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ABSTRACT Return on investment (ROI) analyses of solar photovoltaic (PV) systems used for residential
usage have typically shown that at least 10 to 12 years is needed to break even, with this amount varying
based on tax credits and reliability. This paper discusses the challenges with the reliability of current solar
photovoltaic systems and the key reliability bottlenecks, with a focus on the ROI. The problem stems
primarily from reliability issues of currently available power electronics hardware. This paper’s analysis
of failure data shows that the short warranties and reliability concerns associated with solar PV inverters
reduce the long-term ROI of residential solar PV systems by up to 10%. This paper, therefore, provides
key insights for accurate ROI calculations for solar PV investments. Furthermore, methods to improve the
reliability of PV inverters, such as selection of capacitors, inverter topology, and incorporating wide-bandgap
semiconductor devices, are presented.

INDEX TERMS Solar energy, solar photovoltaic systems, reliability, inverters, warranty, microelectronics,
return on investment.

I. INTRODUCTION
The solar photovoltaic (PV) industry has been one of the
fastest growing renewable energy industries, contributing
both to the security of the electricity supply and the reduction
of greenhouse gas emissions [1]. By the end of 2016, the total
installed global capacity of solar PV power has approximately
been 295 GW (gigawatts) [2], a 31% increase from 2015.
An even higher trend in solar PV deployments is seen in the
United States with installations of approximately 15,000MW
(megawatts) in 2016, a 100% increase from 2015 [3].

Solar PV systems work by converting sunlight into direct
current (DC) electricity through solar cells, which are inte-
grated into PV panels/modules [4]. Since most homes today
use alternating current (AC), the DC is converted into AC
through an inverter. Solar PV systems are composed of solar
panels; solar inverters; mounting equipment to attach the
panels to surfaces or hold the panels in the air; a DC subsys-
tem, which contains a DC combiner box (to connect multiple
strings) with a DC disconnect switch for safety purposes;
an AC subsystem, which in domestic deployments is just
a switch; an electricity meter to measure the output of the
system; and wiring to connect the components (see Fig. 1).
A solar PV system is generally tied to the utility grid to

FIGURE 1. Configuration of a domestic grid-tied solar PV system.

deliver excess electricity to the grid during peak hours and
receive electricity from the grid when the PV system is
not producing enough solar power. PV systems can also
act as stand-alone systems and use a solar battery to store
electricity; this scenario is more common in off-grid com-
munities and in developing regions where the grid power is
intermittent [5], [6].
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The payback period, which is the time it takes to recoup
funds from the initial start-up costs in an investment, is
estimated to be within 10–12 years for contractor-installed
residential PV systems [7]. However, current cost-analysis
literature associated with PV systems does not account for
reliability issues. If there are reliability problems with a solar
PV system, it can take weeks to assess the cause of failure,
obtain the needed replacement parts, and make the repairs.
The costs can be substantial, and the inconvenience can be
significant.

This article presents the different warranty structures
offered by companies, the return on investment (ROI) chal-
lenges, the reliability concerns, and candidate solutions to
these concerns associated with solar energy systems. We ana-
lyze warranty data from solar PV manufacturers and failure
data from various studies available from literature.

II. SOLAR PHOTOVOLTAIC SYSTEM WARRANTIES
A warranty is a guarantee from the manufacturer that defines
the responsibility for the product or service provided [8].
Warranties typically provide financial security for customers
purchasing a product. Under a warranty, the costs associated
with the repair or replacement of the product in the time
period specified in the warranty is shifted from the customer
to the manufacturer or the financer of the installation.

PV panel companies offer both performance warranties
and product warranties. A performance warranty provides
the customer with the assurance that the solar PV system
will operate at a power output efficiency specified by the
manufacturer for a set period of time. A product warranty
provides the customer assurance that the solar panels will
not fail due to a manufacturing error for a set period of time
(e.g., physical damage due to hurricanes are typically not
covered). There can also be a specific product warranty for
the inverter.

Performance warranties focus on the efficiency of the
solar PV system as a source of power (degradation based
on an original efficiency guaranteed by the manufacturer).
The amount of degradation in the performance of solar panels
depends on environmental and operational conditions and is
generally considered to occur at a rate of 1–2% per year [9].
Performancewarranties typically guarantee about 90%power
output compared to the efficiency when the PV system was
purchased (the original efficiency) during the 10th year and
80% power output compared to the original efficiency during
the 25th year of operation. For example, if the warranty
guarantees 80% output during the 25th year of operation,
then a 100 Wp (watt-peak) rated panel should produce at
least 80 W under standard testing conditions (STCs). The
STCs for solar panels include irradiance of 1000 W/m2 cell
temperature of 25 ◦C, and wind speed of 1 m/s. For exam-
ple, SunPower R© guarantees at least 95% of power output
compared to the original efficiency during the first 5 years,
and a constant degradation in efficiency of 0.4% for years 5
through 25. Thus, the efficiency by year 25 is guaranteed to
be at least 87% [10].

Product warranties for solar panels provide coverage
against manufacturing defects and premature wear and tear.
For the warranty to be honored, the customer must provide
evidence that the malfunction in the product came from
faulty parts when the product was bought [11]. For exam-
ple, Canadian Solar’s 10-year product warranty states, ‘‘Any
damages caused by abrasion, improper installation or animals
are exempt from this warranty,’’ and then goes on to state that
there must be proof that the malfunction can be traced back to
a manufacturing error. SunPower provides a 25-year product
warranty for their panels [12].

Warranties are also given for the solar PV inverters to
cover defects in the workmanship and materials associated
with the inverter. Residential systems generally use a central
inverter but may alternatively use string inverters or micro-
inverters. String inverters can be used for a group of panels
and are smaller than central inverters but larger than micro-
inverters. Micro-inverters are placed on individual panels,
and each micro-inverter ties the available power to the grid.
Therefore, micro-inverters have the inherent capability of
measuring an individual panel’s performance.

Central inverter warranties vary from 5 to 15 years
(e.g., SolarEdge offers a 12-year warranty [13]). The tech-
nology associated with central inverters is improving, but
they are still the most likely components to experience
failures in solar PV systems. Micro-inverters generally
have longer warranties than central inverters, ranging from
15 to 25 years. This is due to higher reliability associated with
micro-inverters because their switches and energy storage
parts generally have lower power processing requirements
(e.g., whereas central inverters are typically rated to han-
dle 5 kW or higher, each micro-inverter is generally rated
to handle 200–250 W [14]). ABB Group offers a 10-year
product warranty for their micro-inverter systems and only
a 2-year product warranty for their PVS800 central invert-
ers [15], [16]. Enphase Energy offers a 25-year warranty for
their micro-inverters [17].

III. FAILURE STUDIES
Failures of solar PV system components can significantly
decrease the ROI for PV systems. In this section, field failure
data was compiled and analyzed from three sources and
categorized to determine the leading causes of failures in solar
PV systems.

The first source was a SunEdison database that consisted
of over 3,500 failure tickets from 350 commercial systems,
approximately 150 kW, SunEdison R© PV systems, operating
between January 2010 and March 2012 [18], [19]. Failure
tickets are issued when a system is underperforming, and
these tickets are compiled to generate data regarding the cause
of failure and the amount of kilowatt hours (kWh) lost due
to system downtime during a failure. The kilowatt hours lost
represents the energy production lost due to failures.

Table 1 is a compilation derived from the database that
links the cause of failure (failure area) to the related ticket
count as well as energy loss due to system downtime. In the
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TABLE 1. Frequency of failure tickets and associated energy loss for each
general failure area [18].

table, ‘‘DC Subsystem’’ refers to parts that connect the solar
panels to the inverter, including DC combiner boxes, wiring,
and disconnects from the modules to the inverters. ‘‘AC Sub-
system’’ includes everything between the inverter and the
generation meter [19] (e.g., wiring, switch gears, and trans-
formers). The external causes of failure stem from sources
that are unrelated to the reliability of the PV system (e.g., grid
outages and utility-mandated shutdowns) [19]. Support struc-
tures are themounting equipment, which includes all the parts
that hold the panels in place (e.g., clamps). Planned outage
refers to outages that were already scheduled for preventive
maintenance. Weather stations employ sensors to measure
irradiance, temperature, and wind conditions to gauge the
overall system performance.

The data in Table 2 indicates that PV inverter failures
constitute the highest percentage of failures in SunEdison
commercial PV systems. The inverter failures (see Table 2)
were further categorized by the components that appeared to
have induced the inverter failure, except in the first category,
where no specific component could be assigned as the cause
of the failure.

No-fault-found (NFF) failures are defined as instances in
which a failurewas observed but the failure cause could not be
identified [20]. In this study, theNFF failureswere considered
intermittent, meaning the inverter failed but then recovered
and functioned properly again after a manual restart. The
failures were assumed to be due to control software because
the maintenance personnel restarted the software and then
observed no failure. However, the failures could also be
attributed to hardware components since there was no inves-
tigation beyond restarting the inverter [18], and hardware
failures are also capable of inducing software shutdowns.

Cards/boards are the printed circuit boards (PCBs) used
in the inverter. All switching elements, power buffers, and
heat sinks are mounted on PCBs, which are optimized for
thermal management, parasitic minimization, and electrical
noise perspectives. These PCBs fail due to internal routing

TABLE 2. Frequency of failure tickets and associated energy loss for each
general failure area [18].

issues, which result in failures in which the entire power
module must be replaced. AC contactors are the primary
disconnection source to switch AC power from the inverter
to the grid on/off, and DC contactors operate similarly with
DC power. Cooling fans are used to regulate the temperature.
IGBTs are three-terminal solid-state semiconductor switches
that allow efficient power flow from the panels (DC) to
the grid side (AC). Capacitors are used to temporarily store
energy and provide a stable DC rail voltage to the inverter
input. Fuses consist of low-resistance metallic wire inside
noncombustible material used to protect current from over-
loading. The impact of lightning strikes is minimized with
surge protection components. Ground fault interrupter (GFI)
components are used to compare the current in the neutral
conductor with the ungrounded conductor.

The second data source came from Collins et al. [21],
who conducted a 5-year study of failures associated with a
4.6-MW solar PV plant consisting of 26 arrays, with each
array comprised of 450 PV modules and 1 inverter. Of the
237 failures observed over 5 years, 125 of the failures were
attributed to the inverters (see Table 3).

The third data source was derived from Huang et al. [22],
who analyzed failure data gathered by the Industrial Tech-
nology Research Institute consisting of 202 PV systems in
Taiwan over a 3-year span. Among the 202 PV systems,
62 experienced failures within the 3-year span. 60% of the
failures in the 62 systems were attributed to the inverter
(see Table 4).

A survey was conducted by Zaman et al. [23] that also
indicates inverters contribute to the most failures. For the
study, solar PV users and stakeholders in Australia reported
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TABLE 3. Distribution of failures observed at a 4.6-MW PV plant over
5 years [21].

TABLE 4. Distribution of failures observed in 202 PV systems over
3 years [22].

the failures they had observed in their solar PV systems.
Of the 29 respondents, 26 of the problems reported were
related to the inverter, including 10 instances of a complete
functional failure of the inverter.

IV. COMPONENTS CONTRIBUTING TO SOLAR
PHOTOVOLTAIC SYSTEM FAILURES
The data provided in the above-mentioned studies indicates
that PV inverters comprise the most unreliable component
in PV systems. In industry, solar PV system manufacturers
openly admit the high likelihood of solar PV inverters failing.
For example, SolarCity New Zealand [24] states on their
website, ‘‘The inverter, which has a 10-year warranty, is likely
to be the only piece of equipment you will need to replace.’’

Inverter topology significantly affects the reliability of
solar PV systems. Table 5 summarizes the benefits and weak-
nesses of the three general inverter categories.

The failure of an inverter is usually precipitated by
the capacitors, insulated-gate bipolar transistors (IGBTs),
or metal-oxide-semiconductor-field-effect transistors
(MOSFETs) that comprise the inverter [25]. With regards
to specific switching requirements and operation, IGBTs
perform well in high-voltage, high-temperature conditions
where high-power processing is required [26]. MOSFETs,
on the other hand, provide an efficient alternative to
IGBTs in inverter topologies where higher switching speeds
are required at relatively low power processing require-
ments [26].

A. CAPACITORS
Themost common capacitors used in inverters are electrolytic
and film; film capacitors are farmore reliable butmore expen-
sive than electrolytic capacitors, with the price difference
varying based on size [27]. Aluminum electrolytic capacitors

TABLE 5. The Effect of inverter topology on reliability.

have been estimated to be approximately one-third the price
of film capacitors per amount of energy storage needed [28].
Although film capacitors offer improved reliability compared
to electrolytic capacitors, replacing electrolytic capacitors
with film capacitors in PV inverters is not cost-effective in
all applications due to the higher price and smaller capaci-
tance per volume ratio associated with film capacitors [29].
Schimpf and Norum estimate the capacitance per volume
ratio of electrolytic capacitors to be 20 times greater than film
capacitors [29].

Solar PV inverters with a single standard electrolytic
capacitor (DC-link) are estimated to have a lifetime of about
five years before a failure [30]. Electrolytic capacitors in solar
PV inverters fail due to temperature cycling, power cycling,
and high internal capacitor temperature [31]–[33]. Tempera-
ture cycling is particularly prominent in micro-inverter appli-
cations when the inverters are placed outdoors on individual
panels. Electrolytic capacitors are significantly more prone
to catastrophic failures than film capacitors [35]. In a catas-
trophic failure, a capacitor is completely non-functional and
must be replaced. Sometimes the electrolytic capacitor will
explode, which subsequently damages other components.
Catastrophic failures usually occur in poorly sealed capac-
itors when ripple currents cause high internal temperatures
leading to the vaporization of the electrolyte [32]. Film
capacitors rarely fail catastrophically, rather they tend to fail
due to degradation, which decreases performance [33].

B. IGBTs AND MOSFETS
Semiconductor devices used in solar PV inverters, such as
IGBTs and MOSFETs, fail due to electrical degradation in
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the components or mechanical degradation associated with
the electronic packaging [33]. Transistor failures frequently
occur in PV inverters operating in high-voltage, high-current,
or extreme temperature conditions exceeding the manufac-
turer’s specifications [33]–[35] in the form of bond wire
lift-off or deterioration of the die attach.

To test the reliability of IGBTs in solar PV inverter appli-
cations, Sandia National Laboratories [38] studied the effects
of high-temperature and high-voltage conditions on IGBTs.
The IGBTs were stressed at various conditions, such as their
maximum rated current of 61 A at 25 ◦C for 45 min, and
at temperatures above their rated current, such as 90 ◦C.
The study did not specify how many IGBTs were used but
stated that most IGBTs performed at a satisfactory level.
However, in a few cases the IGBTs degraded significantly and
in one case the IGBT degraded so drastically to the point it
would have caused a complete failure in a solar PV inverter.
MOSFETs tend to fail due to high junction temperatures [33].

In addition to electronic devices and capacitors, which
perform core inverter operations, there are other inverter-
related components which may result in system downtime.
For instance, AC fuses may cause the inverter to stop func-
tioning [36] if there are short circuits, which can occur when
the insulation surrounding the wiring of the PV system is
exposed. Pecan Street, a company that compiles data regard-
ing energy needs and water supply, conducted a study of
255 residential solar PV systems over a period of 4 years [37].
Fifty-four of these solar PV systems reported minor main-
tenance issues within the time period. Of the 54 reports,
13 experienced PV inverter failures due to blown AC fuses
in the inverters.

V. ANALYSIS OF THE EFFECT OF FAILURES AND
DEGRADATION ON RETURN ON INVESTMENT
ROI analyses often assume components in solar PV systems
will last 25 years without experiencing failures that constitute
a replacement and only assume a constant maintenance cost
to account for repairs [7], [38]. Central inverter warranties
are most often between 5 to 15 years, and, as discussed in
Section III, these inverters are likely to suffer multiple failures
in 25 years. This section takes into account the effect of
out-of-warranty PV inverter failures andmodule performance
degradation on a 25-year ROI of a typical PV system setup in
Florida taking Yang et al. [7] work as baseline. This residen-
tial 6.7-kW PV system in Gainesville, Florida, was installed
by a contractor and qualified for the following benefits:

a) Feed-in tariffs (FITs): FITs offer lucrative rates for
supplying electricity back to the grid to encourage users
to invest in renewable energy. In this case, the FIT was
$0.21/kWh.

b) State tax-rebate: Florida offered a rebate for Gainesville
that was calculated to be $82.50/year.

c) U.S. Federal Solar Investment Tax Credit: An upfront
cost subsidy was offered in the form of a 30% tax
credit for start-up costs (purchasing the system and
installation costs).

For simplicity, Yang et al. [7] did not account for inflation
and future changes to tax credits offered by federal, state, and
local governments, which are difficult to predict and quantify
accurately. We took these assumption as the baseline for fur-
ther analysis and incorporated the effect of panel degradation
(not included in [7]) as well as the effect of multiple inverter
failures in the ROI calculation.

Panel efficiency degradation must be accounted for in the
calculations for more accurate predictions. Our analysis uses
the minimum efficiency guaranteed each year by Suntech in
their performance warranty [39] for their STP-280 panels as
these panels were used in [7]. However, we do not account for
any module replacements, which are not a significant failure
area, as indicated in Section III. The energy produced over the
lifetime is also averaged for yearly calculations. Further, an
SMA inverter [40] with a 5-year warranty is taken for analysis
(same as [7]) with decreasing inverter costs at 10% (case 1)
and 15% per year (case 2). It is expected that the cost of
inverters will decrease between 10% to 15% per year [41]
in the future, and it is important to incorporate this effect for
realistic projections. In order to calculate ROI, the equation
shown at the top of the next page has been used and is adopted
from [7].

Note that the normalized inverter replacement costs depend
on the number of replacements included in the ROI anal-
ysis. For instance, in the case of two replacements in the
25-year lifetime of the system, we include inverter replace-
ments at 8.33 and 16.66 years and incorporate the projected
decrease in the cost along with the overall cost normalized
over 25 years. The starting cost of the inverter was taken as
$2647.00 (at the time of installation) and the annual mainte-
nance cost was taken as $168.00 per year (same as [7]).

A plot showing the 25-year ROI for Yang et al. and our
analysis is given in Fig. 2. Yang et al. predicts an ROI of
2.45 which, we believe, is unlikely to be the case in practice
as it does not include the effect of panel degradation and
potential inverter replacements. After incorporating panel
degradation, the best-case scenario (albeit highly unlikely

FIGURE 2. ROI of Gainesville, Florida, case study with the additions of
inverter replacement costs and panel degradation [7].
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PV System ROI = 25×


[(av. Annual Energy Yield × FIT + Tax Rebate)
−(Normalized Inverter replacement Cost + Annual Maintenance)]

Startup Costs− Upfornt Cost Subsidy



with zero inverter replacements) shows the ROI closer to 2.2.
We further modeled the ROI for scenarios in which the
inverter fails multiple times without being covered by the
5-year inverter warranty during the 25-year guaranteed per-
formance lifetime of the panels. It can be concluded that each
inverter replacement will cause the overall ROI of the system
to decrease. Further, two cases for inverter replacements are
taken where the annual decrease in the inverter cost is 10%
(case 1) and 15% (case 2). A worst-case scenario where the
inverter fails every 5 years (just after the warranty expires)
and requires 4 replacements shows a reduction in ROI to 1.95
for case 1 and 2.07 for case 2, which amounts to a decrease
of up to 10% due to inverter failures.

It should be noted that this analysis does not account
for potential shipping costs when the inverter needs to be
replaced and the energy lost due to downtime when the
PV system is not producing energy in the event of an inverter
replacement. There is variation in the amount of these costs
and whether these costs are covered by the manufacturer.
Consumers should be cautious with these issues when nego-
tiating contractor-based installations where contractors or
system installers must be required to maintain an inventory
for the likelihood of an inverter failure. This will prevent
long system downtime associated with inverter failures due
to assessment and shipping delays.

Many failure studies indicate that PV inverters have a
lifetime of 1–20 years until failure [21], [22], [38]; this time-
frame varies significantly based on power cycling conditions,
inverter size, temperature cycling, inverter components (types
of capacitors used, semiconductor materials used, etc.), and
other conditions. Therefore, analysis on possible inverter fail-
ures will result in better estimation of ROI and suitability of
the investment within a particular incentive scheme. A signif-
icant variation in ROI is observed (see Fig.2) due to inverter
replacement costs, and therefore this variation must be
accounted for in a detailed assessment at the planning stage.

VI. EMERGING TECHNOLOGIES TO IMPROVE THE
RELIABILITY OF PV INVERTERS
Two major advances in electronics promise to improve
the reliability of PV system inverters and, in turn, solar
PV systems. The first advance pertains to wide-bandgap
semiconductors (e.g., silicon carbide (SiC) and gallium
nitride (GaN)), which are capable of providing high-
temperature operation, long-term performance, and improved
efficiency of the inverters compared to inverters employing
silicon (Si)-based semiconductors. This advance improves
the energy production and reliability of the PV inverter
and, in turn, the overall ROI. The second advance involves

improved inverter design topologies, including the develop-
ment of micro-inverters.

SiC and GaN are wide-bandgap materials with supe-
rior conduction and switching properties compared to Si.
When used in MOSFETs and IGBTs, they can with-
stand higher reverse voltages and temperatures and achieve
higher frequencies than Si-based transistors [42]–[46].
Hinata et al. [42] tested a solar PV inverter using all SiC semi-
conductors with overall efficiency of 99% (mass-produced
inverters have not yet reached 99% efficiency). Their SiC-
based inverter design also achieved 50 times as many power
cycles to failure as a Si-based design used for comparison.
500 thermal cycles with parameters of −40 ◦C and 175 ◦C
showed failures in the Si-based inverter and no noticeable
degradation in the SiC-based inverter. Sintamarean et al. [52]
designed PV inverters to compare the performances of a
Si IGBT-based solar inverter with a SiC MOSFET-based
inverter in high-power applications (10 kW or higher). They
achieved a switching frequency of 50 kHz for the SiC-
based inverter compared to 16 kHz for the Si-based inverter.
Sintamarean et al. [46] also concluded that, for particular set-
tings, a SiC MOSFET-based inverter was more cost-effective
and reliable due to higher switching frequency, which
allowed 40% and 70% lower inductance and capacitance
requirements, respectively. However, in general, the price of
SiC- andGaN-based inverters is still considerably higher than
Si-based inverters.

Micro-inverters promise improved reliability compared
to central inverters due to lower power processing require-
ments for switches and energy storage elements. Each micro-
inverter is typically connected to a 200–250 Wp panel, and
the need for electrolytic capacitors is largely eliminated.
Film capacitors, which are more reliable but have 1/20
the capacitance per volume ratio of aluminum electrolytic
counterparts [32], can be used due to these lower power
processing requirements [47]. In addition to better reliabil-
ity, there are two more significant advantages of deploying
micro-inverters. First, unlike a central inverter, if a single
micro-inverter fails, only the module that the micro-inverter
is attached to will fail, and the rest of the PV system will
remain functional. Conversely, if a central inverter fails, all
panels (attached to the inverter) stop delivering any power to
the loads/utility until the inverter is replaced/fixed. Second,
micro-inverters have a much better performance ratio (PR)
compared to central inverters in deployments where there is
a high shading effect [48] because micro-inverters deploy
module-level MPPTs (maximum power point tracking)
as opposed to string-level MPPT operation for central
inverters [49]. MPPT is a process by which the input
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impedance of the inverter is changed to match the maximum
power load-line from the panels [33].

Micro-inverters also have several disadvantages. First, the
upfront system cost of PV deployments with micro-inverters
may be considerably higher compared to central systems due
to the larger number of micro-inverters used in the system
along with higher installation costs. For instance, purchas-
ing several 200–250 W rated micro-inverters in a residential
PV system compared to one 3–10 kWp central inverter will
result in a higher start-up cost.Moreover, micro-invertersmay
not necessarily be easy to replace because they may not be
readily accessible in some systems without completely dis-
mantling portions of the array. This may limit the ROI due to
panel/system downtime associated with inverter replacement.
Second, because they are placed outside on each individual
panel, they are exposed to environmental conditions, such as
high temperature and moisture, which decrease the reliability
of PCBs and solder joints that are typically not built to last the
25-year warranty period of solar PV systems, especially when
exposed to volatile outdoor climates [50]. However, no fail-
ure studies specific to micro-inverters are available in the
literature to corroborate their suitability for a 25-year period.
Despite these anticipated challenges, the 25-year warranties
associated with micro-inverters is a significant advantage
over central inverters, which typically offer lower warranty
periods. Therefore, micro-inverter-based PV deployments are
likely to have a higher and more predictable ROI owing to
the likelihood that inverter replacements will be lower (if the
initial costs for central and micro-inverter-based PV systems
are the same).

Improvement in the reliability of solar PV inverters is a
growing research area. In-depth analysis of the effects of
the design, usage, and power conversion requirements of the
inverter on reliability will undoubtedly lead to more reliable
inverters in the years to come [51]–[56].
VII. CONCLUSIONS
While solar photovoltaic (PV) systems are generally reliable,
failures associated with inverters will decrease the return on
investment (ROI). The data presented in this study confirms
that central inverters are the least reliable component in solar
PV systems. Our study shows that the 25-year ROI of solar
PV systems may vary from approximately 2 to 2.2 due to
central inverter replacement costs, and even higher variance
may occur when factors such as system downtime due to an
inverter failure are incorporated. Central inverter warranties
are most often less than 15 years, whereas the PV panels
and mounting equipment are likely to last 25 years. Current
ROI studies of solar PV systems often overlook repair and
replacement costs associated with inverters. They also do
not account for downtime during which the PV system is
not performing while the user is in the process of filing a
warranty claim and is waiting for the manufacturer to inves-
tigate and make a decision or for the inverter to be repaired
or replaced. Even if an inverter is covered under warranty,
inverter manufacturers are not always obligated to cover the
costs of system downtime, shipping, and reinstallation of the

replacement inverter. These factors all decrease the long-term
ROI of solar PV systems, and consumers must guard against
these issues when choosing contractor-deployed PV systems.

The 25-year warranties of some emerging micro-inverter
manufacturers are likely to allow residential users to experi-
ence fewer system losses due to replacements as compared
to system losses with central inverters. As the cost of micro-
inverters decreases, their longer warranties for residential PV
users can allow a higher and more predictable 25-year ROI as
compared to current estimates.
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