVICE CALLS 31 298 61 3 242 495 1130

Collector problems 13 40 6 1 82 71 213
Faulty Collector Problem Totals 11 28 2 1 62 59 163
Collector Mounting Problem Totals 2 12 4 0 20 12 50

Controller problems 0 36 0 1 17 25 79
Diff Controller problem Totals 0 29 0 0 16 23 68
PV Controller  problem Totals 0 0 0 1 0 1 2
Timer Controller problem Totals 0 7 0 0 1 1 9

Sensor Problems 0 111 1 0 26 76 214
Sensor failure Totals 0 82 1 0 19 54 156
Sensor wiring problem Totals 0 29 0 0 7 22 58

Tank Problems 0 74 11 0 0 74 159
Solar Storage Water Heater problem Totals 0 30 9 0 0 50 89
Electric Auxiliary Water Heater problem 0 27 1 0 0 7 35
Gas Auxiliary Water Heater problem totals 0 1 1 0 0 14 16
Drainback tank problem totals 0 16 0 0 0 3 19

Pump Problems 0 74 0 0 6 68 148
Pumps AC problem totals 0 74 0 0 6 68 148

Heat Transfer Problems 0 48 3 0 1 14 66
Heat exchanger problem Totals 0 9 0 0 0 2 11
Heat transfer fluid problem Totals 0 39 3 0 1 12 55

Piping problems 0 34 2 0 1 21 58
Piping problems Totals 0 1 0 0 1 2 4
Insulation exterior problem Totals 0 33 2 0 0 19 54

Valve Problems 1 168 28 1 40 155 393
Valve, air vent problem totals 0 14 0 0 0 44 58
Valve, automatic draindown Totals 0 72 0 0 0 9 81
Valve, anti-scald problem Totals 0 1 0 0 0 2 3
Valve, check problem Totals 0 8 0 0 7 8 23
Valve, fill drain problem Totals 1 8 0 0 2 4 15
Valve, freeze Totals 0 1 8 1 1 18 29
Valve, isolation and supply Totals 0 6 0 0 30 20 56
Valve, mixing/temp problem Totals 0 46 5 0 0 24 75
Valve T&P collector loop problem Totals 0 7 7 0 0 15 29
Valve, Vacuum breaker problem Totals 0 5 8 0 0 11 24

Totals 14 585 51 3 173 504 1330

System Type
SMUD Murray
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Sacramento – Detailed Summary 
 

Detailed Summary of Problems
Sacramento Data

Bergquam and Murray records, 1991-1999, SMUD ICS Pumped Thermo PV control Pool Unknown Totals
TOTAL INSTALLED 423 1889 907 unknown unknown unknown 3219
 SERVICE CALLS 31 298 61 3 242 495 1130

Collector Problem Totals 11 28 2 1 62 59 163
  -defective collector 1 3 0 6 2 12
  -leaking 1 0 1 2
  -leaking (source unknown) 2 6 0 1 24 13 46
  -header tubes leaking 0 0 3 3 6
  -header tube leaking 0 1 1
  -riser to header connection leaking 8 0 8
  -riser tubes leaking 0 0 3 2 5
  -leaking due to freeze damage 2 3 0 6 20 31
  -glazing is broken 5 3 0 3 11
  -O-rings defective 0 1 8 1 10
  -plug on pool panel defective 0 0 2 2
  -panels blew off roof 0 0 1 1
  -enclosure structural problem 2 0 1 3
  -no fluid flow in collector 2 0 2
  -glazing extremely dirty 0 0 2 2
  -structural damage to roof from collector leak 0 0 1 1
  -collector bypassed 0 0 1 1
  -collector removed for re roofing 1 0 0 2 3 6
  -collector removed permanently 0 0 1 1 2
  -unknown problem 0 0 5 6 11

Collector Mounting Problem Totals 2 12 4 0 20 12 50
  -collector not firmly attached to roof 1 0 5 6
  -defective mounting 1 4 0 10 4 19
  -mounting bolts not secured 1 1 2
  -improper structural mounting method 2 0 1 1 4
  -improper roof flashing used 1 0 1 2
  -flashing not sealed 1 1 1 1 4
  -roof penetration not sealed 0 0 1 3 4
  -leak at mounting points 1 2 1 4
  -collector not tilted for drainage 0 0 1 1
  -improper orientation (azimuth) 1 0 1
  -unknown problem 0 0 3 3

Diff Controller problem Totals 0 29 0 0 16 23 68
  -defective controller 23 0 10 16 49
  -switch on "on" position 1 0 1
  -high temp limit setting inaccurate 0 0 1 1
  -loose connections at sensor terminal 0 0 1 1
  -improperly programmed 0 0 2 2
  -controller stays on all the time 0 0 1 1
  -controller  operates only in manual mode 1 0 2 3
  -system shuts off at wrong high limit or runs continus 1 0 1 2
  -no power to the controller 2 0 2
  -unknown problem 1 0 4 1 6

PV Controller  problem Totals 0 0 0 1 0 1 2
  -pv module shaded 0 0 1 1
  -pv module too small for head 0 0 1 1

System Type
MurraySMUD
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Sacramento Data

Bergquam and Murray records, 1991-1999, SMUD ICS Pumped Thermo PV control Pool Unknown Totals
Timer Controller problem Totals 0 7 0 0 1 1 9
  -defective timer 2 0 1 3
  -wrong on/off time 0 0 1 1
  -current time incorrect 4 0 4
  -unplugged from power source 1 0 1

Sensor failure Totals 0 82 1 0 19 54 156
  -defective sensor 11 0 8 30 49
  -defective collector sensor 30 0 2 7 39
  -defective tank sensor 11 0 1 1 13
  -collector sensor not properly attached/secured 5 0 1 6
  -tank sensor not properly attached/secured 2 0 2
  -improper connection method 2 0 5 7
  -improper mounting location (collector) 0 0 5 3 8
  -sensor not protected from environment 2 0 1 3 6
  -sensor not installed (required) 1 0 1 2
  -sensor and controller not compatible 0 0 1 1
  -defective snap switch 0 0 1 1
  -unknown problem 2 0 1 3
  -defective temp gauge 1 1 2
  -leaking at body of gauge 0 0 1 1
  -defective transformer 15 0 1 16

Sensor wiring problem Totals 0 29 0 0 7 22 58
  -defective sensor wiring 7 0 2 9 18
  -defective wire connections 7 0 1 1 9
  -open collector sensor wiring 2 0 2
  -shorted collector sensor wiring 4 0 1 5
  -open water heater sensor wiring 1 0 1
  -shorted water heater sensor wiring 2 0 2
  -sensor wires reversed 3 0 1 4
  -sensor wire run not secured 1 0 1 2
  -sensor wires not connected 0 0 1 1 2
  -sensor wires crimped 0 0 1 1
  -sensor wires chaffed from obstructions 0 0 1 1
  -wiring insulation chewed off by rodents 1 0 1
  -line cord problem 0 0 1 1
  -roof wiring penetrations not sealed properly 0 0 1 1
  -unknown problem 1 0 1 6 8

Solar Storage Water Heater problem Totals 0 30 9 0 0 50 89
  -defective water heater 3 0 5 8
  -tank fitting leak 10 2 7 19
  -internal tank leak 3 0 8 11
  -thermosiphon tank leak 0 1 1
  -defective element 5 2 9 16
  -defective thermostat 2 2 4 8
  -defective thermostat wiring 0 0 1 1
  -thermostat set too low 2 0 2
  -thermostat tripped (overheating) 1 0 5 6
  -voltage to water heater inadequate 0 0 1 1
  -defective circuit breaker 0 0 1 1
  -thermosiphon  tank shell coming apart 0 1 1
  -tank outer shell cracked 0 0 1 1
  -white deposits in storage tank 1 0 1
  -solar blocked from tank bottom calcification 0 0 1 1
  -unknown problem 3 1 7 11

SMUD Murray
System Type
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Sacramento Data

Bergquam and Murray records, 1991-1999, SMUD ICS Pumped Thermo PV control Pool Unknown Totals
Electric Auxiliary Water Heater problem 0 27 1 0 0 7 35
  -defective tank 4 0 3 7
  -internal tank leak 1 0 1
  -defective element 8 1 9
  -leak at element bolt 0 0 1 1
  -defective thermostat 4 0 1 5
  -thermostat tripped 2 0 2
  -upper thermostat set too low 4 0 4
  -lower thermostat set too low 1 0 1
  -no electrical power to tank 1 0 1
  -bad wiring on thermostat 0 0 0
  -old water heater in efficient without solar 1 0 1
  -not properly insulated 0 0 1 1
  -unknown problem 1 0 1 2

Gas Auxiliary Water Heater problem totals 0 1 1 0 0 14 16
  -defective tank 0 1 1
  -internal tank leak 0 0 1 1
  -defective thermocouple 0 0 1 1
  -loose thermocouple connection 0 0 1 1
  -failure to ignite 0 0 2 2
  -pilot light off 0 0 3 3
  -pilot valve defective 0 0 2 2
  -unknown problem 1 0 4 5

Drainback tank problem totals 0 16 0 0 0 3 19
  -defective tank 1 0 1
  -tank leaks 2 0 2
  -level indicator leaks 1 0 1
  -tank is empty of fluid 1 0 1
  -tank water level low 5 0 1 6
  -improper fluid level 2 0 2
  -tank overfilled 1 0 1
  -unknown problem 1 0 1 2
  -expansion tank problem 2 0 1 3

Pumps AC problem totals 0 74 0 0 6 68 148
  -pump failure 4 0 2 6
  -defective pump 35 0 4 36 75
  -defective rotor 21 0 21
  -defective gasket 1 0 1
  -motor failure 0 0 2 2
  -defective capacitor 0 0 1 1
  -replaced cartridge 2 0 1 3
  -bearing dry (need lubrication) 1 0 1
  -leak in pump 0 0 3 3
  -leak at pump connections 4 0 4 8
  -loose pump mounting flanges 0 0 1 1
  -air trapped in pump 1 0 5 6
  -improperly installed 1 0 1
  -required pump not installed 1 0 1
  -unknown problem 1 0 1 10 12
  -stuck shaft, impeller, or coupling 1 0 1
  -pressure problem 0 0 1 1
  -no pressure 0 0 2 2
  -no collector loop pressure 1 0 1
  -pressure too high, pool sweep runs with solar on 0 0 1 1

System Type
SMUD Murray
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Sacramento Data

Bergquam and Murray records, 1991-1999, SMUD ICS Pumped Thermo PV control Pool Unknown Totals
Heat exchanger problem Totals 0 9 0 0 0 2 11
  -heat exchanger leak 4 0 4
  -inefficient due to clogging 1 0 1
  -isolated from system 1 0 1
  -defective heat exchanger 2 0 1 3
  -air in heat exchanger 0 0 1 1
  -unknown problem 1 0 1

Heat transfer fluid problem Totals 0 39 3 0 1 12 55
  -insufficient glycol mixture 17 1 18
  -loss of chemical stability 1 0 1
  -loss of fluid due to a leak 4 0 1 3 8
  -fluid level low 1 0 1
  -no fluid in system 1 1 2
  -low pressure in loop 3 0 3
  -no pressure in heat transfer loop 2 0 1 3
  -recharge of fluid required 9 1 8 18
  -wrong type of glycol used 1 0 1

Piping problems Totals 0 1 0 0 1 2 4
  -entrapped air 1 0 1
  -fluid leak in piping 0 0 1 1
  -leak at roof piping penetration 0 0 2 2

Insulation exterior problem Totals 0 33 2 0 0 19 54
  -defective insulation 6 1 2 9
  -insulation deteriorating (non UV) 4 0 2 6
  -uv protective foil tape deteriorating 17 0 3 20
  -new insulation needed 1 0 6 7
  -animals destroying insulation 1 0 1
  -wrong type (foam/plastic) insulation used 1 0 1
  -not used (required) 3 1 6 10

Valve, air vent problem totals 0 14 0 0 0 44 58
  -defective air vent 13 0 26 39
  -internal leak 1 0 2 3
  -air in hot water line 0 0 1 1
  -needs air vent 0 0 1 1
  -leak at plumbing fitting 0 0 1 1
  -not operating (air in system) 0 0 1 1
  -not installed (required) 0 0 2 2
  -inoperative due to freeze 0 0 9 9
  -unknown problem 0 0 1 1

Valve, automatic draindown Totals 0 72 0 0 0 9 81
  -valve defective 57 0 8 65
  -does not open or close fully 1 0 1
  -valve stuck in drain position 5 0 5
  -valve stuck in fill position 3 0 1 4
  -o-rings defective 1 0 1
  -noisy operation 1 0 1
  -unknown problem 4 0 4

Valve, anti-scald problem Totals 0 1 0 0 0 2 3
  -defective valve 1 0 1
  -needs internal rebuilding 0 0 1 1
  -unknown problem 0 0 1 1

System Type
SMUD Murray
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Sacramento Data

Bergquam and Murray records, 1991-1999, SMUD ICS Pumped Thermo PV control Pool Unknown Totals
Valve, check problem Totals 0 8 0 0 7 8 23
  -defective valve 4 0 5 2 11
  -leaking 0 0 1 1
  -valve stuck open - internal leak 1 0 1
  -not installed (required) 2 0 2 1 5
  -unknown problem 1 0 4 5

Valve, fill drain problem Totals 1 8 0 0 2 4 15
  -valve defective 2 0 1 2 5
  -internal leak at seals 1 0 1
  -packing nuts loose 2 0 2
  -not installed (required) 1 1 0 1 2 5
  -unknown problem 2 0 2

Valve, freeze Totals 0 1 8 1 1 18 29
  -valve defective 0 6 1 10 17
  -valve leaking 1 1 1 6 9
  -freeze plug problem 0 1 1
  -unknown problem 0 0 2 2

Valve, isolation and supply Totals 0 6 0 0 30 20 56
  -defective valve 2 0 7 10 19
  -leak at seats 0 0 1 1
  -improper setting (position) 2 0 2 4
  -not installed (required) 1 0 4 2 7
  -defective motorized pool valve 0 0 16 16
  -isolation valve not sealing completely 0 0 1 1
  -unknown problem 0 0 2 5 7
  -internal leak at seal 1 0 1

Valve, mixing/temp problem Totals 0 46 5 0 0 24 75
  -defective valve 18 3 8 29
  -leaking 1 1 1 3
  -needs internal rebuilding 15 0 12 27
  -improper temperature setting 6 0 2 8
  -loose packing nut 1 0 1
  -stuck due to deposits 4 0 4
  -required - due to water being too hot 0 0 1 1
  -unknown problem 1 1 2

Valve T&P collector loop problem Totals 0 7 7 0 0 15 29
  -defective collector valve 3 2 5 10
  -leaking collector valve 1 0 1 2
  -discharge not routed to proper location 0 0 2 2
  -leaking at port - did not reseal after opening 0 0 1 1
  -unknown problem 0 0 1 1
  -defective water heater valve 3 4 2 9
  -internal leak on water heater valve 0 1 3 4

Valve, Vacuum breaker problem Totals 0 5 8 0 0 11 24
  -defective valve 5 5 4 14
  -leaking 0 2 4 6
  -valve has been plugged 0 0 1 1
  -unknown problem 0 1 2 3

Summary 14 585 51 3 173 504 1330
Checksum 1330

SMUD Murray
System Type
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SMUD Install Records 
 

SMUD Solar Hot Water Installation Records

Model Number Manufacturer System Type Total installed
300 series Solahart Thermosiphon 662

2001 American Solar Network Pumped 146
444A Copper Heart or Fafco ICS 50

AETC Alternate Energy Tech Pumped 88
ASN Anerican Solar Net. Pumped/drainback 519

CC1B Sage Copper Cricket Thermosiphon 20
GOB1408 Heliodyne Pumped 3

HP141080ACSHE Heliodyne Pumped 159
HV80 Heliodyne PV pumped 1

JKP Solarhart Thermosiphon 246
PK20 Nippon ICS 361
PT40 TCT ICS 14

SX1000 Solmax Pumped 707
SX3000 Solmax Pumped 412

TE40C-80-1 Sun Earth Pumped? 92
Unknown 3

Grand Total 3483

Sytem Type Total installed
ICS 425
Pumped 2127
Thermosiphon 928
Unknown 3
total 3483

System Type Total installed
ICS 423
Pumped 1889
Thermosiphon 907
Unknown 3
total 3222

Total Models Installed 1991-2008

Total Installed by System Type 91-08

Total Installed by System Type 91-99
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NREL Review by System Type 
 

Survey of 221 Systems

Total Systems Surveyed 0 200 15 6 221

Type of System ICS Pumped Thermo
Not 

known Totals

Problem areas
Collector problems 22 1 2 25
Controller problems 37 0 1 38
Sensor Problems 64 3 2 69
Tank Problems 33 5 1 39
Pump Problems 68 0 0 68
Heat Transfer Problems 54 0 0 54
Piping problems 17 2 0 19
Valve Problems 42 6 1 49
Other 29 3 0 32
Totals 0 366 20 7 393

% systems with problems 183.0% 133.3% 116.7% 177.8%

Problem areas
Collector problems 6.0% 5.0% 28.6% 6.4%
Controller problems 10.1% 0.0% 14.3% 9.7%
Sensor Problems 17.5% 15.0% 28.6% 17.6%
Tank Problems 9.0% 25.0% 14.3% 9.9%
Pump Problems 18.6% 0.0% 0.0% 17.3%
Heat Transfer Problems 14.8% 0.0% 0.0% 13.7%
Piping problems 4.6% 10.0% 0.0% 4.8%
Valve Problems 11.5% 30.0% 14.3% 12.5%
Other 7.9% 15.0% 0.0% 8.1%
Totals 100.0% 100.0% 100.0% 100.0%

PROBLEMS AS A PERCENTAGE OF TOTAL

TOTAL OBSERVED PROBLEMS

These data were not used in the Analysis
NREL Survey (Data from Table: "Recurring Problems by System Type")

SUMMARY BY SYSTEM TYPE
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NREL Review By Model 
 

Survey of 221 Systems
Solmax 
SX1000

Solmax 
SX3000 ASN2

SunFamily 
PK20

Heliodyne 
HP141080

Solahart 
302K ASN 3

Solahart 
JKP1

AET 
C8040

Not 
known Totals

Total Systems Surveyed 80 55 25 17 14 11 6 4 3 6 221

Type of System
Pumped 
indirect

Pumped 
indirect

Drain- 
back

Pumped 
indirect

Pumped 
indirect

Thermo- 
siphon

Drain- 
back

Thermo-
siphon

Pumped 
indirect n/a

Problem areas
Heat Transfer Problems 26 22 2 0 6 0 0 0 0 1 57
Sensor problems 31 3 2 0 8 0 2 0 2 2 50
Wiring Problems 15 0 0 0 0 0 1 1 0 0 17
Valve Problems 11 0 7 10 3 6 1 4 2 1 45
Insulation Problems 10 0 0 0 0 0 0 0 0 0 10
Controller Problems 24 20 8 6 3 3 0 0 0 0 64
Pump Problems 10 48 4 5 0 0 0 0 1 1 69
Collector Problems 16 3 8 2 3 0 0 0 2 3 37
Tank Problems 11 11 6 2 0 3 2 0 0 1 36
Piping Problems 6 0 0 0 0 0 0 0 1 1 8
Other 9 0 0 11 3 5 2 0 0 0 30
Totals 169 107 37 36 26 17 8 5 8 10 423

% problems per system 211.3% 194.5% 148.0% 211.8% 185.7% 154.5% 133.3% 125.0% 266.7% 166.7% 191.4%

Problem areas
Heat Transfer Problems 15.4% 20.6% 5.4% 0.0% 23.1% 0.0% 0.0% 0.0% 0.0% 10.0% 13.5%
Sensor problems 18.3% 2.8% 5.4% 0.0% 30.8% 0.0% 25.0% 0.0% 25.0% 20.0% 11.8%
Wiring Problems 8.9% 0.0% 0.0% 0.0% 0.0% 0.0% 12.5% 20.0% 0.0% 0.0% 4.0%
Valve Problems 6.5% 0.0% 18.9% 27.8% 11.5% 35.3% 12.5% 80.0% 25.0% 10.0% 10.6%
Insulation Problems 5.9% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 2.4%
Controller Problems 14.2% 18.7% 21.6% 16.7% 11.5% 17.6% 0.0% 0.0% 0.0% 0.0% 15.1%
Pump Problems 5.9% 44.9% 10.8% 13.9% 0.0% 0.0% 0.0% 0.0% 12.5% 10.0% 16.3%
Collector Problems 9.5% 2.8% 21.6% 5.6% 11.5% 0.0% 0.0% 0.0% 25.0% 30.0% 8.7%
Tank Problems 6.5% 10.3% 16.2% 5.6% 0.0% 17.6% 25.0% 0.0% 0.0% 10.0% 8.5%
Piping Problems 3.6% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 12.5% 10.0% 1.9%
Other 5.3% 0.0% 0.0% 30.6% 11.5% 29.4% 25.0% 0.0% 0.0% 0.0% 7.1%
Totals 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0%

SYSTEM MODEL

TOTAL OBSERVED PROBLEMS

PROBLEMS AS A PERCENTAGE OF TOTAL

NREL Survey (Data from Individual graphs of problems for each system)
These data were not used in the Analysis
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