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ABSTRACT
CHARACTERIZING ELECTRICAL OUTPUT OF SANYO HIT 195 DOUBLE BIFACIAL
PHOTOVOLTAIC MODULES BY ALTERING REFLECTIVE MATERIAL BELOW THE
LOWER FACE ABSORPTIVE CELLS
Steven A. Sciara, B.A., University of South Florida
B.S., Appalachian State University
M.S., Appalachian State University
Chairperson: Dr. Brian Raichle
Bifacial photovoltaic (PV) modules offer potentially enhanced power output over
conventional modules due to their reported ability to harvest reflected radiation, increasing output up
to an additional 30%. However, this enhancement has yet to be confirmed in the literature. Bifacial
modules are comprised of a single crystalline layer enveloped by amorphous silicon thin film layers
on both surfaces of the cell, allowing absorption from both upper and lower faces.
Reflectivity and geometry of the backing surface, presumably, will contribute to module
output. Various reflecting materials and a roofing surface with a range of array angles potentially
regulate the degree of concentrated radiation the arrays will absorb. Additionally, purposeful
provisions to the reflective roofing surfaces may enhance the ability of the modules to perform to
their maximum specifications.
I report on a study comparing the power output of two nominally identical 700 watt
photovoltaic arrays utilizing equivalent system components and data logging equipment with varying
configurations of reflecting geometries and materials. This study was undertaken at the Appalachian
State University Solar Research Laboratory in Boone, NC, which houses two Class 1 pyranometers
and pyrheliometer. PV power was reported under well-quantified irradiance conditions, including
direct beam fraction.
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Six trials over six months (November-April) with varying reflective materials and geometries
revealed that different reflecting materials did not significantly change power output. Mounting an
array at 0˚ did adversely affect power output compared to the array at a 36˚ angle relative to
horizontal using the same reflective material. Additional studies with varied materials and geometries
different from those tested may improve the power output. The arrays may have performed
differently during summer months when the sun angle is higher.
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CHAPTER 1: INTRODUCTION
The recent introduction of Sanyo Heterojunction with Intrinsic Thin Layer (HIT) 195 Double
Bifacial Photovoltaic (PV) Modules to the retail market suggests the need to investigate types of
locations in which they may be installed in order to obtain the best performance possible based on
their unique design. The HIT Double Modules utilize the upper and lower faces of the module to
generate electrical power. According to the manufacturer, a wattage increase of up to 30% may be
realized by properly installing the modules in locations where light may reach the lower face of the
module ("Sanyo HIT Products," 2010). The additional power produced is determined by module
orientation relative to a reflecting surface, geographic location, installation techniques, shadows
produced by the grid system holding the modules, weather, and reflective properties of the varied
surfaces below the modules.
Using eight Sanyo HIT 195 Double Bifacial Modules, the study was designed to characterize
power output by altering the reflectivity of the lower surface material in a non-traditional array and
angle. As a result of this research, optimal materials may be identified or developed for use on lower
reflective surfaces in a bifacial module canopy as well as other installations. The use of a UNIRAC
SOLARMOUNT (Unirac, 2012) rack system will suspend the modules off the roof surface to permit
an exchange of reflective materials below the modules.
Statement of the Problem
Sanyo Corporation manufactures bifacial photovoltaic modules that have light absorptive
cells on both upper and lower surfaces. Technical specifications indicate each module may produce
additional power of up to 30% by utilizing the back of the module. A range of installations will net
varying electrical outputs due to the reflective area variations below and around the modules.
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The study will assess the output of the HIT 195 Double Module when various materials are
placed below the modules along with different geometries. Flat rooftop installations would provide
additional options over canopy installations, but use of varying materials and geometries at a testing
facility will help determine which reflecting surface or geometry may improve power output.
Limited independent research has been conducted to verify the performance of bifacial PV
modules have potentially limited adoption of this product, as well as inconsistencies in estimated
increases in power output. A systematic study of the type and geometry of reflecting surfaces, as well
as module performance may promote implementation of bifacial modules to a greater extent.
Purpose of the Study
This study provided a comparison of power output of two arrays consisting of Sanyo Bifacial
Modules. The testing of reflective materials as well as a change in geometry of the modules will help
characterize electrical output. Conversion efficiency for commercial PV modules in field
installations generally ranges from 13% to 17% ("The photovoltaic cell," 2012). The Sanyo HIT 195
Bifacial Module has a cell efficiency of 19.3%, but by testing these modules with varying geometries
and reflective materials, it may be possible to increase their efficiency and verify Sanyo’s claims of
performance.
Research Questions
It is important to state that all PV modules will perform conditionally on their placement,
installation, geographic location, and their upkeep (such as cleaning the glass surfaces as needed).
I proposed two questions that initiated this research:
1. Will the use of various materials below the arrays of Sanyo HIT 195 Double Bifacial
Modules affect electrical output?
2. Will varied geometry of the array of Sanyo HIT 195 Double Bifacial Modules affect
electrical output?
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With the data collected over the course of the study, a determination may be made to either
support Sanyo Electric Corporation's claim of a possible increase in power up to 30%, or not support
the claim. Altering the reflective materials below the series of modules will enhance the study.
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Definition of Terms
AC: Alternating current.
BIFACIAL: Consisting of two sides, specifically upper and lower surfaces of a module.
DATA LOGGER: An electronic device that records a series of measurements over time.
DC: Direct current.
DIRECT RADIATION: Radiation that reaches the Earth’s surface without scattering.
DIFFUSE RADIATION: Radiation that is scattered by the atmosphere and clouds.
DNI: Direct normal irradiance.
GLOBAL RADIATION: Both direct and diffuse radiation.
HIT: Heterojunction with Intrinsic Thin Layer.
INVERTER: An electronic devise that converts direct current (DC) in to alternating current (AC).
PDIFF: Power difference.
POA-PLANE OF APERTURE IRRADIANCE (ARRAY): Irradiance that falls on a plane that is
parallel to the array.
POWER: Measured in watts.
PV: Photovoltaic.
PYRANOMETER: Measures total global solar irradiance from the whole sky.
PYRHELIOMETER: Measures direct component of solar irradiance from the sun (mounted on
tracker).
REFLECTANCE: Reflected radiation from a point of incidence on a surface.
SOLAR IRRADIANCE: Power of solar radiation per unit area expressed in watts per meter
squared (W/m2).
TRANSDUCER: An electronic device that receives a signal in one form of energy and transmits it to
another signal form.
W: Watts.
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Limitations of the Study
This study was conducted in Boone, NC at the Appalachian State University Solar Lab with
coordinates of latitude 36˚12’24.53”N, longitude 81˚39’18.79”W. While using one location for a
study is not optimal, results may be suggested for other locations by use of National Renewable
Energy Laboratory (NREL) data. While many other PV modules were on the market at the time of
this study, only Sanyo HIT 195 Bifacial Modules were used. Two series of three modules each were
configured. Since the lower portion of the bifacial module is light absorptive, control series of
modules were tested with standard asphalt shingles. Using one inverter for three modules created an
additional challenge. If a portion of one module surface becomes blocked or shaded, performance of
the complete series of three modules may be reduced. Shading will always inhibit direct irradiance
absorbance and will reduce the output of modules as well as the arrays to which they are wired.
While shading can be difficult to avoid, every attempt was made to keep shading to a minimum. As
the position of the sun changes over time, the location of the shadows on the reflective surfaces
created by the module mounts will also change.
Significance of the Study
The results of the study may be useful to the manufacturer by enhancing the marketability of
bifacial photovoltaic modules for many different rooftop applications where a canopy or facade may
not be available or practical. The study may benefit the end user since the bifacial modules may be
installed on a pitched rooftop of a residence or business. This study also provided an independent
examination of performance as it relates to the manufacturer’s specifications.
Additionally, a recorded power increase may serve as useful data to Appalachian State
University, Department of Technology and Environmental Design, and the Sanyo Electric
Corporation, as well as help modify future installations to net the highest power output of these
modules.
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CHAPTER 2: REVIEW OF RELATED LITERATURE
Structure and Functionality of Sanyo HIT Bifacial PV Modules
PV cell performance continues to improve with technology. The cells are currently capable
of maintaining approximately a 17% efficiency level ("The photovoltaic cell," 2012). Depending on
the manufacturer, the type and quality of the cell, and its age, this percentage may increase or
decrease. Most cells are tested in a laboratory where certain conditions are constant, permitting the
manufacturer to make claims about their performance. The Sanyo HIT 195 Double Bifacial Modules
have a cell efficiency of 19.3% in a laboratory setting ("HIT Double 195 Spec. Sheet," 2010), but this
percentage varies depending on their location and installation.
The Sanyo HIT 195 Double Bifacial Photovoltaic Module attempts to produce higher power
output per area by use of both top and bottom surfaces of the module. The modules may be installed
at nearly any angle, but similar positioning to other PV modules would be most effective in an
application with solar tracking and a lower opposing surface white in color or some other type of
reflective material. The modules are designed to allow a small percentage of light transmittance to
assist with lower module surface absorption and to create an aesthetically pleasing detail for canopy
installations. The area below the module remains partially illuminated by light transmittance through
the clear glass to assist in producing power ("Sanyo HIT Products," 2010), but the majority of the
light is absorbed by the upper cells where most of the power is generated.
Traditionally, PV module performance is reported under Standard Test Conditions (STC)
(Irradiance (I) =1000W/m2, Temp=25˚C), but STC do not factor in nearby reflecting surfaces or their
orientation. For purposes of clarity, STC are defined as: The most common and internationally
accepted set of reference conditions, and rates module performance at a solar irradiance of 1000
W/m , spectral conditions of AM1.5, and a cell temperature of 25°C or 77°F (Dunlop, 2010).
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Therefore, bifacial manufacturers report front-side performance only under STC in laboratory
conditions, and additionally report a range of possible power enhancements produced under certain
circumstances. This accounts for the HIT 195 Double Module rating of 195 watts, but an additional
30%, or a maximum of 54 additional watts, may be produced by the lower cell surface for a total
output of 249 watts per module ("HIT Double 195 Spec. Sheet," 2010).
The main element used for a solar module semiconductor is silicon. N-type (free electrons)
silicon has had phosphorous added to it while a p-type (electron voids) silicon has had boron added
("Solar Power (Solar Cells) The Components of a Solar Cell", 2011). A conventional solar cell
consists of minimal layers: an electrode, glass with an anti-reflective layer, n-type, p-type, crystalline
Si, and a metal electrode (Figure 1).

Figure 1. Conventional solar cell (Solar-fact.com, 2012).
Sanyo HIT 195 Bifacial Modules combine the use of single crystalline silicon (Si) with
extremely thin amorphous silicon layers (a-Si) on both sides of the cell to allow both the front and
back side of the photovoltaic module to absorb light and produce energy. Heterojunction with
Intrinsic Thin Layer (HIT) modules have high conversion efficiency, excellent temperature
characteristics, and a considerable output under diffuse and low light conditions ("Sanyo HIT
Products," 2010).
By contrast, the HIT Double Module has many layers: a top electrode, p-type amorphous Si,
intrinsic amorphous Si, crystalline Si (n-type), another layer of intrinsic amorphous Si, intrinsic
amorphous Si, n-type amorphous Si, and a bottom electrode. This multi-layering effect allows light
absorption from both sides. Compared with conventional solar cells, HIT solar cells (Figure 2) have a
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better temperature coefficient and a higher-open circuit voltage (Zhao, Zhou, Li, Diao, & Wang,
2008).

Figure 2. Sanyo HIT solar cell (Sanyo HIT Products, 2010).
In a recent press release, “SANYO North America Corporation (SANYO), a subsidiary of
SANYO Electric Co., Ltd., announces that as of April 1, 2012, the branding of its HIT® solar
modules, will change from ‘SANYO’ to ‘Panasonic’,” (Fowles, 2012).
Power vs. Size of HIT Modules
Bifacial modules are designed for optimal performance with minimal space and are available
in different power outputs, depending on the application. A Sanyo HIT 215 Monofacial Module
physically, is 13.53 square feet with an STC rating of 215 watts, compared to a Sanyo HIT 195
Double Bifacial Module at 12.8 square feet, with an STC of 195 watts per module. For the bifacial
module, the lower face cells may facilitate an increase in power to 249 watts in less area than the
monofacial modules ("HIT Double 195 Spec. Sheet," 2010). By calculating the power output of a
series of ten modules, Sanyo Bifacial modules would consume 7.3 fewer square feet than Sanyo
Monofacial modules, but at Bifacial maximum rated efficiency, may possibly produce an additional
340 watts.
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System Components
Eight Sanyo HIT 195 Bifacial modules were used in different configurations and geometries
along with three different reflective materials. Two series of modules were installed so that two
separate systems would operate independently of each other by design.
Two Ohio Semitronics PC8-004-08X5 transducers sent power data each minute from their
respective bifacial arrays to a Campbell Scientific Data Logger.
An SMA SUNNY BOY US-700 inverter on each system converted the electricity generated
from direct current (DC) into alternating current (AC) (SMA America LLC, 2012). The inverter was
wired to a power box for the system to be grid tied. An inverter should be used that has a higher
maximum output power than the array of modules. For example, a series of 10 standard monofacial
HIT 220 modules would need an inverter rated for 2200 watts. In the case of the HIT 195 Double
Modules, the potential power for both upper and lower sides for a series of 10 would be 2490 watts
(249 watts x10 modules); where 249 would theoretically be the maximum power output for both
upper and lower surfaces of one module. An inverter capable of handling nearly 2500 watts would
need to be used for an array of 10 modules.
Module Life Expectancy and Poor Performance
Sanyo Energy Corporation warrants the HIT 195 Double Modules for two years’
workmanship and 20 years’ power output. With any solar module, efficiency decreases with the
layering of dust or dirt on the face of the module. Bifacial modules in a horizontal installation may
collect more debris since they would be slightly harder to clean and rain will not remove as much
debris as if the module were in an angled application. A benefit to the bifacial module is that it still
absorbs light from below, and the underside of the module is not as likely to receive as much debris
due to weather exposure.
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Experimental Applications of Bifacial Modules
Although research on bifacial photovoltaic modules began in the early 1960s, Sanyo Electric
Co., Ltd. developed and trademarked the HIT Double Modules in 2010 ("Sanyo HIT Products,"
2010). Their primary use has been in canopies and solar screening applications to capture energy
and to help reduce solar gain indoors in the summer. They may also be installed in ballast mounts or
on vertical walls.
An experimental study done in Madrid, Spain in 1984 with bifacial photovoltaic modules
found that they collected 59% more energy than monofacial modules when utilizing a white painted
floor (Luque, Lorenzo, Sala, & Lopezromero, 1985). Many years prior in other experimental studies,
findings revealed that “the increase in power conversion density that is achievable by using bifacial
solar cells depends on the conversion efficiency of the cells under back illumination, which can be as
high as 94% of the front efficiency, and on the amount of light that reaches the back surface”
(Cuevas, Luque, Eguren, & Delalamo, 1982, p. 420).
As of 2005, The European Photovoltaics Industrial Association determined that flat-panel
crystalline silicon modules comprised 90% of photovoltaic devices produced. The Association
estimated that cell efficiency would need to increase from 12% to 20% utilizing contacts on the back
surface, regarded as back contact solar cell (BCSC), in an attempt to develop high-efficiency contacts.
In addition to this modification, it was noted that development of bifacial cells with BCSC could
drive down the cost of per peak watt (WP). This study, conducted with the use of a laminated grid of
wire external busbars (LGWEB), in combination with bifacial Czochralski-grown silicon (Cz-Si),
recommended this type of module could potentially produce an increase in efficiency exceeding 21%
(Untila et al., 2005). The development of high-efficiency contacts on the back surface of the cell
would reduce the amount of silicon used and reduce the production costs. In contrast, Development
Status of High-Efficiency HIT Solar Cells, a study recently completed, specifically noted that the
Sanyo HIT Double Module is capable of producing 10.9% more output than a single upper side HIT
module (Mishima, Taguchi, Sakata, & Maruyama, 2011) .
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A hybrid solar thermal system using bifacial modules was tested using a transparent solar
plane in the working spectral region of a PV module. A determination was made that a bifacial PV
module could be used for solar thermal and that the bifacial module produced approximately 40%
more electrical energy than the conventional PV modules (Robles-Ocampo et al., 2007).
Two case studies highlighted by Sanyo include the successful home, lumenHaus, built by
Virginia Tech that won the Solar Decathlon 2010 in Europe, and a solar canopy installation on an
office building in Atlanta. What is not stated in either of the two case studies is what material was
used below the modules for the lumenHaus or for the surface below the canopy of the Atlanta office
building (Fowles, 2010). DuROCK Alfacing International Manufacturing Company in Woodbridge,
Ontario has mounted a 10 kilowatt array of HIT 195 Double Modules at a 30° angle on their flat roof
(Figure 3). The reflective material used below the modules was TIOCOAT™, a white protective
roofing material. The bifacial modules as reported produced between 195 watts and 210 watts
(SolarTown, 2011). In October of 2011, I visited DuROCK and met with Jonathan Ursini, the
company’s business manager, who conducted a roof tour of his facility (Figure 4), Canada’s first solar
rooftop installation using Sanyo HIT Bifacial Modules and TIOCOAT™, a product produced by
DuROCK.

Figure 3. Photo of PV installation at DuROCK Alfacing International Manufacturing (Solartown,
2011).
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Figure 4. Photo of Jonathan Ursini, Business Manager at DuROCK adjacent to information poster
describing Canada’s first Sanyo’s first commercial bifacial installation.
Data were rather inconsistent, with few studies conducted to investigate the performance of
bifacial modules. Sanyo Electric Corporation states that the HIT Double Modules are capable of
producing power within their specifications (Appendix A). Each application and location will have a
different effect on the module or series of modules.
The Institute for Solar Energy Research Hameln/Emmerthal (Institut für
Solarenergieforschung Hameln, ISFH) tested a white surface behind bifacial modules. The Institute
used the modules to shape the company acronym on the front of the building. Behind the bifacial
modules, a white background was placed, capable of reflecting light onto the back surface of the
module. The modules used were back-contacted bifacial solar cells (BACK OECO) produced
experimentally by ISFH. The power output per cell was expected to be equivalent to that of at least a
30% efficient monofacial cell of the same size (Hezel, 2003).
Common Installation of Bifacial Photovoltaic Modules
The most common installation of Sanyo Bifacial Modules is in the form of canopies (Figure
5) that serve as covered walkways, carports, or porch roofs. Some applications use HIT Double
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Bifacial Modules for window screens (when angled appropriately), skylights, and in other atypical
roof installations with reflective material below.
The manufacturer recommends the following possible applications: architectural applications,
awnings, balconies, bus shelters, Building Integrated Photovoltaic (BIPV) arrays (Dunlop, 2010),
deck and porch coverings, canopies (Figure 5), carports, facades, fences, siding, trellises or tracking
systems ("Sanyo HIT Products," 2010).
The flexibility of applications introduces new options that permit HIT 195 Double Module
integration into net energy producing architectural details not previously realized.

In other

installations, modules were placed in angled ballasted frames on flat rooftops with light or white
roofing material below the lower surface (Solartown, 2011).

Figure 5. Photos of Canopy installations using Sanyo HIT Double Bifacial Modules (Sanyo HIT
Products, 2010).
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Designers and architects seem to favor the aesthetic appearance of the HIT Bifacial Modules.
The traditional monofacial modules are commonly installed on a roof, either flat or pitched. Bifacial
modules may become a functioning portion of the architecture as well as an electric generating device
by integrating them in interesting structures purposefully designed to withstand the weight and wind
shear.
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CHAPTER 3: OVERVIEW OF THE RESEARCH DESIGN
Research Methods
The experimental design consisted of two nominally identical systems, each comprised of
three Sanyo HIT 195 Double Bifacial Modules, a SMA Sunny Boy 700-US grid interactive inverter,
and an Ohio Semitronics PC8-004-08X5 power transducers. The independent variable was the type
of reflective material, and the dependent variable, power, was recorded each minute during all the
trials. Two research grade pyranometers measured total global solar irradiance and a pyrheliometer
measured the direct component of solar irradiance from the sun. Two Ohio Semitronics PC8-00408X5 transducers supplied the Campbell Scientific data logger to record results.
Two arrays were mounted horizontally in a series with a positive terminal on the left of the
array, and a negative terminal on the right. The two arrays were placed horizontally, one above the
other, by use of UNIRAC aluminum racking (Unirac, 2012). In Trial 1 the upper array consisted of
five modules employing the middle three wired in series, but the first and fifth modules on either end
were not wired. The lower array consisted of three modules wired in series. The adjustable
aluminum racking fastened to the mock roof held the modules parallel to the roof’s surface in all trials
but Trial 3 where a specially constructed frame permitted the horizontal placement of the lower array.
Methodology
The research was conducted on at the Solar Research Laboratory, Appalachian State
University in Boone, NC (Figure 6). The Sanyo HIT 195 Double Bifacial Photovoltaic Modules were
placed on a 36° angle mock roof. Two three-module strings were mounted using an aluminum frame.
Each adjustable aluminum frame was parallel to the reflective roof surface. The net result was an
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array tilt angle of 36° relative to horizontal. In one trial, the lower array was configured horizontally
(Figure 7).
The modules were fastened to the aluminum frame at a distance of 6 inches from the roof
surface. Each array functioned independently of one another, and had identical electrical components
and wiring. Additionally, 12-2 with ground wiring from the inverter to the breaker panel was cut to
the same length for both systems. Both arrays were mounted on the UNIRAC rail system with clips
acquired from UNIRAC specifically used for these Sanyo modules.

Figure 6. Appalachian State University Solar Testing Facility, Boone, NC. Arrow indicates location
of module placement.
At the top and the bottom of one module series string, approximately 8 inches of reflective
material was extended beyond the aluminum framework. The reflective materials used on the roof
surface were sized 69 inches high and 180 inches wide, which allowed an additional 40.5 inches of
reflective material on the far left of the left array and 40.5 inches on the far right of the right array,
and assisted in capturing the maximum reflectance as the sun rose and set. Additionally, there were
19.5 inches between the upper array and the lower array.

17

Figure 7. CAD model of side view of installation setup, racking, and solar modules illustrating the
two different geometries used in this study. Roof angle 36° and modules 36° relative to horizontal,
second illustration is roof angle at 36° with lower array a 0° relative to horizontal.
Initially, the upper array consisted of five modules with the three in the center wired together
in series. The two outer modules were not wired to assist in determining if the shadows created on the
sides of the three modules affected power output. The lower array consisted of three modules, all of
which were connected (Figure 8).

Figure 8. CAD Model of module layout. Upper and lower array wired. Upper array with
nonfunctioning module on either side.
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A different reflective material was placed on the roof surface directly below each series of
three modules to help determine if reflectivity of one material produces a higher PV power output
than another. Trials of three materials in different configurations were performed for a total of six
sets of data. The modules were connected in two sets of three series using two Sunny Boy 700-US
inverters. The Sanyo HIT 195 Double Bifacial Modules are manufacturer rated using STC at 195
watts with the potential of 249 watts at maximum output. At maximum output, the inverter tied to
three of these modules should be able to support 747 watts. A technician from SMA America, LLC
specified the SB 700-US stating this inverter has a power flex override of 3% for a total capability of
721 watts. The possibility of three modules producing an excess of 721 watts is negligible since
conditions in Boone, NC would have to be nearly identical to the set of reference conditions as
described above in STC. Conversely, the testing of reflective materials could have produced power at
peak performance neighboring those specified by Sanyo Electric Corporation.
Installation of an aluminum rack for each series of modules, wiring, module mounts,
inverters, transducers, and grid tying was completed prior to the commencement of data collection.
With the use of a research grade pyranometer, the first set of data to be collected was direct radiation.
Direct radiation is the solar radiation from the sun that reaches Earth’s surface without scattering
(Dunlop, 2010). Since most photovoltaic modules’ electrical outputs are rated by the peak sun
conditions (1000W/m²), it is important to determine how may peak sun hours the module has
received. Actual peak sun hours differ from calculated peak sun hours, because for the latter, early
sun, peak sun, and late sun irradiance is averaged. While peak sun may be an hour or less, calculated
peak sun may be equivalent to 4.8 peak sun hours (Dunlop, 2010). The pyranometer and Ohio
Semitronics transducers collected data each minute and was recorded by the Campbell Scientific data
logger.
The second set of data collected was diffuse radiation, solar radiation that is scattered by the
atmosphere and clouds (Dunlop, 2010). A second Huksaflux pyranometer measured daily diffuse
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irradiation. The third set of data was the plane of aperture using a Huksaflux pyrheliometer, which is
pointed directly at the sun to measure energy.

DC

AC

Figure 9. Photo of system electrical components with DC and AC indicators.
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Data Compilation Sets
The following measurements were used during this study along with an analysis of each.


Direct Radiation



Diffuse Radiation



Plane of Aperture total radiation



Power outputs over trial periods recorded each minute

Major Components Necessary to Complete the Two Systems
The main components of equipment to perform this study included the following:


Eight Sanyo HIT 195 Double Bifacial Modules



Two SMA-America Sunny Boy SB-700US Inverters



Two Ohio Semiconductor Transducers Model PC8-004-08X5



Two Square D 600 Volt DC Disconnects



Two Research Grade Huksaflux Pyranometers and Pyrheliometer



Campbell Scientific CR100 Data Logger



Three Reflective Materials
SMA-America, maker of the SUNNY BOY US-700 inverter, specifically states the wiring

between the array and the inverter should be between #6 and #10. I used #10 wires placed in a ½inch conduit as shown in Figure 9.
Wire sizing was determined by analyzing the system specifications and measuring the wiring
run from the array to the inverter. The length of wire from the array to the inverter was less than 50
feet, and the short circuit current did not exceed five amperes. Between the inverter and the solar
shed, I used #12-2 with ground. The system was grid tied inside of the shed.
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Trial Configurations
By design, the duration of each trial was expected to be a minimum of 14 days, but all trials
ran longer.

TRIAL 1 UPPER ARRAY

WHITE TIOCOAT/SWARCO BEADS

THREE

FLUSH MOUNT

WHITE TIOCOAT/SWARCO BEADS

THREE

FLUSH MOUNT

WHITE TIOCOAT/SWARCO BEADS

THREE

HORIZONTAL MOUNT

WHITE TIOCOAT/SWARCO BEADS

JANUARY 30-FEBRUARY 22 THREE

FLUSH MOUNT

WHITE TIOCOAT/SWARCO BEADS

THREE

FLUSH MOUNT

WHITE TIOCOAT/SWARCO BEADS

THREE

FLUSH MOUNT

ALUMINUM PAINT

THREE

FLUSH MOUNT

WHITE TIOCOAT/SWARCO BEADS

THREE

FLUSH MOUNT

ALUMINUM PAINT

THREE

FLUSH MOUNT

MEDIUM BROWN SHINGLES

JANUARY 1-JANUARY 31

LOWER ARRAY
TRIAL 5 UPPER ARRAY

FEBRUARY 23-MARCH 9

LOWER ARRAY
TRIAL 6 UPPER ARRAY

L
MA ETIV
E
TE
RI
AL

MEDIUM BROWN SHINGLES

FLUSH MOUNT

DECEMBER 3-DECEMBER 31 FIVE-THREE WIRED FLUSH MOUNT

LOWER ARRAY
TRIAL 4 UPPER ARRAY

RE
F

MEDIUM BROWN SHINGLES

THREE

LOWER ARRAY
TRIAL 3 UPPER ARRAY

GE
OM
ET
OF
RY
MO
DU
LE
S

NOVEMBER 18-DECEMBER 2 FIVE-THREE WIRED FLUSH MOUNT

LOWER ARRAY
TRIAL 2 UPPER ARRAY

QU
AN
TI
TY

PE
RI
OD
TR
OF
IA
LS

AR
RA
LO Y
CA
TI
ON

TR
IA
LS

Table 1. Table of Trials.

MARCH 29-APRIL 30

LOWER ARRAY

Trial 1
For Trial 1, a comparison was made with both the upper array and lower array operational
using the asphalt shingles as the reflective material for gathering baseline data (Figure 10).
The premise behind the upper array design with two inactive modules was to determine if
reflectance would enter from the left and the right sides. Since the lower array did not have blockage
on either side, it offered the possibility to determine the extent of reflectance entering under the array
from the sides. Data for this trial were collected over a 32-day period.
Objective: Determine if back side power production differs between edge shaded modules
(upper array) and exposed edge modules (lower array).
Upper array:


Mount: flush to roof with 6 inch spacing



Surface: brown shingles



Note: one unconnected panel on either side of the array

Lower array:


Mount: flush to roof with 6 inch spacing



Surface: brown shingles
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The upper array had a non-functioning panel mounted on either side (five panels). Trial 1
data were collected between November 18, 2011 and December 2, 2011 (Figure 10).

Figure 10. Photo of Trial 1. Upper Array Shingle Flush 5 Modules, Lower Array Shingle Flush 3
Modules.
Trial 2
The second trial was the same physical configuration for the arrays in Figure 10, but a
reflective roofing material was placed below the arrays to determine if this trial would net higher
power output results.
Objective: Determine if roof coating effects back-side power production difference due to
partial shading of edge shaded modules (upper array) and exposed edge modules (lower array).
Upper array:


Mount: flush to roof with 6 inch spacing



Surface: TIOCOAT™ with SWARCO glass beads



Note: one unconnected panel on either side of the array

Lower array:


Mount: flush to roof with 6 inch spacing



Surface: TIOCOAT™ with SWARCO glass beads
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The upper array had a non-functioning panel mounted on either side (total of five panels).
Two coats of TIOCOAT™ (Figure 11) paint were applied to a heavy weight painter’s cotton canvas
tarp. SWARCO glass beads were cast onto the second application at a rate of 1.4 ounces per square
foot of tarp before the last coat of TIOCOAT™ dried (Figure 12). The tarp was cut in half and placed
under the two arrays. The tarp extended 8 inches beyond the top and bottom panel edges and 1 inch
beyond the sides on the upper array. The lower array reflective material extended 8 inches above and
below the array and 40 inches beyond the right and left panel edges on the lower array (Figure 13).

Figure 11. Diagram of TIOCOAT™ Reflective White Roof coating (TIOCOAT, 2011).

Figure 12. Photo of SWARCO glass beads used to enhance reflectivity in road striping
(SWARCO, 2012).
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Trial 2 data were collected between December 3, 2011 and December 31, 2011 (Figure 13).

Figure 13. Photo of Trial 2. Upper Array White TIOCOAT™ Flush 5 Modules, Lower Array White
TIOCOAT™ Flush 3 Modules.
Trial 3
The third trial consisted of using the same reflective material in Trial 2, but the two outer
unwired modules on the upper array were removed (Figure 14). Additionally, the lower array was
tilted to achieve 0˚ or horizontal. Sanyo suggests this configuration in canopy installations. These
data helped determine whether the tilt affects the absorption of diffuse radiation by the lower surface
on the lower array.
Objective: Determine the effect on power output difference due to varying panel mounting
orientation.
Upper array:


Mount: flush to roof with 6 inch spacing



Surface: TIOCOAT™ with SWARCO glass beads

Lower array:


Mount: horizontal, with the bottom edge of the array elevated above the roof



Surface: TIOCOAT™ with SWARCO glass beads
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Trial 3 data were collected between January 1, 2012 and January 29, 2012 (Figure 14).

Figure 14. Photo of Trial 3. Lower array poised at horizontal. Upper Array White TIOCOAT™-3
Modules, Lower Array White TIOCOAT™ 3 Modules Horizontal.
Trial 4
Objective: Verify equal power outputs with identical experimental conditions (Figure 15).
Upper array:


Mount: flush to roof with 6 inch spacing



Surface: TIOCOAT™ with SWARCO glass beads

Lower array:


Mount: flush to roof with 6 inch spacing



Surface: TIOCOAT™ with SWARCO glass beads

Trial 4 data were collected between January 30, 2012 and February 22, 2012 (Figure 15).

26

Outer unconnected modules removed.

Figure 15. Photo of Trial 4. Upper Array White TIOCOAT™ Flush 3 Modules, Lower Array White
TIOCOAT™ Flush 3 Modules
Trial 5
Objective: Determine the power output difference from differing reflective coatings below
the arrays (Figure 16).
Upper array:


Mount: flush to roof with 6 inch spacing



Surface: Benjamin Moore Weatherproof Aluminum Paint

Lower array:


Mount: flush to roof with 6 inch spacing



Surface: TIOCOAT™ with SWARCO glass beads
Three coats of Benjamin Moore® Weatherproof Aluminum Paint were applied to a canvas

tarp that covered the roof shingles. The tarp extended 8 inches beyond the top and bottom panel edges
and 40 inches beyond the right and left panel edges. Trial 5 data were collected between February 23,
2012 and March 9, 2012 (Figure 16).
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Figure 16. Photo of Trial 5. Upper Array Silver Roof Paint Flush 3 Modules, Lower Array White
TIOCOAT™ Flush 3 Modules
Trial 6
Objective: Determine the power output difference from a reflective surface vs. a nonreflective surface below the arrays (Figure 17).
Upper array:


Mount: flush to roof with 6 inch spacing



Surface: Benjamin Moore Weatherproof Aluminum Paint

Lower array:


Mount: flush to roof with 6 inch spacing



Surface: medium brown asphalt shingles

Trial 6 data were collected between March 29, 2012 and April 30, 2012 (Figure 17).

28

Figure 17. Photo of Trial 6. Upper Array Silver Roof Paint Flush 3 Modules, Lower Array Shingles
Flush 3 Modules.
Data Collection and Analysis Procedures
The electrical output of each series of modules, irradiance, horizontal diffuse irradiance and
Plane of Aperture (POA) total irradiance were measured every minute over the course of each trial
period. The trial durations were designed for a minimum of two weeks. Data was compiled and
characterized by geometry and reflective material used to determine efficiency (either increased or
decreased) of the modules. Data were also graphed for one day within the trial period to illustrated
typical performance of the arrays. Binned data was analyzed to compare direct beam irradiance,
diffuse beam irradiance, plane of aperture irradiance, and direct beam fraction to insure the climatic
conditions were similar for each series.
The data were captured at one-minute intervals during each trial period using a Campbell
Scientific CR1000 with Loggernet software. Excel spreadsheets of raw data (.txt) were converted to
Excel 2010 .xlxs files and merged with weather files corresponding to the same minute. Nighttime
data were excluded prior to data being analyzed. Initially, the period between 8:00 a.m. and 4:00 p.m.
was reviewed over all six trials. It was determined that erratic data were present prior to 10:00 a.m.
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and after 2:00 p.m. possibly due to shading of one or both of the arrays. A determination was made to
use the timeframe of 10:00 a.m. to 2:00 p.m. since this period included un-shaded data closest to solar
noon over all the trials.
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CHAPTER 4: FINDINGS
Data were collected from November 17, 2011 through April 20, 2012. Minutes with power
greater than 100 watts on both upper and lower arrays were analyzed. The wiring configuration of
the two systems was such that power for both arrays was channeled to the power transducers and
recorded prior to reaching the inverters. Non-zero power was observed at nighttime from each power
transducer. Based on distributions of measured nighttime power, correction factors of -2.8 watts and
+2.4 watts for the upper and lower arrays, respectively, were calculated to zero these readings, and
applied to the measurements.
Trial 1
November 18-December 2
The Trial 1 data sample on a representative day, November 20, 2012 (Figure 18) indicates
very little power difference with a nearly identical graph for both arrays. In this trial, both upper and
lower arrays were flush mounted 6 inches over medium brown shingles, but the upper array had
additional unconnected modules on both the left and the right sides. Lack of direct reflectance on the
sides of the upper array had little effect on the power output compared to the lower array without the
additional side modules. The power output for both arrays varied from 300 watts to 535 watts, with
only slight variations between the two. One possible explanation of this variance is to conclude that
the power differences were possibly caused by clouds shading both arrays.
As indicated in Figure 19, the distribution of percent power differences shows a rather
normal distribution suggesting the addition of the two unconnected modules on either side of the
upper array resulted in less than a 0.02% power output difference between the arrays. The average
percent power difference was 0.017± 0.01% with N=2,869 (N being the number of minutes used in
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the trial). The data suggests that using the two additional modules to create purposeful shading on
either side of the upper array caused little difference in power output.
The time ordered graph shown in Figure 20 shows that between the hours of 10 a.m. and 2
p.m., the lower array consistently performed better than the upper array throughout the day, but only
by approximately .25%. Error bars generally indicate higher confidence intervals between -0.06%
and -0.03% power difference. Lower confidence levels appear more often after 12:15 p.m. As seen
in the graph of percent power difference vs. plane of aperture irradiance (Figure 21), at a low plane of
aperture irradiance, the upper array outperforms the lower array. At a high plane of aperture
irradiance, the lower array outperforms the upper array.
In summary, it is possible to conclude that the two unconnected modules on the upper array
had little effect on power output, thus there were no substantial power differences between the two
arrays during this trial.
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Figure 18. Chart of Trial 1. Power output on November 20, 2011. Shingle Roof with 5 Modules,
Shingle Roof with 3 Modules.

Figure 19. Chart of Trial 1. Frequency Distribution of Percent Power Differences
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Figure 20. Chart of Trial 1. Percent Power Difference vs. Time Day.

Figure 21. Chart of Trial 1. Percent Difference vs. POA Irradiance.
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Trial 2
December 3-December 31
Both arrays were flush mounted 6” above the surface of a TIOCOAT™ and SWARCO glass
bead configuration, with the upper array consisting of an inactive panel on either side of the upper
array as in Trial 1. As an example, Trial 2 data for December 18, 2012 suggests that both the upper
array and the lower array may have had some possible shading prior 10:30 a.m., and the lower array
slightly outperformed the upper array between 10:30 a.m. and 2:00 p.m. (Figure 22). Power output
for both arrays was rather consistent after 10:30 a.m., but the lower array noticeably outperformed the
upper array.
The frequency distribution of percent power difference shown in Figure 23 represents a rather
normal distribution with the lower array slightly outperforming the upper array. Average percent
power difference was -0.61% ± 0.01% with N=6784. The error bars in Figure 24 show consistent
smaller uncertainties after 1:00 p.m., unlike the greater uncertainties seen before 1:00 p.m. More
specifically, the lower array outperformed the upper array before 11:00 a.m. and after 1:00 p.m. The
greatest percent power difference vs. time of day approaches 4%, and occurred at 800W/m2 as shown
in Figure 25. Error bars indicate a lower confidence levels between 500W/m2 and 800W/m2
suggesting increased variation in each irradiance bin compared to Trial 1.
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Figure 22. Chart of Trial 2. Power output on December 18, 2011. Upper Array White TIOCOAT™
5 Modules (Two Outer Unconnected), Lower Array White TIOCOAT™ 3 Modules.

Figure 23. Chart of Trial 2. Frequency Distribution of Percent of Power Differences.
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Figure 24. Chart of Trial 2. Percent Power Difference vs. Time of Day.

Figure 25. Chart of Trial 2. Percent Power Difference vs. POA Irradiance.
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Trial 3
January 1-January 29
The configuration for Trial 3 used the same reflective TIOCOAT™ and SWARCO glass
beads for both arrays, but the configuration of the upper array and the geometry of the lower array
were modified. Both inactive modules (shading modules) from the upper array were removed leaving
an array of three connected modules. The lower array was raised so the surface of the modules was
poised at 0˚ or 36˚ relative to the reflective surface. Data in Figure 26 for January 14, 2012 suggest
that the upper array performs similar to the previous trials, but the lower array power was drastically
reduced, quite possibly from the change in tilt of the array. The decrease power output occurring from
both arrays are indicative of possible heavy cloud cover for a brief period. This horizontal
positioning, one suggested by Sanyo Corporation for use in overhead canopies, clearly limits the
production of power, at least in this configuration, in this location, during this trial. It is noted that the
geometry of the reflective material was at a 36˚ angle to the lower surface of the modules, which may
or may not be typical.
Unlike the previous trials, the distribution in Figure 27 is a bimodal distribution suggesting
two separate normal distributions, one in which the upper array typically outperforms the lower array.
The upper array outperforms the lower array by means of occurrence, with the greatest power
difference occurring between 35% and 40% power difference. The upper array has a consistently
higher percentage of power difference during the trial over the four-hour period in comparison to the
lower array, but tends to decrease after 1:00 p.m. (Figure 28) because of an increase in power of the
lower array. There is not a normal distribution, but rather a strong variation of Δ P across the trial
period. Error bars indicate a rather consistent level of uncertainties over time above 300W/m2, power
difference trends positively from 0% to slightly over 40% at 800W/m2 (Figure 29). In this trial, lower
power is evident below 300 Wm2 but between 300W/m2 and 800W/m2, there is indication of higher
irradiance possibly due to the varied geometry (Figure 29). Error bars indicate a small uncertainty
across the plane of aperture data during the trial period.
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Figure 26. Chart of Trial 3. Power output on January 14, 2012. White TIOCOAT™-3 Modules,
White TIOCOAT™ 3 Modules Horizontal.

Figure 27. Chart of Trial 3. Frequency Distribution of Percent Power Differences
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Figure 28. Chart of Trial 3. Percent Power Difference vs. Time of Day.

Figure 29. Chart of Trial 3. Percent Power Difference vs. POA.

40
Trial 4
January 30-February 22
The configuration of Trial 4 was modified so that both upper and lower arrays were
identically mounted flush to the roof, 6 inches above TIOCOAT™ and SWARCO glass beads. The
objective was to attempt to verify power output was identical for both arrays. As shown in Figure 30,
for February 13, 2012, power output was nearly identical with minimal variation between arrays.
Fluctuation in power output for both arrays was likely to be intermittent clouds during the day since
the lowest power output was just below 200 watts during the trial period. It is possible to conclude
that performance of these two arrays would be very similar on other days throughout this trial based
on the overlap of the graphed lines.
For the complete Trial 4 period, power output was slightly higher in the upper array, but still
falls within a normal distribution and shown in Figure 31. The average percent in power difference
was 1.0 ± 0.1% with N=6,551. Between 10:00 a.m. and 11:00 a.m., the lower array consistently
performed better by almost 3%, but percentage of power difference after that time appears to vary
between upper and lower arrays (Figure 32). After 1:30 p.m. there is less uncertainty, but it would be
difficult to suggest any type of pattern. At low plane of aperture irradiance, Figure 33 initially
suggests the lower array performs better, but at 500W/m2, the upper array outperforms the lower array
by approximately 2% although the chart indicates greater uncertainty.
In summary, this trial was performed as a form of verification that both arrays would perform
identically by using the same reflective material, same equipment, and the same time period. The
attempt was to measure a difference in power of zero, but the trial actually netted a power difference
of 1%. The result of this trial signifies that within all trials, there is a minimum 1% margin of error
which indicates the difference in power must be greater than 1% to be considered greater that zero.
Since the reflective material and geometry of both arrays were identical, Trial 4 results, for
the purpose of this scientific study, must be valued as a systematic uncertainty of ±1% which should
be applied to all other trials in this study.
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Figure 30. Chart of Trial 4. Power output on February 13, 2012. White TIOCOAT™ Flush 3
Modules White TIOCOAT™ Flush 3 Modules.

Figure 31. Chart of Trial 4. Frequency Distribution of Percent Power Differences
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Figure 32. Chart of Trial 4. Percent Power Difference vs. Time of Day.

Figure 33. Chart of Trial 4. Percent Power Difference vs. POA Irradiance.
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Trial 5
February 23-March 9
As noted in Trial 4, a systematic uncertainty of ±1% was found in the results. It important to
realize that this systematic uncertainty must be viewed differently than the statistical uncertainty
mentioned in each trial analysis, where all trial statistical uncertainties were less that 1%.
In Trial 5, the silver Benjamin Moore reflective surface was introduced under the upper array
with the lower array utilizing TIOCOAT™ and SWARCO glass beads from the previous trial. Data
from March 6, 2012 indicate relatively identical power output for both arrays and an exceptional clear
day with very few fluctuations in power (Figure 34).
The distribution of percent power difference was similar to Trials 1, 2, and 4 as shown in
Figure 35 with the upper array slightly outperforming the lower array, but distribution was normal.
Average percent power difference was 1.0 ± 0.1% with N=4,587. Percent of power difference
uncertainty was smaller before 10:30 a.m. for the upper array, but toward the middle of the day,
uncertainties varied greatly with no particular pattern. There was a change in percent power
difference of the lower array after 1:30 p.m., but the uncertainties are much greater indicating there
was an event, but it is undeterminable what that event might be (Figure 36). The percent power
difference peaks at 6% for aperture irradiance of 600W/m2, as irradiance increases, the percent
difference in power decreases. Additionally, smaller error bars are seen at irradiance (Figure 37).
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Figure 34. Chart of Trial 5. Power on March 6, 2012. Silver Roof Paint Flush 3 Modules, White
TIOCOAT™ Flush 3 Modules.

Figure 35. Chart of Trial 5. Frequency Distribution of Percent Power Differences
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Figure 36. Chart of Trial 5. Percent Power Difference vs. Time of Day.

Figure 37. Chart of Trial 5. Percent Power Difference vs. POA Irradiance.
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Trial 6
March 29 –April 30
Trial 6 had the same module configuration of three modules flush per array. The upper array
utilized Benjamin Moore silver roof paint as the reflective material, and the lower array utilized
medium brown shingles as the reflective material. The graph of power for April 1, 2012, suggests
that upper array outperformed the lower array, but only slightly. The performance of the arrays was
nearly identical with power varying between 150 watts and 500 watts as shown in Figure 38.
The frequency distribution in Figure 39 indicates the upper array outperformed the lower
array by 4% and the lower array consistently performed more poorly over the trial period. The
average percent power difference was 3.6 ± 0.1% with N=8,804. The Percent Power Difference vs.
Time of Day chart illustrates a fairly consistent percentage power difference with a few periods of
greater uncertainty, but clearly smaller uncertainties than the first five trials overall between 10:00
a.m. and 2:00 p.m. (Figure 40). Plane of aperture irradiance between 200W/m2 and 1000 W/m2 had a
percent power difference around 3% throughout the duration of the trial (Figure 41).
In summary, the results from Trial 6 indicate that in fact, the reflective silver material did
increase power over the medium brown shingles. Additionally, this trial had a higher confidence
level overall noted by the smaller error bars in both Figure 40 and Figure 41.
Using the findings in Trial 5, we can then conclude that the difference in power for Trial 6,
silver reflective material vs. medium brown shingles, would actually result in a difference in power of
nearly 2% rather than nearly 3%.
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Figure 38. Chart of Trial 6. Power on April 1, 2012. Silver Roof Paint Flush 3 Modules, Shingles
Flush 3 Modules.

Figure 39. Chart of Trial 6. Frequency Distribution of Percent Power Differences.
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Figure 40. Chart of Trial 6. Percent Power Difference vs. Time of Day.

Figure 41. Chart of Trial 6. Percent Power Difference vs. POA Irradiance.
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CHAPTER 5: CONCLUSION AND DISCUSSION
Summary
This study sought to verify Sanyo’s claim of increased power of up to 30% when HIT Double
Bifacial Modules are used. In an effort to increase in power produced by these modules, varying
reflective materials and geometries were purposefully used under two separate arrays in six trials in
the same location for a period of nearly five months. The study was conducted between late fall 2011
and early spring 2012 with a fairly typical winter for the Boone, North Carolina location.
To estimate the experimental systematic uncertainty, a trial was conducted (Trial 4) in which
two nominally identical arrays were monitored. During this trial the mean of the distribution of
percent power difference was 1%. This systematic uncertainty dominates the statistical uncertainty;
therefore, an overall uncertainty of 1% will be applied to all percent power differences.
Reflective Materials
All three reflective materials are currently used in roofing applications. One variation was to
scatter SWARCO glass beads onto the last wet coat of TIOCOAT before placing the material under
the arrays. This procedure was atypical but it was an important step to this research, as these types of
glass beads are applied to wet striping paint to mark safety areas on roadways. The additional
reflectivity of the beads in combination with the white TIOCOAT™ was to significantly increase
reflectivity. Trial 4 had both array flush mounted with TIOCOAT™ under each array.
The Benjamin Moore aluminum roof paint, while very reflective, lacked the bright white, but
had somewhat of a mirror effect. The paint applied to canvas mimicked a metal roof surface and
served as a reflective material for this study.
Trial 5 introduced this paint for the upper array, but retained SWARCO glass beads for the
reflective material under the lower array. In this trial, the distribution of power differences was 1%

50
with the upper array slightly outperforming the lower array indicating that the power difference was
consistent with zero.
The standard medium brown shingles, while not appearing reflective, actually reflect some
light even though they were dark in color compared to the other two materials. Theses shingles could
very well be installed under photovoltaic modules in a standard installation. In Trial 6, the silver
paint was used under the upper array and the shingles were used under the lower array. The
distribution of power differences was 4% with the upper array outperforming the lower array.
Clearly, the silver paint assisted in increasing array power output over the medium brown shingles.
In summary, varying different reflective materials below the lower surface of the modules did
little to increase power. It is conceivable to conclude that there is a possibility of increasing power by
altering reflective material below the modules, but numerous variables such as array location, module
distance from reflecting surface, geographic location, and maintenance of the arrays would be a few
determining factors whether this escalation in power could be duplicated or possibly increased by
careful planning.
Edge Placement
In Trial 1 and Trial 2, the upper array side edges were shaded with non-working modules. In
these two trials, the reflective material extended all the way to the left and right of the unconnected
modules on the upper array which physically had 5 modules. The reflective material for the lower
array was the same size, but because there were on three modules in this array, the material extended
40.5 inches on either side of the left and right lower array of three modules. Reflective material was
under all of modules throughout the entire study, and by visual inspection, the area under the nonworking modules was not as exposed to as much light as the lower configuration with exposed edges.
Scientifically, this configuration of unconnected side modules on the upper array in Trial 1
produced no difference in power, but in Trial 2, the lower array outperformed the upper array, but the
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overall power difference remained consistent with zero percent. Further, varying different reflective
materials below the lower surface of the modules did little to increase power.
Module Geometry
Since the Sanyo HIT 195 Bifacial Module application is versatile, Trial 3 geometry compared
two geometries (upper array flush vs. lower array horizontal) to determine the effect of module
placement both from a performance standpoint, as well as a practical application in the field. In this
trial, the lower array racking was modified to raise the array to a horizontal position, while the upper
array remained flush to the roof, and both arrays had TIOCOAT™ with SWARCO glass beads
below as the reflective material. Two vital aspects of this trial are important, the first being the actual
geometry, and the second being the fact that the horizontal array had the reflective material at a 36°
angle from the bottom of the array. An assumption could be made that the upper array was receiving
direct and diffuse irradiation, but the lower array was receiving more diffuse irradiation and less
direct irradiation due to the array’s angle. Test results were astounding with the difference in
geometry.
Altered geometry had the greatest effect on power output with the flush array outperforming
the horizontal array. Trial 3 results indicated that with the lower array of Sanyo bifacial modules
mounted horizontally, power was drastically reduced by nearly 40% compared to the upper array that
was mounted at 36° relative to horizontal and flush to the roof. It is possible to conclude that with
horizontal placement of the bifacial arrays in this application, it was not the best geometric
configuration to support the manufacturer’s claim of a possible increase in power by 30%.
Percent Power Difference vs. Time
The time of day for measurements, (10 a.m.-2 p.m.) was the identical throughout all trials.
Trial 1 had .03% power difference on average with sporadic elevated uncertainties. Trial 2 power
difference went from -8% near 10 a.m. to 8% at noon and dropped to -4% at 2 p.m. varying greatly
from Trial 1. Additionally, there was much greater uncertainty at morning and noon times than at 2
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p.m. Both of these trials had an unconnected module on each side of the upper array. In Trial 3
power differences vs. time of day was the most pronounced at 12%, 2% and 1% with much higher
uncertainty at 10 a.m. and 12 p.m. This trial also had the varied geometry on the lower array. Trial 4
power difference varied -3%, 2% and 1% respectively with higher uncertainty at 10 a.m. and 12 p.m.
Trial 5 power differences ranged from 1%, 1.5%, .5% and -3% in the four hour period with no
noticeable trend over time. Trial 6 was rather consistent with a difference in power at 3% with very
little uncertainty (smaller error bars) during the trial period.
Trial 3 power difference trend was much less sporadic than Trial 1 and Trial 2. While the did
not have an apparent power difference trend, but Trial 5 trended around 1% with sporadic increases of
greater uncertainty throughout the trial period. Trial 6 indicated the most stable power difference
across the trial with less uncertainty.
In summary, there were no consistent trends in percent power vs. time of day until Trial 6.
Percent power difference was around 3% with little uncertainty (small error bars) throughout the trial
period.
Percent Power Difference vs. POA Irradiance
Trial 1 power difference vs. plane of aperture irradiance varied from .75% at 300W/m², to
.5% at 1000W/m² with greater uncertainty early in the day. Trial 2 power difference was .5% to a
high of 4% with greater uncertainty. Both of these trials utilized the unconnected module on either
side on the upper array. Trial 3 power difference was 13% at 400W/m² to 41% at 800W/m². In this
trial, the varied geometry was implemented. Trial 4 power differences were .5% at 200W/m², but
rose to 5% at 400W/m² and to 3.75% at 700W/m² with the greatest uncertainty toward the end of the
day. In this trial both arrays were flush mounted and had TIOCOAT™ with SWARCO glass beads as
the reflective material. Trial 5 power differences was .5% at 200W/m², 2% at 500W/m², 6% at
600W/m² and -.5% at 800W/m², utilizing the silver aluminum paint for the upper array and
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TIOCOAT™ with SWARCO glass beads for the lower array. Geometry was the same for both
arrays. For Trial 6, the power difference was the most consistent at 3% with very little uncertainty.
Percent power difference for Trial 1 showed a steady decreasing trend from .75% to .5% with
increasing POA irradiance, whereas Trial 2 had a steady increase from .5% peaking at 4% but
dropped at 900W/m2. Trial 3 trended similarly to Trial 2, but percent power difference was much
greater due the varied geometry of the arrays. Trial 4 also tended to show a consistent increase in
power from -.5% to 3.6% at700W/m2 before declining to 1.3% at 1000W/m2. Trial 5 displayed a
peak near 6% at 600W/m2, but had the highest level of uncertainty, while percent power difference at
low and high irradiance were consistently between 0% and 1%. The least amount of variation in
percent power difference was in Trial 6, which was rather level and had lower uncertainty across the
trial period.
In summary, for Trial 1 the lower array performed better overall, but in Trial 2 the upper
array performed better. The use of the mock panels on both of these trials with shingles and
TIOCOAT™ respectively, did not show any particular similar trend. There was not any specific
trend with Trial 4 and Trial 5, but the uncertainty was much greater than any other trial. Trial 6 had a
very consistent power difference vs. POA and had the least uncertainty of all the trials. The upper
array outperformed the lower array by approximately 3% ± 1% across all POA irradiance values. In
most trials, the percent power difference starts low, peaks toward the middle and decreases at higher
irradiance.
There were varying trends in percent power difference vs. POA across the trials. Trial 1
percentage was .75% at 300 W/m2 and tapered to .5% at 1000 W/m2. With trials 2, 3, 4 and 5
percentage power increased with irradiance between 600W/m2 and 800W/m2, then declined slowly
toward 1000W/m2. Trial 6 percentage power difference vs. POA irradiance was around 3%.
Applications
Purchasing the Sanyo HIT Double Bifacial Modules solely for the purpose of increasing
power with the ability to use fewer modules would seem to be an unwise investment, but findings in
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this study could not deem this idea totally unreasonable. Rather, the use of these semi-translucent
modules should be considered an opportunity to produce power within architectural applications not
previously realized. The modules may also be used in ballasted mounts on a flat roof as well as in
combination with a reflective roof surface such as TIOCOAT™; however array geometry is vital in
all types of installation.
Sanyo engineered the HIT Double Bifacial Module to be installed at a variety of angles, but
review of their company literature would seem to indicate installations of modules are mostly
mounted horizontally in canopy type structures. While this type of installation is well within the
product’s specifications, research indicates the best position for a photovoltaic module is
perpendicular to the sun’s rays to absorb maximum irradiation.
The Sanyo HIT 195 Bifacial Modules would be beneficial in residential applications where
space for conventional photovoltaic modules is limited. Careful planning in new construction and
remodels could utilize the modules on porch roofs, skylights, or in canopies. In commercial urban
areas, the modules would work nicely on flat or skywalk roofs without being visually intrusive.
For some, photovoltaic modules are considered unattractive and installation would be
frowned upon. Integration of bifacial modules within structures would help minimize some of the
negative responses by these individuals. Acceptance rates would most likely increase as innovative
installation techniques are practiced.
Additional Research Opportunities
The research conducted in this study is far from conclusive for these modules, and in all
fairness to Sanyo North America, the bifacial modules are definitely useful in a variety of
installations. Further research would be needed to determine the return on investment of bifacial
modules vs. conventional monofacial modules. Large scale, long term testing would especially be
useful since solar azimuth changes over the course of the year. Additionally, photovoltaic modules
are more efficient in cooler weather; as ambient temperature increases, performance decreases.
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Additional research is needed including installing the bifacial modules in varying applications
and locations tested over a longer period of time. Conversations pertaining to installation of these
particular bifacial modules in the roof of bus shelters on a university campus would help indicate their
worth over time. The same equipment used for this study could be used to retrofit three of the bus
shelter installations. A small glass enclosure within the bus shelter structure would allow for visual
inspection of the power inverter and would allow users of the bus shelter to view power generated
over a time frame raising awareness of energy efficiency, technology, and photovoltaic integration in
a real life application.
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