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Executive Summary  Study Objective

Navigant Consulting Inc. (NCI) evaluated PV inverter technology and
cost improvements required to meet U.S. DOE goals for 2020.

* The National Renewable Energy Laboratory (NREL) has a major responsibility in the
implementation of the U.S. Department of Energy’s (DOE’s) Solar Energy Technologies
Program. Sandia National Laboratories (SNL) has a major role in supporting inverter
development, characterization, standards, certifications, and verifications.

* The Solar Energy Technologies Program recently published a Multiyear Technical Plan,
which establishes a goal of reducing the Levelized Energy Cost (LEC) for photovoltaic
(PV) systems to $0.06/kWh by 2020.

* The Multiyear Technical Plan estimates that, in order to meet the PV system goal, PV
inverter prices will need to decline to $0.25-0.30 Wp by 2020.

* DOE determined the need to conduct a rigorous review of the PV Program’s technical
and economic targets, including the target set for PV inverters.

* NREL requested that NCI conduct a review of historical and projected cost and
performance improvements for PV inverters, including identification of critical barriers
identified and the approaches government might use to address them.



Executive Summary Key Issues Addressed

NREL’s questions regarding PV inverter cost and performance, and the
role they should play, were broken down into three key questions.

What are the critical cost and performance improvement

needs for PV inverters that government should support to
promote PV market growth?

Do PV inverters face Is there a clear What role should
challenges in meeting the understanding and government play in
U.S. DOE’s Solar Energy consensus for addressing addressing the key

Technologies Program key PV inverter challenges that PV
targets?* challenges? inverters face?

* This includes the question: “Will inverters reach the cost goal set by the Solar Energy Technologies Program?”



Executive Summary

Key Issues Addressed

Many potential roles for government were identified that can help to
improve the chances that DOE program targets are achieved.

What are the critical cost and performance improvement

needs for PV inverters that government should support to
promote PV market growth?

Do PV inverters face
challenges in meeting DOE’s
Solar Energy Technologies
Program targets?*

Is there a clear understanding
and consensus for addressing
key PV inverter challenges?

What role should government
play in addressing the key
challenges that PV inverters
face?

* Sales-volume increases and
learning-curve improvements
alone appear unlikely to achieve
the targeted inverter selling price
of $0.25-0.30/W by 2020.

¢ Inverter lifetimes greater than 15
years appear difficult to achieve.

e Improvements in manufacturing,
design, and technology are
needed to achieve the price and
performance targets.

* Reducing regulatory complexity
and long-term, consistent policy
will also be required.

* Manufacturers and industry
experts do not agree on needs to
address key inverter challenges.

* Support is needed in several
areas:

- Manufacturing and testing
improvements: process
improvement, training, quality
management, HALT/HASS
assistance, and documenting field
performance data.

— Design: alternative topologies,
thermal management, modeling,
and DER inverters.

— Technology: advanced switching,
capacitors, and components.

* Assistance with testing
methodologies for inverter
ratings. Access to training in
manufacturing processes and
quality control. Support to
understand field performance
and failure data.

* Support for public-private
partnerships for R&D on new
technologies, topologies, and
modeling.

e Information and analysis to support:

— Evaluation of regulatory and
safety requirements.

— Evaluation of alternative policy
approaches.




Executive Summary Future Performance

Achieving the targeted improvements of lower cost and higher
reliability for inverters is not a foregone conclusion for the industry.

* Based on learning-curve forecasts, the targeted cost reductions for 2020 will not be
achieved with current market growth and learning-rate levels.

= Significant uncertainty exists around the potential for future market growth to
exceed current levels for an extended period of time.

= Additional cost reductions will require an acceleration of learning effects.

» Inverter prices have been dropping by about 10% with every doubling of
cumulative production, compared to 20% for PV modules.

* Reliability and life issues for inverters have the potential to damage the reputation of
the industry and long-term adoption of PV.

= Because of market demands, manufacturers today are focused on lowering first cost
over improving reliability.

= Reliability and life improvements may not be achieved with consistency across the
industry.

S In order to increase the probability of achieving the goals of industry, which are
necessary for the PV market to become sustainable over the long term, ongoing
government support for inverter R&D is likely to be necessary.




Executive Summary Overcoming Key Challenges

NCI’s assessment is that there is an important role for government
to support PV inverter improvements for the next several years.

In general, larger companies in the PV inverter business view the role of government in providing
assistance (via programs to reduce cost and increase reliability) as being less critical to their success
and the long-term future of the industry.

— Most larger companies that NCI spoke to believe that increasing sales volume is the single largest
factor that will lead to lower cost and higher reliability for PV inverters.

Despite the views of larger companies, introducing a new inverter product has proven to be a risky
venture for some large companies. For example:

— Xantrex experienced significant problems with their early PV inverters and ended up losing
market share to new European market entrants.

— Philips entered the PV inverter market in Europe, only to exit a few years later after experiencing
significant technical problems with their first product.

The PV market will be in a critical growth phase during the next 5-10 years, continuing to require
significant policy and market support to achieve the overall cost and performance required for a
sustainable market.

If small manufacturers have more difficulty meeting the reliability requirements of the market and
cannot afford to provide adequate after-sales service, it could hurt the PV industry as a whole
(inadequately performing inverters will hurt the industry).

While some consolidation in the inverter business should be expected, the benefits of competition and
innovation provided by the smaller companies are likely to be important to the industry at its current,
early stage of development.



Executive Summary Suggested Role for Government

Long-term cost reduction and performance improvements will benefit
greatly from the ongoing support of additional government programs.

Inverter testing at Sandia National Labs is extremely valuable to the industry, and continued
support of development of testing protocols is important to the industry.

Documentation of failure analysis in the industry is not conducted uniformly. A possible role
for government would be in collecting and documenting inverter failures to share with the
industry.

Modeling tools would be helpful to manufacturers, but developing accurate models is
challenging. An assessment of issues and needs related to modeling would be appropriate
before embarking on new modeling efforts.

The High Reliability Inverter Initiative (HRII) program is generally considered to have been
successful. Follow-on public-private R&D partnerships such as this should continue to receive
government support.

Cost and efficiency benefits of tranformerless inverters are understood. Studies on the pros
and cons of tranformerless inverters as a means of educating inspectors and regulators would
be beneficial to encourage adoption of regulations and codes that allow their use.

Analysis of the interaction of the various federal, state, and municipal support programs will
be increasingly important to future industry growth needed for long-term success.



Executive Summary Suggested Role for Government

Several issues identified are common to all DER inverters and could
be addressed as part of crosscutting research programs.

e Comprehensive information on inverter components (capacitors, electrical connectors,
power semiconductors, etc.) and options would assist manufacturers in identifying the
best products.

* Innovative inverter topologies have been suggested to provide many benefits. A role
for government may be in support of experimental topologies as a means of advancing
the industry.

* Manufacturers would benefit from understanding the costs and benefits of the Highly
Accelerated Life Testing (HALT) and Highly Accelerated Stress Screening (HASS)
testing programs. Government could assist by providing general guidelines and
experience from other industries.

* Several other areas identified for PV inverters may also have broader benefit to DER
inverters, such as modeling and specific HALT and HASS testing protocols; but more
programs targeted specifically for PV are likely to be required.
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Introduction  Objective

Navigant Consulting Inc. (NCI) evaluated the PV inverter technology
and cost improvements required to meet U.S. DOE goals for 2020.

* The National Renewable Energy Laboratory (NREL) has a major responsibility in the
implementation of the U.S. Department of Energy’s (DOE’s) Solar Energy Technologies
Program. Sandia National Laboratories (SNL) has a major role in supporting inverter
development, characterization, standards, certifications, and verifications .

* The Solar Energy Technologies Program recently published a Multiyear Technical Plan,
which establishes a goal of reducing the Levelized Energy Cost (LEC) for photovoltaic
(PV) systems to $0.06/kWh by 2020.

* The Multiyear Technical Plan estimates that, in order to meet the PV system goal, PV
inverter prices will need to decline to $0.25-0.30 Wp by 2020.

* DOE determined the need to conduct a rigorous review of the PV Program’s technical
and economic targets, including the target set for PV inverters.

* NREL requested that NCI conduct a review of historical and projected cost and
performance improvements for PV inverters, including identification of critical barriers
identified and the approaches government might use to address them.
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Introduction Issues Analysis

NREL’s key questions regarding PV inverter cost and performance, and
the role they should play, can be broken down into three key questions.

What are the critical cost and performance improvement

needs for PV inverters that government should support to
promote PV market growth?

Do PV inverters face Is there a clear What role should
challenges in meeting the understanding and government play in
U.S. DOE’s Solar Energy consensus for addressing addressing the key

Technologies Program key PV inverter challenges that PV
targets?* challenges? inverters face?

* This includes the question: “Will inverters reach cost goal set by the Solar Energy Technologies Program?”
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Introduction Approach

NCI’s five-step project approach provided the basis for addressing
NREL'’s questions.

Addressin What are the
Future Challenges Government’s critical cost and
Historical Performance for Challenges Role in performance
Perspective and Cost Achieving for Addressing improvement
Estimates Targets Achieving Challenges needs for PV
Targets inverters that
government
should support
to promote PV
v )
Do PV inverters face challenges in H—/ market growth?

meeting the U.S. DOE'’s Solar
Energy Technologies Program’s Is there a clear understanding and
targets? consensus for addressing key PV

inverter challenges?

)
Y
What role should the U.S. DOE
play in addressing the key
challenges that PV inverters face?

13



Introduction Step 1 — Historical Perspective

NCI first collected data on inverter trends for the past 8 years.

Historical Perspective

*Provide ¢ Pricing information and key * Obtain product information
performance and performance information for from company Web sites.
cost information inverters during the past 3-5 years. e Call the top players (e.g. SMA,
on typical * Key information about product Xantrex, Fronius) to discuss past

inverters used for
U.S. residential
and commercial

attributes, such as weight, voltage performance and cost issues.
range, and sizes of commercial and

¢ Interview key inverter and
residential units.

module manufacturers at

ildin n Y :
buildings, and * Advantages and limitations of past European PV conference in
central : .
1 products. Barcelona to obtain their views
power/utility .
o as well as possible reports or
applications.

other documentation for review.

14



Introduction Step 2 — Future Performance and Cost Estimates

NCI conducted interviews with inverter players in Europe and the United
States to identify likely cost and performance trends for the next 10 years.

Future Performance and

Cost Estimates

*Provide * Show how inverter prices are likely to * Update in-house knowledge
information on change during the next 10-20 years. base.
inverter cost and (Include assumptions about market || ®Call the top players (e.g.
performance size driving economies of scale and SMA, Xantrex, Fronius) to
trends that are learning) discuss past performance

expected during
the next 10-20
years.

* Discuss likely customer inverter needs and cost issues.

for residential, commercial, and central e Interview key inverter and
inverter applications. module manufacturers at
European PV conference in
Barcelona to obtain their
views as well as possible
reports or other
documentation for review.

* Show likely changes in inverter
performance during the next 10-20
years.
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Introduction Step 3 — Challenges for Achieving Targets

The interviews provided information on some of the challenges for
achieving the cost and performance targets.

Challenges for Achieving
Targets

e Identify * Discuss potential barriers for cost and e Review literature
challenges for performance targets for residential, ity seloet fnm e
achieving the cost commercial, and central station manufacturers in the R&D,
and performance applications. marketing, and sales
targets. ¢ Discuss technical, manufacturing, divisions.

regulatory, policy, and market e Interview staff at research

challenges. organizations in the United
States, such as SNL; and, in
Europe, such as the
Fraunhofer Institute.
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Introduction Step 4 — Addressing Challenges

NCI then identified possible ways to address the challenges for
achieving the cost and performance targets.

Addressing Challenges
for Achieving Targets
Approach
*Identify possible *Identify possible ways to address * Conduct select interviews
ways to overcome inverter challenges during the next 10 with R&D or engineering
key cost and years that can help industry achieve its staff of select inverter
performance cost and performance targets. manufacturers.
challenges. e Summarize interview

findings.

17



Introduction Step 5 — Role for U.S. DOE

NCI then identified activities the U.S. DOE could support to address
PV inverter challenges in achieving cost and performance targets.

DOE’s Role in Addressing

Challenges
Ojeciv Approsch
*Identify possible *Identify possible ways to address * Conduct select interviews
ways to overcome inverter challenges during the next 10 with R&D or engineering
key cost and years that can help industry achieve its staff of select inverter
performance cost and performance targets. manufacturers.
challenges. e Summarize interview

findings.

18
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Historical Perspective U.S. PV Market » Size and Growth

The U.S. grid-connected market has been strongest in California where
buy-down programs make systems more economically attractive.

U.S. Market

* There has not been a national subsidy program for PV, only a 10% federal investment
tax credit on commercial applications and a 5-year accelerated depreciation, so
support has been dependent largely on state programs.

* The recently passed Energy Bill includes $400 million worth of solar incentives (PV
and solar thermal), including a 30% investment tax credit for both residential
homeowners and commercial building owners for the next 2 years. The residential
credit is capped at $2,000 per credit.

* NCI estimates the U.S. grid-connected market to be 51 MW in 2004. California is the
largest market with 37 MW installed in 2004, resulting in a cumulative market of
about 93 MW for grid-connected systems at the end of 2004.

* The most common installation size for residential systems in California is 4-5 kW.
Installations of greater than 10 kKW are becoming more common. The California
Energy Commission (CEC) is considering a feed-in tariff (utility buyback rate) for PV.

* In the United States, where grid reliability has been a problem in recent years, the
demand for grid-connected inverters that can also provide backup power from
batteries is higher than in Europe.

20



Historical Perspective

U.S. PV Market » Installation Sizes

CEC data shows the proportion of installations of 3 kW or less is

declining, while 10-30 kW installations are on the rise.

Installation Size Distribution in CEC Program (kW installed)

Residential and Small Commercial (<30 kW)
kW 2001 2002 2003 2004

0-<2.0 419.3 15.1% 798.6 11.1% 779.8 6.5% 532.4 4.3%
20-<3.0 885.6 32.0% 1,777.1 24.7% 2,595.0 21.8% 2,324.6 18.7%
3.0-<5.0 824.7 29.8% 1,964.2 27.3% 3,214.8 27.0% 3,544.6 28.5%
5.0-<10.0 605.0 21.8% 2,328.7 32.3% 4,070.0 34.2% 4,193.7 33.8%
10.0 - < 30.0 36.4 1.3% 332.8 4.6% 1,256.2 10.5% 1,821.3 14.7%
TOTAL 2,771.0 | 100.0% 7,201.4 100.0% | 11,915.8 | 100.0% | 12,416.5 | 100.0%

Residential and Small Commercial (<30 kW) vs. Large Systems

2,771.0 83.5% 7,201.4 89.4% 11,9158 | 92.5% 12,416.5 | 100.0%

548.9 16.5% 857.2 10.6% 962.2 7.5% 0.0 0.0%
3,319.9 | 100.0% 8,058.6 100.0% | 12,878.0 | 100.0% | 12,416.5 | 100.0%

Installation size refers to the size of the PV system, not the size of the individual inverters. Source: California Energy Commission, 2004.

kW shown are for systems installed within the CEC program only.
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Historical Perspective

U.S. PV Market » Installation Sizes

Compared to CEC, data for New Jersey residential and commercial PV
installations shows an even stronger trend toward larger installations.

kW
0-<2.0
2.0-<3.0

3.0-<5.0

5.0 -<10.0
10.0 - < 30.0
TOTAL

Installation Size Distribution in NJ (kW installed)

Residential and Small Commercial (<30 kW)

2001 2002 2003 2004
1.5 20.0% 74 5.5% 1.4 0.1% 4.0 0.3%
2.3 30.7% 32.3 24.2% 41.9 3.4% 14.0 1.0%
3.8 50.7% 17.4 13.0% 271.9 21.9% 176.0 12.5%
0.0 0.0% 25.8 19.3% 531.7 42.9% 651.0 46.4%
0.0 0.0% 50.5 37.9% 392.0 31.6% 559.0 39.8%
7.5 100.0% 133.4 100.0% 1,238.9 100.0% 1,404.0 100.0%
Residential and Small Commercial (<30 kW) vs. Large Systems
7.5 100.0% 133.4 21.6% 1,238.9 18.3% 1,404.0 9.1%
0.0 0.0% 485.0 78.4% 5,514.8 81.7% 14,048.0 | 90.9%
7.5 100.0% 618.4 100.0% | 6,753.7 | 100.0% | 15,452.0 | 100.0%
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Historical Perspective U.S. PV Market » Inverter Sizes

CEC data shows that inverters in the 2-3 kW range dominate the
market (SMA SB 2500). Sharp’s Sunvista 3500 accounts for the recent
growth in the 3-5 kW range.

Inverter Size Distribution in CEC Program

Size of Installed PV System Capacity (kW)

inverter(s)

used (kW) 2001 2002 2003 2004
0-<2.0 1839 | 55% | 4298 | 53% | 6588 | 51% | 5665 | 4.6%
2.0-<3.0 12437 | 375% | 54662 | 67.8% | 99050 | 76.9% | 95658 | 77.0%
3.0-<5.0 200 | 06% | 3398 | 42% | 1730 | 13% | 12161 | 9.8%
5.0 - < 10.0 8.8 03% | 5094 | 63% | 4302 | 33% | 2053 | 1.7%
10.0 - < 30.0 736 | 22% | 5209 | 65% | 6685 | 52% | 3060 | 2.5%
30.0 + 0.0 00% | 1928 | 24% | 7605 | 59% | 1143 | 09%
SO | o000 | 539% | 5997 | 74% | 2820 | 22% | 4426 | 36%
not reported
TOTAL 3319.9 | 100.0% | 8,058.6 | 100.0% | 12,878.0 | 100.0% | 12,4165 | 100.0%

Data shown are for systems installed within CEC program only. Source: California Energy Commission, 2004.
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Historical Perspective Inverter Features » Evolution 1990-2000

Despite modest production volumes, inverters have evolved
significantly since the 1980s through manufacturer innovations and
technology improvements.

1980s

2000
(1.1kW)

Inverters were bulky, heavy, difficult to install,
unreliable, and their efficiency was in the 85-90%

range. They were strictly devices for converting DC
to AC.

The early 1990s saw the first large-scale series
production of PV inverters (SMA PV-WR).

First PV string inverter (SMA SB 700). Allows
connection of modules in series, modular system:s,
higher system efficiency, and reliability. String
inverter becomes most common on the market.

Late
1990s

= Basic data-acquisition system, “plug-and-play” installation.
= Transformerless and high frequency (HF) designs reach efficiencies above 95%

= Reliability improves. Warranties (2-5 years) offered.

24




Historical Perspective Inverter Features » Recent Developments

Along with a trend toward increasing sizes, inverters are becoming
increasingly sophisticated, with added capabilities.

Larger Size (> 2 kW)

* Inverter manufacturers have been increasing the size of models meant for residential
and small commercial applications. New models are generally above 2 kW in size.

* Many manufacturers report that the typical residential installation size is in the 3-5
kW range, and that 10 kW installations are also becoming more common.

Data logging, communications, and diagnostics

* The latest inverters feature data logging and communication capabilities. Inverter
manufacturers provide the software required to process the data sent by the inverter.

— Allows quick diagnostic when the system is not operating properly. It also
allows the user to adjust system parameters for optimal operation.

Master-Slave Configuration for Improved Efficiency at Partial Load

* A “master” inverter controls the operation of one or two “slave” inverters, such that
the slaves are brought online only when the power produced by the modules is
sufficient. In this way, inverters always operate at an optimized power level to achieve
higher system efficiency.

25



Historical Perspective Inverter Features » Recent Developments

Multi-string inverters allow a single inverter to convert power input
from several module strings, reducing inverter costs for PV systems.

Multi-string Capability

* In many installations, strings of PV modules operate under different conditions, which
requires a separate inverter for each string. Multi-string technology allows multiple
(usually two or three) strings to be connected to a single inverter. So-called multi-string
inverters feature a separate Maximum Power Point Tracker (MPPT) for each string,
ensuring maximum energy yield.

* Examples of differences that can be accommodated with a single multi-string inverter
are:

— Orientation

— Shading

— Number of modules

— Module type or cell type

* This feature appears to be an increasingly important one, as system sizes grow and
there is a need to accommodate modules in different orientations.

* Many popular residential inverter models being used in the United States currently do
not have this feature.

26



Historical Perspective Inverter Features » Recent Developments

Transformerless designs — popular in Germany and Japan — reduce
inverter size, cost, and weight, while improving efficiency.

Transformerless / HF Design

* The transformer in conventional inverter designs is responsible for losses of around 2% in peak
efficiency and accounts for the larger part of the inverter’s weight. Designs that do away with the
transformer are cheaper, more efficient, and lighter.

* However, transformers also provide automatic protection against DC injection, which protects the
grid in case of system malfunction. “Transformerless” designs feature additional electronics and
control components to provide DC injection protection.

* High frequency (HF) transformers are a compromise between the conventional low frequency (LF)
transformers and transformerless designs. HF transformers are small, lightweight, and provide
electrical isolation.

* Even though manufacturers claim that transformerless inverters can be made as safe as LF designs,
they cannot be installed in some countries:

= Issues related to galvanic protection are the most important hurdles associated with approval
of their use.

» Manufacturers expect changes in regulations or in utility requirements to take time, so
inverters with transformers will continue to be needed to serve many markets.

1. Transformerless inverters are not currently allowed in Spain and Italy. In the United States, the NEC now
allows ungrounded PV arrays, but resistance from the utilities prevents the use of transformerless inverters.

27



Historical Perspective Inverter Prices » Cost vs. Price

Data on production cost are not available for inverters, so price
data must be used as a proxy.

*In the long run, price trends reflect cost trends; but, in the short run, there may be
other dynamics at play that are not related to actual production costs.

*Price trends over periods of 10 years or less may not reflect cost trends accurately
and should be analyzed with care and in context.

54 Stability
period

* During stability periods — where profits
“Shakeout” grow and new entrants are attracted to the
period market — the price trends under-represent
the decrease in production cost.

* During “shakeout” periods — characterized
by fierce competition, mergers,
bankruptcies, and steep price declines —

prices can decrease faster than production
Cost of costs.
production

Price

[

time

Source: References 12 and 13
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Historical Perspective Inverter Prices » Determining Factors

An “average” price per kW is difficult to ascertain for PV inverters.

* The rated power of the inverter is not the only factor that determines price.

» The technology varies considerably from manufacturer to manufacturer, leading
to differences in efficiency, size, weight, reliability, etc. These factors influence
the cost of producing inverters and the price that consumers are willing to pay.

» Additional features, such as a visual display, data monitoring and storage, and
communication capabilities, can lead to substantial price differences between
inverters of comparable rated power.

* Analysis of inverter price trends over time must take into account the evolution of
inverter features.

> In the past 5-10 years, inverters have evolved significantly. Reliability, ease of
installation, user friendliness, efficiency, size and weight, etc. have all improved
significantly. As a result, a simple analysis of $/kW prices is not representative of
the real improvement in inverters.

* Inverter size has an important impact on cost. For instance, a 3 kW inverter is about
50% cheaper than a 1 kW unit on a $/kW basis. So, even within a relatively narrow
size range, a single average $/kW figure inevitably hides large variations.
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Historical Perspective Inverter Prices » TEAM-UP residential installations

Inverter prices reported by SEPA for the TEAM-UP initiative were in
the $1.50/kW to $2.00/kW range for residential applications.!

* From 1996 to 2000, 644 residential installations were put in place, although inverter
price data was not reported for all installations.

Inverter Prices for TEAM-UP Residential
Installations

Year  Number of kW Average size 250
installations (kW) §2.5
1996 91 350.93 3.86 $2.00
19972 83 309.08 3.72
$1.50 —
1998 65 83.05 1.28
1999 201 296.3 1.47 $1.00 —
2000 199 183.14 0.92 $0.50 -
$0.00 T T T T
1996 19972 1998 1999 2000

1.From to 2001, the Solar Electric Power Association (SEPA) managed TEAM-UP, a cost-sharing program funded by DOE to promote
grid-tied PV installations.

2. Inverter prices reported for 1997 by SEPA for the TEAM-UP initiative were later determined not to be reported accurately. The data
was also not available for the entire sample size. Because of limitations in sizes of available inverters, many were oversized and cost
reported on $/kW basis may not accurately reflect the true selling prices being used at the time.

Source: Reference 14
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Historical Perspective Inverter Prices » TEAM-UP large installations

Inverter prices for larger installations (> 70 kW) for TEAM-UP were
generally in the $0.40/kW to $0.80/kW price range.

* From 1996 to 2000, 23 systems ranging from 70 kW to 400 kW were installed.

Inverter Prices for TEAM-UP Commercial
Installations

Year  Number of kW Average size 1
installations 1%%) $1.00
1996 2 317.2 158.60 $0.80
1997 4 478.4 119.60
$0.60
1998 7 648.1 92.59
1999 4 393.6 98.40 $0.40
2000 6 1029.4 171.57 $0.20 |
$0.00 T T T T
1996 1997 1998 1999 2000

Source: Reference 15
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Historical Perspective Inverter Prices » NCI Survey of U.S. Prices (2004-2005)

In 2004, prices for small inverters (<10 kW) in the United States ranged
from $0.67/W to $2.67/W. In 2005, they ranged from $0.48/W to $2.42/W.

®» Our data indicates that U.S. prices have dropped by roughly 10% in the past year.

U.S. Sample Prices - Residential Inverters ($/W)
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Source: Navigant Consulting Inc., 2005.
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Note:

Each point on the chart
represents a particular
model’s average online
retail price at the time of
the survey.



Historical Perspective Inverter Prices » Solarbuzz Data

Solarbuzz tracks average inverter prices in Europe and the United States

* During the past 2 years, prices have fallen by about 13% in Europe.
* Contrary to NCI data, Solarbuzz reports stable prices in the United States.

1.00 1.00
0.95 - + 0.95
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0.85 1 PN UDUDUDEEDED IS | 0.85
0.80 + 0.80
§ 0.75 + 0.75
0.70 - + 0.70
0.65 - + 0.65
0.60 - T+ 0.60
0.55 - + 0.55
0.50 . . . . . . . . . . . 0.50
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Historical Perspective Inverter Prices » IEA PVPS Data

The IEA PVPS program conducted surveys of PV inverters in 1998
and 2002 for U.S., European, and Japanese manufacturers.

Inverter Prices

+ 1998 = 2002
o 4000 i e From 1998 to 2002:
o
o 00 » The general price
E 3500 level of inverters fell
c% 3000 by about 40%.
¢
& g 2500 » Qutliers with
+ L 4 . .
S B 2000 s . excessively high
£2 . prices were
- 1500 MR ) completely
2 - + + * .
2 1000 1w . E T eliminated from the
£ - 1" = " = ¥ = market.
S 500
=
0 Source: Reference 11
0 1 2 3 4 5 6 Note:
Inverter Rated Power (kW) Each point on the chart represents a
particular model’s average retail price at
the time of the survey.
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Historical Perspective Inverter Dimensions » IEA PVPS Data

IEA PVPS data shows that smaller inverters (~1kW) have a volume of
about 15L/kW, whereas larger ones (~5kW) are around 5L/kW.

Inverter Volumes (2002 data)
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Source: Reference 11
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Normarised Inverter System

Weight (kg/kW)
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Historical Perspective Inverter Weight » IEA PVPS Data

IEA PVPS data shows that the weight of transformerless and HF
inverters (~5kg/kW) is 50-75% less than that of LF units.

Inverter Weights (2002 data)
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Source: Reference 11
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Historical Perspective Inverter Reliability

Inverter reliability has an impact on life-cycle cost. Efforts targeting
inverter cost reductions should consider reliability improvements.

PV Project Simplified Cash Flow

= The inverter accounts for 10-20% of the
initial system cost.

» Inverters generally need to be replaced
every 5-10 years, whereas modules and
other system components have a life of 25
years or more.

» Investment in a new inverter is required Inverter replacements

3-5 times over the life of a PV system.

Cash Flow ($)

Present value depends on:

1)Discount rate

2)Inverter price reduction rate

B Expenses

O Revenue

I I I I I I I I I I I I I I I I I I I I I I I I I 1
Lo o [To}

o o n
i ks (gl [9\l

Years

Assumes expenses on other parts of the PV system are small.
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Historical Perspective Inverter Reliability

NCI analysis indicates that the benefits of designing inverters that
can operate for 10-15 years or more before replacement are limited.

NPV of life-cycle cost / initial system cost

Discount rate = 5%; Price reduction rate =5% Discount rate = 10%; Price reduction rate = 10%
Inverter cost Inverter replacement interval Inverter cost Inverter replacement interval
(% initial (% initial
system) 5 10 15 25+ system) 5 10 15 25+
10% 114.1% | 105.0% | 102.2% | 100% 10% 105.8% | 101.5% | 100.5% | 100%
15% 121.2%=$107.5%=103.3% | 100% 15% 108.6%=p102.3%=100.7% %
20% 128.3% | 110.1% | 104.5% | 100% 20% 111.5% | 103.1% | 101.0% | 10%%

Assuming an initial PV system cost of $8/W:

NPV of lifecycle cost ($/W) NPV of lifecycle cost ($/W)

The benefits of increased reliability must be weighted against the added cost.

Note: If one assumes that an inverter can be repaired instead of replaced, this would bring down the NPV contribution
of the inverter and yield figures lower than the ones shown above.
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Historical Perspective Inverter Reliability

The economics of long-life inverters are doubtful, but other
considerations can change this conclusion.

* Based on NPV calculations, the case for developing inverters that can last more than 10
years appears weak.

* The behavior of consumers, who focus mainly on first cost and tend to require short
payback periods, suggests that the discount rate to be used with residential PV systems is
high. This favors inverter development focused on first cost rather than extended lifetime.

However:

* If consumers who are buying PV systems today are not aware of the future liability
associated with replacing or repairing an inverter, the frustration caused by this
unexpected and significant expense could lead some consumers to abandon their systems,
and it could tarnish the image of PV.

* This is particularly a concern where adoption of PV is based on large rebates: In
California, where consumers sometimes pay as little as 10% of the initial cost of a PV
system, the expense associated with replacing the inverter can be very significant
compared to the first cost of the system.

» Will consumers be eligible for a rebate on replacement inverters?

39



Historical Perspective Inverter Reliability » Recent Developments
Reliability of inverters is still inadequate, but improvements are being
made.

Inverter mean time between failure (MTBF) is reported to be in the range
of 5 to 10 years.!” This short MTBF has a significant negative impact on the

competitiveness of PV systems and will inhibit expansion of PV.

Recent improvements in reliability:

*In recent years, almost every manufacturer of PV inverters has improved their devices’
expected lifetime substantially.?

* A 5-year warranty has become the norm in the industry, whereas 2-year warranties were
most common just a few years ago.

*These longer warranties are somewhat controversial. The manufacturers who offer them
claim that they have gained a better understanding of the causes of inverter failures by
collecting and studying field data, that they have reduced part count, incorporated higher
quality components, and modified product design to lessen component stress where
vulnerabilities were identified. Other manufacturers and industry experts assert that
these warranties are mere marketing tools.

* Manufacturers currently are evaluating offering extended warranties that would be
available for an additional cost. This has become common for other types of appliances,
and is a way for consumers to reduce risk associated with near-term failures.

1.Reference 8. *Note: MTBF is indicative of inverter economic life. It is a calculated number based on statistically determined reliability
numbers assigned to each component used in a design, and depends on the stress and thermal environment.

2.Reference 2
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Historical Perspective Inverter Reliability » Recent Developments

In the past year, North American manufacturers have introduced
innovative products and set new standards for inverter reliability.

* PV Powered (PVP) of Oregon and Sustainable Energy Technologies
(SET) of Canada offer a 10-year warranty, the best available in the
industry.

*PVP and SET inverters have a lower part count than other products available on the
market today,* which increases reliability because:

1.Fewer parts mean fewer failures.
2.Higher-quality parts can be used while still meeting inverter cost targets.
*Both manufacturers use Digital Signal Processing (DSP).

= A DSP chip translates the waveform into digital format, which can then be
processed, evaluated, and modified in very short time periods. As a result, the
inverter can respond quickly to a wide range of situations, which improves
reliability and efficiency.

* Note: Other manufacturers point out that different methods of counting parts may be somewhat misleading.
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Future Performance Experience Curve » Basic Concept

Experience curves model the relationship between cost of production
and production volume, which indicates the level of experience.

Basic Assumption: Cost of production declines by a constant percentage with each doubling of
the total number of units produced. This cost-reduction rate is called the learning rate (LR) and

ranges from 0% to 35% across various technologies.

100 100 -

—LR=0.1

10 -

Production Cost
Production Cost (log scale)
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Future Performance Experience Curve » Results for PV

The learning rate for PV modules and balance-of-system is about 20%.
For inverters, however, the learning rate appears significantly lower.

A comprehensive EU-supported study of prices and production volumes for PV modules
and BOS found that the learning rate in the PV industry is in the 20% - 25% range.

< For inverters, the learning rate is significantly lower: approximately 10%.!

» This figure does not give a complete picture of inverter improvements for two reasons:

1.This learning-rate estimate is based on inverter prices, or up-front costs (on a $/kW
basis), rather than life-cycle cost. Therefore, improvements in efficiency and
reliability — which improve inverter life-cycle costs — are not taken into account.

2.Other inverter improvements (e.g. reductions in weight and size, LCD displays,
plug-and-play, multi-string, etc.) are also not taken into account.

* In addition, it must be noted that this result is based on an analysis of prices over the
1995-2002 period, because of insufficient data prior to 1995. As a result, the learning
rate obtained is subject to significant uncertainty, because trends in inverter prices may
not reflect trends in production costs accurately over periods of fewer than 10 years.

Source: References 12 and 13

1. The study points out that this implies a learning rate in excess of 20% for non-inverter balance-of-system. The
learning rate for non-inverter BOS is estimated to be 24%.
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Future Performance Experience Curve » Results for PV

Data used to estimate the learning ratio for inverters was taken from
inverter retail prices in the Netherlands and in Germany (1995-2002).

Experience curve for inverter list prices (1995 — 2002)

.
i

Experience curve for inverter list prices (1995-2002)
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Note: The Progress Ratio (PR) is related to the Learning Ratio (LR): PR =1-LR

Source: References 12 and 13

45




Future Performance Experience Curve » Discussion of Inverter Data

Until recently, the markets for inverters in each country were very
separate, but this situation is changing, particularly in Europe.

* Market boundaries: For PV inverters, differences in regulations between countries have
hindered the emergence of a global market. During the period of 1995-2002, most
manufacturers served only one country.

> The extent of the “Learning System” for inverters was national, which is why the
learning rate was obtained on the basis of installed capacity at the national level.

Note: Germany and the Netherlands were selected, because the data available
for other countries was insufficient.

* Today, the market for inverters can be broadly segmented among Japan, Europe (mostly
Germany), and the United States. It has internationalized somewhat in recent years, with
several manufacturers serving more than one of the above segments. However, it should
be noted that manufacturers serving multiple markets typically offer different products in
each market.

< Going forward, the learning system for inverters will become increasingly international,
especially across European countries. This trend will be less marked in the United States,
because of the level of state control of regulations.
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Future Performance Experience Curve » Discussion of Inverter Data

Production volumes can be measured in units or megawatts, but using
megawatts is a more practical alternative.

* Production volumes: The Photex study measured production in MW rather than in number of units. The fact that
historical data and projections of PV installed capacity are generally available in MW is a strong argument in support of
this methodology.

* Because average inverter sizes have generally been increasing (from <2 kW to > 3-5 kW), the learning rate would be higher,
if it was based on number of units rather than MW. This is because the growth rate as measured in units produced has
been lower than the growth rate in MW, but the observed prices are obviously not affected by how production is

measured.
LR its > LRy

¢ If the analysis is done based on units, then LR ,;,, would have to be applied to projections of units produced, which would
require making an assumption concerning future trends in inverter sizes.

> If the past trend of increasing inverter sizes is assumed to continue, then the price projections would be the same
whether the learning curve analysis is based on units or MW.

> If inverter sizes are assumed to stabilize, then the learning-curve analysis based on units would forecast lower prices.
This is because LR ;s > LRy, while the growth rate in units would be the same as the growth rate in MW. *

< Future trends in inverter sizes can