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ABSTRACT

This paper describes photovoltaic modules in high-
volume production with world-record efficiency. SunPower
Corporation has achieved a total-area efficiency of 18% by
using proprietary back-contact silicon cells and new
module design features. The modules have been certified
under IEC61215 edition 2 and UL1703, are free of
hazardous materials, and have aesthetic characteristics
which facilitate customer adoption. High energy
production per rated watt is reported and modeled on the
basis of fundamental module properties.

INTRODUCTION

Increased conversion efficiency has long been
recognized as a powerful lever to decrease the cost of
energy generated by a photovoltaic system. High
efficiency decreases manufacturing cost/watt at each step
in production and decreases system-related costs for
customers. The total-area efficiency of typical crystalline-
silicon modules today is ~13% [1], and the U.S.
Department of Energy has established a goal of 20% by
the year 2020 [2]. Modules described in this paper are
rated up to 17.7% efficiency, have confirmed efficiency up
to 18%, and are in production at a rate of 40 MW/yr.

EFFICIENCY CONFIRMATION

A SunPower production module was measured to have
a total-area efficiency of 18.05% by Sandia National
Laboratories outdoor test facility [3]. The module
parameters were corrected to standard ASTM conditions
of 1000 W/mz, AM 1.5 spectrum, and 25°C. Maximum
power was 224.5 Watts with Iy, 5.578 Amps, Vmp 40.25
Volts, lsc 5.955 Amps, Vo 48.60 Volts, and FF 0.770.
Total area efficiency of 17.9% at 29°C was also measured
by the National Renewable Energy Laboratory [4].

MODULE DESIGN
Power and Size

Characteristics of SunPower’s new production modules
are listed in Table 1.

Table 1. SunPower Production Modules

Module Data SPR-220 | SPR-215 | SPR-95
Number of Cells 72 72 32
Total cell area (m?) 1.07 1.07 0.48
Total module area (mz) 1.24 1.24 0.55
Rated Power (Wp) 220 215 95
Rated Efficiency 17.7% 17.3% 17.4%
Backsheet Color White Black White

Aesthetics and Applications

The SPR-220 is an all-purpose module suitable for
customers who want to maximize energy per unit area and
is generally used for residential and commercial grid-
connected applications. The SPR-215 features a uniform
dark appearance enabling customers to maximize energy
per unit area and aesthetics. The SPR-215 is generally
used in residential grid-connected markets. The SPR-95
is used in off-grid battery charging and industrial
applications.

with dark backsheet modules

Materials and design features

The modules use SunPower's >20% efficient back-
contact cells [5] and have design features to leverage the
high efficiency and aesthetics of the cells. The cell and
module interconnects are hidden to eliminate harsh
reflections and maximize efficiency [6].
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The modules do not contain lead (Pb) or other toxic
materials and have features to ensure reliability [4][6].

Certification and reliability

The modules were the first to be certified by TUV
Rheinland to the new IEC 61215 edition 2 standard. The
modules are also certified to the UL1703 standard.

Anti-reflection glass

Optical reflection from the front glass surface of a
standard module is approximately 4%. An evaluation was
conducted to determine the best method to reduce this
loss. Paramount in this evaluation was assuring that
modules did not suffer adverse reliability or energy
production per rated watt from the addition of an anti-
reflection (AR) product.

Three candidate AR products were considered.
Although all three yielded efficiency benefits, PV-Lite from
Saint Gobain Glass was selected for the combination of
durability, appearance, and potential for high performance.

Durability is very important since modules must
withstand more than 25 years outdoors. The sputtered
layers of PV-Lite (from the glass: SisN4, SiO2, SizNa,
SiOy)[7] form a dense covering that is more weather
resistant and harder than the glass underneath, thus
providing protection to the glass. Weathering of glass is
not a severe problem for modules, but in polluted areas
there can be some degradation of the glass surface from
leaching (i.e., ion exchange between the alkalis in the
glass and H" ions in water on the surface) [8]. These
alkalis are not present in the PV-Lite coating, thus
preventing degradation by leaching. The coating also
provides abrasion protection as confirmed by better
performance in abrasion tests compared to uncoated
glass.

Testing, including environmental testing as dictated in
IEC 61215 and other standards, did not degrade PV-Lite.
Other AR products were found to degrade under some

tests, such as "damp- heat", "salt-fog", and "acid" tests.

Isc gain with anti-reflection glass

Table 2 shows the short-circuit current measurements
from a production experiment. The modules have 1.07m?
of cells and a total area, including frame, of 1.244m?. The
cells and modules were randomized in production to
eliminate coincident variables to the extent possible. The
modules were measured at Sandia National Laboratories
in pairs (1 from group A and 1 from group B in each test)
over a period of 17 days. The values are corrected to
standard reporting conditions (AM1.5, 25C, 1000 W/mz).

Table 2. Isc (A) measured by Sandia National Laboratories
corrected to standard reporting conditions.

Module IDs | Production Non AR

(AR glass) glass

98857 / 98844 5.975 5.806
98858 / 98847 5.996 5.829
98864 / 98848 5.951 5.805
98865 / 98880 5.996 5.881
98867 / 98888 5.955 5.853
Average: 5.975 5.835

The results in Table 2 indicate a gain in current of
approximately 2.4% from the AR-coated glass. Additional
production runs with measurements conducted in the
factory and at the National Renewable Energy Laboratory
confirmed this value as typical. Continued improvement of
the PV-Lite coatings is expected to improve the gain.

ENERGY PRODUCTION
Energy produced per area

For most applications, it is the energy generated over
the course of the year that is the most important metric of
performance. The efficiency, which is measured at
standard reporting conditions, is the largest factor in that
performance. However, the energy produced per rated W
is also a factor. The energy generated over the course of
a year is proportional to the efficiency of the module times
the kWh per rated kW (which is also influenced by the
location and mounting condition of the module).

Field test results — Landshut, Germany

In January 2005 a 1.68kW SunPower module array
was installed along with a 1.60kW traditional multi-
crystalline silicon module reference array in Landshut,
Germany. Both arrays were installed by SunTechnics, a
well-known global system integrator and distributor, and
customer of SunPower. The arrays were installed in rack
mounts with data logging from Fronius inverters and from
a SunReader performance monitoring system. In order to
provide a good comparison between the two systems,
production data for days where the systems were
irregularly affected by factors such as maintenance,
experiments, or snow were removed from the analysis.
The resulting energy generation per kWp for 2005 as
recorded by the SunReader is shown in Table 3. The
SunReader measurement accuracy is +/-1% according to
SunTechnics and the Fronius accuracy is +/-5%. The
analysis below uses data from the SunReader
measurements unless otherwise stated.

Table 3. One year data logging in Landshut, Germany
(selected data as described in the text)

kWh/kW, kWh/m?
SunPower 826.8 136.2
mc-Silicon 801.7 96.0
SunPower advantage 3.1% 41.9%
VS. mc-Si
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According to the Fronius datalogger, the SunPower
advantage vs. the multicrystalline silicon reference array
was even greater: 5.4% more kWh/kW, and 44.9% more
kWh/m?,

Figure 2 below shows the monthly energy performance
per square meter (kWh/mz) from February 2005 through
December 2005. The change in the production data
beginning in June 2005 is due to the orientation of both
arrays changing from due south to a southeasterly
direction at the end of June. This also caused both
systems to be out of operation for several days in June
while they were being reoriented. Heavy snow-fall
explains the low energy production in the winter months.

2005 Comparative Energy Generation - kWhs/m2
Landshut, Germany
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Figure 2. Energy production / m?

Figure 2 clearly shows the combined SunPower
advantages of high efficiency and high energy generation
per rated watt (KWh/kWp). It is also interesting to note the
higher percentage increased energy performance
(SunPower Advantage) during the months the arrays
faced due south compared to the subsequent months
when the system faced southeast. A look at daily energy
generation data indicates that a factor contributing to this
advantage is SunPower’s superior energy generation per
kW, at high temperature.

Analysis of energy production data sampled at 15
minute intervals for individual days under varying
temperature and irradiance conditions is shown below in
Table 4.

Table 4. Energy analysis under different temperature and
irradiance conditions.

Sun mc-
Temp & Power Silicon {Sun IAverage
Irradiance (kWh/ (kwh/  |Power Ambient Days
Conditions kWp) kWp) Advantage[Temp. ()| Sampled
High. Temp
& High Irr. 6.63 6.26 59% | 32.25 4
Avg. Temp.
& High Irr. 6.52 6.31 3.3% | 10.80 2
Avg. Temp
Avg. Irr. 3.79 3.73 1.8% | 21.12 8
Low Temp,
Low Irr 0.569 | 0545 | 4.4% | 11.43 5

Although this data in Table 4 is limited and a larger
sample size is required, the higher percentage energy
generation performance (kWh/kWp) for SunPower vs.
multicrystalline silicon at high temperature and high
iradiance can be attributed to SunPower's smaller
temperature coefficient. The higher percentage energy
performance at low light levels can be attributed to the
superior low light response of SunPower cells (see
“Fundamental properties section” on next page).

Field test results — Japan

Results from an 11.88 kW, SunPower system, which
has been operating in Ryouoh, Japan near Kyoto since
March 2005, further demonstrated the high energy
delivery through the entire year.

The system is rack mounted on a flat commercial roof-
top with a 10 degree tilt and a southwesterly orientation.
The system is owned and operated by Sekisui Jushi.

Figure 3. 11.88 kW SunPower array in Ryouoh, Japan

The data in Figure 4, show monthly DC system
performance in kWh along the left y-axis and module
efficiency ratio calculated from the following formula [DC
kWh/(Irr.(kWh/mz)*kWp(11.882))] on the right y-axis.

Full-Year System Energy Generation
Ryouoh, Japan
2000 100%
1800 T 95% 2
< 1600 - c
£ 1400 A 0% 2
£ 1200 1 8% &
g 1000 - - 80% w
800 1 750y 3
2 600 1 O DC kWhs per month v/ 7o% 3
= - +70% =
X~ 400 A 0O DC Module Efficiency o0
200 - 1 65% A
0 T T T T T T T T T T T 60%
VL' 5 EST 228 3 98 asz
<32~ 330628%¢2=
= S

Figure 4. Full-year energy production and DC energy
efficiency.
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Figure 4 shows the system’s DC kWh generation /
rated SRC power, starting with a DC system “efficiency” of
92.3% in March 2005 and ending with 91.4% in March
2006. The efficiency also remains high through the hot
summer months, resulting in an average for the whole
year of 89.0%. 11 days spread across December,
January, and February were removed from the data set
because snow cover on those days caused the inverter to
shut off, but not the pyranometers

Polarization

Incorrect grounding of SunPower modules can induce
a surface charge which would lower the energy
production. Previously SunPower has announced the
discovery of the "surface polarization" effect which creates
a non-destructive and reversible accumulation of static
charge on the surface of high-efficiency solar cells such as
SunPower® A-300 cells [9]. When the cells have a high
positive voltage with respect to ground, a negative static
charge is built up on the surface of the cell due to current
leakage through the glass and the highly insulating front
surface anti-reflection coating of the cell. This negative
static charge causes increased surface recombination and
the performance of the module is reduced. If the polarity
is reversed and the cells are highly negative with respect
to ground, the negative static charge is replaced by a
positive static charge which restores the module
performance.

The surface polarization effect can be avoided by
designing systems with positive grounding systems so that
the cells are negative with respect to ground. SunPower
sells a line of inverters with positive grounding and works
closely with installers worldwide to assure that systems
are designed and installed correctly. For Europe with its
special security standards, SunTechnics, as exclusive
provider, has developed a suitable system design that
excludes the polarization effect and satisfies the requested
standards.

ENERGY PRODUCTION PREDICTION
Fundamental properties

For a given environment and mounting condition,
module characteristics that affect energy production
include:

Module efficiency

Effect of temperature on output

Effect of spectral variation on output

Effect of angle of incidence (AOI) on output
Effect of light intensity on output

agrLODE

Module efficiency is by far the most significant factor in
terms of the energy produced per area, with variation of
more than 400% from the highest to lowest efficiencies on
the market. The other module characteristics, which affect
kWh/kW, have less influence on energy/mz, with total
range across technologies typically within +/-8% [10].

Temperature effect:

The temperature coefficient is the second most
important characteristic for energy generated / m? in most
environments. The reduction in module output with
temperature is primarily from the voltage reduction with
temperature, and the voltage temperature coefficient is
roughly proportional to the difference between the voltage
of the cell and the band-gap of the material. The
SunPower cell has a higher Vo, and thus lower
temperature coefficient, compared to typical silicon. The
Voc temperature coefficient for SunPower cells is -1.87
mV/C vs. -2.2 to -2.6 mV/C for a conventional Si cell [5].
This leads to a power temperature coefficient of -.38%/C
for the SunPower cell vs. -.50% for typical silicon.

Locations with high ambient temperature and low wind
speed at the same time they have high irradiance will have
the largest temperature effect. Using data for the energy-
weighted cell temperature, the effect of temperature only
is calculated and shown in Table 5 for two locations.

Table 5. Calculation of de-rating from temperature

Nuremberg, Phoenix,
Germany AZ
SunPower, 0.990 0.923
-.38 %/C dP/dT
Conventional silicon, 0.986 0.891
-.50 %/C dP/dT
SunPower advantage 0.40% 3.6%

Spectral variation:

The SunPower cell is a single band-gap cell with a
broad, flat spectral response [5]. Single-gap cells do not
have problems with loss of current matching as the
spectrum changes through the day. Efficiency of
SunPower modules does increase at air mass > 1.5, but
preliminary characterization indicates the increase to be
in-line with traditional silicon modules.

Angle of incidence:

SunPower modules use slightly textured glass and
have superior light trapping, which gives a slightly superior
angle of incidence response compared to most modules.

Light intensity:

As reported in another paper at this conference,
SunPower cells have superior low-light response [11] and
SunPower modules were also found to have exceptional
output at low-light levels [12]. The superior low-light
response can be magnified in systems because of the
voltage windows of the inverter (i.e., earlier voltage build
up of in mornings and later drop in the evenings leads to
more inverter run-time during a typical day).

SunPower modules also have low resistance, which
enables fill factor to remain high when irradiance goes
above 1000 W/m?.
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Other effects:

As previously reported [4], the back-contact structure
provides a non-destructive reverse-bias breakdown which
allows a single shaded cell to self-protect with a smaller
power loss than would occur when a string by-pass diode
is forward biased.

Numerical modeling

The SunPower modules listed in Table 2 were
extensively characterized at Sandia National Laboratories.
To study the energy production of the SunPower modules,
we modeled a large PV system using PV Design Pro in
the Solar Design Studio from Maui Software. The data
base of module characteristics was supplied by Sandia
National Laboratories. There are 41 constants for each
module in the data base that are used to calculate the
energy production for different sites world wide.

To remove the effect of inverter, the model was run
with an artificial inverter efficiency of 100% with no
parasitic loads. Systems with different modules were
compared with similar rated peak power (AM1.5, 25C,
1000 W/mz) and similar total areas. The data obtained
from the modeling was normalized to a constant area and
rated peak power.

Table 6. Prediction using Maui Software (uses selected
modules in Maui Software database) for Albuquerque,
New Mexico

KWH/KW | KWh/m? | KWh/KW| kwWh/m?
SunPower
SPR-220 2072 370
13.6% h module
c-Si 2026 278
11.8% h module
mc-Si 1999 240
6.2% h module
3j a-Si 2199 138
Ratio to SunPower | Ratio SunPower
SPR 220: SPR 220 to:
13.6% h module
c-Si 0.98 0.75 1.02 1.33
11.8% h module
mc-Si 0.96 0.65 1.04 1.54
6.2% h module
3j a-Si 1.07 0.38 0.94 2.68

The comparisons in Table 6 were picked to be
somewhat representative. However, the 41 constants for
each module in the database are from outdoor
characterization, and lead to variation of about +/-3% in
the KWh/kW prediction.

The energy generation per area (kWh/mz) of Table 6
shows the strong effect of efficiency. Even for the one
case of the technology that had a modeled 7% kWh/kKW
advantage in Albuquerque, the SunPower module still had
168% higher energy generation per area.

The results of the modeling as well as the field results
and estimates from the fundamental properties described
in previous sections all show a SunPower kWh/kKW
performance advantage. As we gather additional data
worldwide, including planned array testing at Sandia and
NREL, a clearer understanding of the SunPower
advantage will emerge.

Assertion of world-record energy generation / m?

The SunPower modules described had the highest
efficiency measured at Sandia of any flat-plate module
intended for sale [13], and to our knowledge are the
highest efficiency production modules in the world.

While some concentrator modules have had higher
efficiency (for example the 21.6% module previously
reported by SunPower [14]), it should be noted that
concentrators do not collect diffuse light, thus reducing
energy generation per rated watt. For example, a site in
the southwestern U.S. will have ~33% more total incident
energy that can be collected by a tracking flat-plat module
compared to a tracking concentrator module [15].

THE VALUE OF HIGH ENERGY PRODUCTION / AREA

High energy production/area reduces the cost of
energy produced from a PV system in three ways. Note:
since efficiency dominates the energy production metric
for flat plate modules, it is used synonymously in this
section.

First, increased efficiency can reduce production costs.
Increased efficiency proportionately reduces the per-watt
costs of production steps and materials including silicon,
module materials, and shipping.

Second, high efficiency reduces area-related handling
and installation costs. Customers are becoming more
sophisticated and are factoring in this benefit. Modules
with higher efficiency require less support structure,
interconnection wiring, and field labor per installed kW.
The area-related cost to install a residential rooftop PV
system varies significantly, depending on roof type, roof
shape, height above ground, local codes and regulations,
local labor rates, etc.  Typical values for area-related
installation cost range from $50 to $110/m® This factor
can thus account for an installed-system cost savings of
up to $0.76/W vs. 8% efficient modules.

Third, higher efficiency modules allow for larger
capacity PV arrays to be mounted within the roof area
constraints of a home, thereby amortizing fixed installation
and sales costs over more total system watts. For a given
system power, higher efficiency often permits optimized
positioning of the array, thereby maximizing total value of
energy produced (including factoring in increased time-of-
day pricing). As costs/W of PV are reduced, the total
system size will be increasingly limited by space instead of
total system costs, with sophisticated customers
recognizing increased efficiency as a strong lever for
reducing per kWh costs.
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SUMMARY AND NEXT STEPS

This paper described production at a rate of 40 MW/yr
of modules with what we believe to be the highest
commercially-available efficiency in the world today.
SunPower has announced continued rapid expansion of
production volumes for both cells and modules.

Since increased energy production per module area is
such an important lever for reducing total system installed
cost, SunPower plans to continue to push the boundaries
for module performance. The US DOE plan calls for
production modules with 20% total-area efficiency by
2020. Through the use of 165mm diameter wafers and
the increases in cell efficiency that SunPower has
announced to be in production by about year's end,
SunPower expects to be able to introduce a production
module with 20% efficiency within a year.
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