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ABSTRACT

The most relevant basis for designing photovoltaic
systems is their annual energy production, which is also the
best metric for monitoring their long-term performance. An
accurate array performance model based on established
testing procedures is required to confidently predict energy
available from the array. This model, coupled with the
performance characteristics of other balance-of-system
components, provides the tool necessary to calculate
expected system performance and to compare actual
versus expacted energy production. Using such a tool, this
paper guantifies the affect of the primary factors influencing
the dc-energy available from different photovoltaic module
technologies, and contrasts these influences with other
system-level factors that often result in significantly less ac-
energy delivered to the load than the array is capable of
providing. Annual as well as seasonal energy production is
discussed in the context of both grid-tied and stand-alone
photovoltaic systems.

INTRODUCTION

The performance of photovoltaic medules or arrays can
be reported and compared in different ways, including:
efficiency or peak power (W,) at the ASTM Standard
Reporting Condition [1], cost per peak watt ($/W,,) [2], dc-
energy normalized by peak power (KWhKkW,) [3, 4], or
average dc-energy produced per day (kWh/d). At the
system level, performance is often judged based on daily
ac-energy delivered (kWh/d, ac) [5], and perhaps the most
definitive performance metric quantifies actual energy cost
(3/kWh, ac) where instaliation cost, operation and
maintenance costs, and long-term component degradation
rates are considered. Significant progress has now been
made in understanding both the module-level and the
system-level- factors that influence the annual energy
production of both grid-tied and stand-alone photovoltaic
. systems [6].

dc-ENERGY AVAILABLE FROM PV MODULES

The first step in analyzing the expected energy
production from a photovoltaic system is to obtain an
accurate estimate for the dc-energy available from the array,
for the intended site and design configuration. The
comprehensive outdoor testing procedures and array
pefformance model developed by Sandia have now
demonstrated good accuracy over a wide range of operating
conditions, as documented elsewhere [7, 8, 9]. This
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performance model accounts for module specific electrical
parameters, temperature coefficients, operating temperature
as a function of environmental conditions, optical losses at
high angles of incidence, solar spectral variation over the
day, and module mounting orierdation or tracking options.
Using this model coupled with solar resource and weather
data from the National Solar Radiation Data Base (NSRDB)
[10), a sensitivity analysis of the factors influencing the
energy available from commercial modules has been
performed.

One valuable outcome from this analysis was a relative
comparison of the annual energy available from different
commercial module technologies. Table 1 gives the results
for fourteen commercial technologies oriented at a latitude
tiltt-angle for three different sites, in terms of their expected
annual-average dc-energy production per day. Results
were scaled to the equivalent of a 1-kW, array for each
technology. Normalized values, with respect to the “mc-Si*
module, are also shown for more direct comparison. An
important conclusion from this analysis was that, given an
equivalent power rating at the Standard Reporting Condition
(SRC), all technology types were nominally equivalent in
terms of expecled annual energy production, within the
uncertainty of the calculation (£5%). This conclusion has
also been recently supported in results reported by BP Solar
[4]. The two exceptions in the table have manufacturer
specific electrical characteristics (performance at the
Standard Reporting Condition strongly limited by series
resistance) that are likely to evolve making their annual
energy production consistent with other modules.

FACTORS INFLUENCING dc-ENERGY PRODUCTION

The annual de-energy produced by a photovoltaic
module is influenced by a number of interactive factors,
some related to the module itseff and others related to the
site environmental characteristics. The factors of most
significance are the following: cumulative solar iradiance,
module power rating at the Standard Reporting Condition,
operating temperature (temperature coefficient influence),
maximum-power-voltage (V.,} dependence on solar
irradiance level, soiling, variation in solar spectrum, and
optical losses when sunlight is at a high angle-of-incidence
(AO1). The relative impact of these seven factors on annual
energy production was investigated using our performance
model. This effort will improve and simplify system design
methods, and assist industry in rating and marketing
photovoltaic modules.

1356



Table 1: Calculated annual-average dc-energy per day (kWh/d) available from different commercial photovoltalc technology
types, all with identical 1-kW,, ratings at the ASTM Standard Reporting Condition.

[Latitude-Tilt Orlentation, Open-Rack Mount (Uncertainty +/- 5%)

me-Si me-Si#2 mc-Si#3 me-Si#d mc-Si#5 c-Si HIP-Si p-Si a-Si a-Si#2 CIS CdTe CdTe#2 CdTe#3
Albuquergue 5.82 5.87 5.81 5.78 5.79 588 | 595 | 567 | 646 | 580 | 607 | 573 6.56 574
Sacramento 4.90 4.95 487 4.84 4.86 495 t 501 472 | 543 | 4831 503 | 483 565 4.78
Buifalo 3.87 3.89 3.85 3.81 3.83 397 [ 385 | 374 | 424 | 380 | 392 | 3.87 4.25 3.71

Normalized  mc-Si me-Si#2 me-Si#3  me-Sigd me-Sigs  ¢-Si HIP-8i  p-8i a-Si_ a-Si#2 CIS CdTe CdTe#2 CdTe#3
Albuquerque 1.00 1.01 1.00 0.99 0.99 1.01 f 102 | 097 | 111 | 100 | 1.04 | 0.99 1.13 0.99
Sacramento 1.00 1.01 0.99 0.99 0.99 101 1 102 | 096 | 111 1 0.99 | 1.03 } 0.99 1.15 0.98
Buifalo 1.00 1.00 0.99 0.98 0.99 102 | 099 | 086 | 109 | 098 ] 1.01 ] 1.00 1.10 0.96

Cumulative Solar Irradiance

The energy produced by a photovoltaic module over-a
year's period of time is directly related to the availability of
solar energy, and as a result is site dependent. In Buffalo,
NY, there is about 80% and in Sacramento, CA, about 85%
of the solar energy available in Albuquerque, NM. The
curnulative solar energy incident on a photovoltaic module is
in turn strongly dependent on the module’s orientation
relative to the sun. To maximize energy production, the
module can be mounted on a 2-axis solar tracker so that it
always points directly at the sun. In other applications, it
may be desirable to mount a module in a horizontal or
vertical orientation. Generally, it is common practice to
mount flat-plate modules on a structure orienting them at a
tit-angle from horizontal that is equal to the site latitude
angle. This ‘atitude-tilt’ orientation provides a good annual
compromise in capluring suniight without the added
expense of a solar tracker.

Table 2 shows annual energy available from a typical
multi-crystalline silicon (me-Si) module relative to a latitude-
tit reference case for different module orientations and
tracking options. The benefit of solar tracking was found to
be site dependent with the greatest benefit for sites with a
high percentage of direct beam solar irradiance, like
Albuguerque. Module orientation also strongly influences
the daily and monthly distribution of energy produced,
making it possible for designers to better match photovoltaic
energy production with energy demands that may be
seasonally distributed. The seasonal distribution of de-
energy available for differert module orientations in
Albuguerqgue is shown in Figure 1.

Table 2: Influence of module orientation and tracking on
annual de-energy available from a me-8i module, relative to
a latitude-tilt orientation.

Albuguerque Sacramento Buffalo
Laitude-Tilt 1.00 1.00 1.00
Horizontal 0.86 0.90 0.90

Vertical 0.73 0.71 0.83
1-Axis Tracking 1.21 1.23 1.15
2-Axis Tracking 1.32 . 1.31 1.23

Maximum-Power-Voltage (V) vs. bradiance

This module-specific factor, or characteristic, is not
typically measured or specified by module manufacturers,
but it can have a pronounced influence on annual energy
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production. Basically, the factor describes how well a
module performs at low irradiance levels. Figure 2
flustrates the Vi, dependence on imadiance measured fer
two different modules. In the case of the amorphous silicon
(a-Si) module shown, the V, increased as the irradiance
level decreased, thus maintaining an operating voliage at
low irradiance levels higher than at the reference one-sun
condition. This behavicr can be important, particularly for
sites with a high percentage of overcast sky conditions,
because it can result in about 10% more annual energy
production. The a-5i and CdTe#2 modules in Table 1 had a
noticeably higher annual energy production, primarily
because of this Vi, vs. iradiance effect. Relatively smaller
temperature coefficients also contributed about 2% to the
apparent energy production advantage for the a-Si module.
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Fig.1: Calculated dc-energy available from a 100-W, me-Si
module by month in different orientations in Albuquerque.

Operating Temperature and Temperature Coefficients

Mecdule performance changes with  operating
temperature, at a rate defined by the module's temperature
coefficients. Both the electrical current generated by a
module and its voltage are independently influenced by
operating temperature. As temperature increases, voltage
typically decreases and current typically increases, with the
largest relative influence on voltage. As stated previously,
the ASTM Standard Reporting Condition serves as the
reference condition for module performance, with cell
temperature specified to be 25 °C. Therefore, a module’s
relative performance and energy production will decrease
during operating conditions where the cell temperature is
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above 25 °C. The operating temperature is influenced by
module design {flat-plate, concentrater), mounting technique
(open rack, roof mounted), irradiance level, ambient
temperature, wind speed, and 1o a lesser degree wind
direction.  Sandia’s empirically-based thermal model
compensates for these influences and relates cell
temperature to the environmental parameters given in the
NSRDB database (irradiance, ambient temperature, wind
speed). In the analysis presented here, the sensitivity of
annual energy production to temperature coefficients was
investigated by calculating the ratio of annual energy, with
temperature coefficients applied, divided by annual energy,
assuming that module performance had no temperature
dependence.
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Fig. 2: Vi and P, versus irradiance behavior measured
for two different modules, a-Si and me-Si.

Table 3 shows the results for the modules for three
different sites. The temperature coefficients for Py for the
three modules shown were approximately -0.5 %/C for me-
i, -0.25 %/C for a-Si, and 0.4 %/C for the Si concentrator.
The effect of operating temperature on annual energy
production was found io be dependent on both module
technology and site environmental conditions. However, the

- magnitude of the effect on annual energy preduction may be
smaller than commonly assumed.

Table 3: Influence of module temperature coefficient on
annual dc-energy available for different sites.

me-Si a-Si Concentrator
Albuquerque 0.94 0.98 0.91
Sacramento 0.93 0.97 0.91
Buffalo 0.99 1.00 0.96

Variation in Solar Spectrum

Quantifying the influence of the hourly variation in the
solar spectrum on module energy production requires an
academically complex procedure. Fortunately, as long as
the AM=1.5 spectrum standardized by ASTM [11] is used as
the reference for module power specification, the annual
energy production from a module is relatively insensitive to
solar spectral variation. The variations in moduie
performance that occur during each day and over the
seasons effectively average out on an annual basis. Table

0-7803-7471-1/02/$17.00 ©2002 [EEE

4 jllustrates the sensitivity of annual energy production to
solar spectrum in terms of the ratio of calculated annual
energy, with solar spectral influence included, divided by
annual energy, assuming the module performance was not
influenced by variations in the solar spectrum. The a-Si
module considered had the strongest sensitivity, but the
impact on annual energy production was still less than 3%.
The direct beam irradiance fo which a concentrator module
responds has relatively less variation in spectral distribution
than does the global irradiance to which fiat-plate modules
respond. Therefore, the annual energy from the Si
concentrator module showed littie sensitivity to soiar
spectrum.

Table 4: Influence of variation in solar spectrum on annual
dc-energy available for different sites.

mc-Si a-Si Concentrator
Albuquerque | 0.993 |0.992 0.996
Sacramento 1.002 ]0.978 1,001
Buffalo 1.004 [0.973 1.001

Even though the average annual impact on energy may
be small, it is still important to understand the daily and
seasonal influence that the varying solar spectrum has on
module performance. Figure 3 iliustrates the influence of
variation in solar spectrum on the nomalized short-circuit-
current (ls;) over the day in Albuquerque, as the sun’s
elevation angle increases to noon and then decreases. For
a sealevel site such as Sacramento, the curves shown
would translate to the right by about 10 deg. The behavior
illustrated in Figure 3 for a mc-Si and an a-Si module is
dependent on the spectral response characteristics of the .
cells in the module. It is important for those conducting field
measurements or monitoring array power data to
understand this spectral influence. Measurements will be in
error, relative to the ASTM standard reporting condition, by
the factor shown, depending on the time-of-day that
measurements are made.
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Fig. 3: Influence of a varying solar spectrum on module I
as sun's elevation angle {air mass) varies over the day in
Albuquerque, NM.

This spectral influence also has a seasonal effect on
the energy produced by photovoltaic modules because in
the surnmer the sun spends more time at high elevation
angles {low air mass) than in the winter (high air mass). To
illustrate this seasonal effect, dailly average energy
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produced by month was calculated with the influence of
solar spectrum considered, and these values were divided
by energy produced, assuming no solar spectral
dependence. Figure 4 shows the resulting ratios for a mc-Si
module and an a-Si module, both oriented at latitude-tiit in
Albuguerque. Noie that the spectral influence produces a
seasonal variation in both technologies with the magnitude
of the influence being noticeably larger for the a-Si module.
This seasonal (summer versus winter) behavior for a-8i
modules has been observed in long-term maonitoring of a-Si
systems, and is further augmented by a seasonal
‘annealing’ phenomenon that is still the subject of technical
debate today [12]. .
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Fig. 4: Seasonal (monthly) influence of the varying sclar
spectrum on energy available from a mc-Si module and
from an a-Si module in Albuguerque.

Influence of Solar Angle-of-Incidence

The final factor influencing the dc-energy available from
modules is the effect of optical losses that vary with the
angle-of-incidence (AOI) of sunlight striking the module.
The effect relates primarily to the direct beam component of
solar irradiance because the module's response to diffuse
solar irradiance is largely independent of module orientation.
For flat-plate modules, the optical loss is associated with the
reflectance loss from the glass front surface. The
reflectance of the glass surface increases significantly for
AQI greater than about 60 degrees. The net result is less
sunlight reaching the ceils inside the module and reduced
energy production for large angles-of-incidence. Like the
influence of solar spectral variation, the influence of this
optical loss on annual energy production is relatively small,
but can have a significant seasonal (monthly) effect
depending on the orientation of the module. Table 5
summarizes the AOI influence on annual energy production
for a mc-Si module in four orientations at three different
sites. There is no AQI related energy loss for a module
mounted on a two-axis solar tracker (AOI=0 degrees). The
targest effect on annual energy was small, about 4%, for a
vertically oriented module, and for the typical case of a
module oriented at latitude-tilt the annuat loss was only
about 1%. Figure 5 illustrates the measured influence of
ADl on module performance for a variety of commercial
modules. The seasonal (monthly) affect on energy
production is illustrated in Figure & for a mc-Si module
mounted horizontally or vertically in Albuguerque.
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Particularly for building-integrated PV systems, the influence
of AOI on the monthly energy production needs to be
considered during system design.

Tabie 5: Influence of AQI optical losses on annual dc-energy
available for different module arientations.

2-Axis Lat.Tiit Herizontal Vertical
Albuguerque 1 0.989 | 0.976 0.960
Sacramento 1 0.989 0.981 0.957
Buffalo 1 0.993 0.985 0.975
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incidence on energy produced by a me-Si module with glass
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ac-ENERGY PROVIDED BY PV SYSTEMS

Sandia's long-term goal is to understand all factors that
influence photovoltaic system performance and reliability.
Developing a fundamenta! understanding of the factors
infuencing the dc-energy available from individual
photovoltaic madules is a significant step toward that goal.
However, the module-level factors previously discussed in
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this report need to be put in perspective relative to system-
level factors that can overwhelm them.

System-level factors may introduce energy losses due
to module mismatch in the array, array soiling, wiring and
terminal resistance, array performance degradation with age
[13], and incompatibility of system components. In addition,
grid-connected systems may have energy losses associated
with inverter efficiency versus load and temperature, inverter
tare loss, maximum-power-point-tracking (MPPT) efficiency,
isofation transformer efficiency, etc. Stand-alone systems
have additional dc-energy losses and system design
constraints associated with charge-controlier efficiency
(utilization of dc-energy available from the array), battery
capacity, battery charge and discharge efficiency, and
design (sizing) tradeoffs in sefecting a suitable ratio between
dc-energy available from the array and the anticipated ac-
energy requirement. In poorly designed systems,
combinations of these factors can quickly result in the
inability of the system to power the intended load,
constituting a ‘system failure.'

Although the results are somewhat site and module
technology dependent, Table 6 is an attempt to categorize
different factors that can influence system ac-energy
production, along with the range of their potential impact. In
Table 6, the influence of inverters and charge controllers are
lumped into the factor called “power conversion, dc to ac.”
Several factors in the table have been previously discussed.
Energy storage and array utilization associated with stand-
alone photovoltaic systems are discussed in another paper
at this conference [6]. In addition, module performance
degradation mechanisms and rates are discussed
elsewhere [13]. Field testing experience {7] has provided an
estimate for the range of influence of module mismatch on
array performance, for relatively new systems. However,
this range is likely to be larger after several years of system
operation as the module mismatch is likely to increase in
magnitude. The issue of sefecting power conditioning
hardware (inverter) that is compatible with the photovoltaic
‘array's operating characteristics has been a design issue for

. system integrators for many years [5]. Sandia’s array
performance modeling capabilities are now being used to
assist system integrators in better matching array designs
with inverter requirements.

Examples of the consequence of component selection
on array utilization and resulting annual ac-energy
production for two different grid-tied systems are iliustrated
in Figures 7, 8, and 9. Figure 7 illustrates a scatter plot of
hourly values for the array maximum-power-voltage (Vi)
versus the array maximum power level. Superimposed on
the scatter plot is the ‘input voltage window' for the inverter
used in the system. For this situation, the inverter
requirements did not match the Vi, characteristics of the
array, or vice versa, and the net result was significant
energy loss due to reduced inverter efficiency.

Figures 8 and 9 illustrate a situation where the same
grid-tied system design was being considered for two sites
with distinctly different environmental conditions. In this
case, the inverter selected had a wide MPPT voltage
window (250<V<550 Vdc), a nominal input power rating of
2.5 kW, and an upper limit of 2.7 kW above which power
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from the array was lost. Array performance modeling
provided several results of critical importance to system
design. For both sites, the range for aray V., was
marginally above the lower limit (250 Vdc) for inverter
MPPT. The temperate climate in San Diego resulted in a
narrow Vy, scatter band compared te Madison where
relatively large day to night and seasonal swings in ambient
temperature occur. For the same array size, about 20%
more annual dc-energy was available in San Diego than
Madison. However, as shown by the curnulative power
distribution curves, a higher percentage of the annual dec-
energy available from the array in Madison exceeded the
inverter input limit (2.7-kW) than in San Diego. In Madison,
about 10% of the de-energy available from the array was at
a level exceeding the upper limit for the inverter, compared
to about 3% in San Diego.

Table 6: Estimated ranges for the influence of module and
system-level factors on the annual ac-energy available from
photovoltaic systems.

Factor Range (%)
Module arientation =25 to +30
Energy storage (bafteries) -30to-5
Array utilization losses (MPPT) -30to-5
Power conditioning hardware -20 to -5
Module power specification -15t00
Module temperature coefficients -10to -2
Module (array) degradation (%/yr) -7 t0-0.5
Module Vi, vs. Irradiance -5to +5
Module soiling {annual average) -10t0 0
Angle-of-incidence optical losses -5t0 0
Medule mismatch in array -5to0
Solar spectral variation -3 to +1

1500 W,,, ASE-300-DG/50 Arraty, { 1 series x 5 paralle])

k . Trace 511500 mverter, optimum MPET window
| 52 < Vmp < 85 Vdo
65 H Eunctional with reducad output
42 < Vmp < 52 Vdo

Maximum-Powsr-Voltage, V,, (V)

0.0 02 04 o8 [1] 1.0 12 14 1.8
Array Maximum Power, P, (kW)

Fig. 7: Scatter plot of hourly-average Vi, values for a 1.5
kW, array versus array maximum power level for system
located in Tucson, AZ. The maximum-power-point-tracking
windows for the grid-tied inverter are shown. The inverter
functions in the lower window, but at a reduced efficiency.
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Fig. 8: Scatter plot of hourly-average V,,,, values for a 3.0-
kW, array versus array maximum power level for system
located in Madison, WI. The cumulative distribution curve
for power is also shown.
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Fig. 9: Scatier plot of hourly-average V,, values for a 3.0-
kW, array versus array maximum power level for system
located. in San Diego, CA.

CONCLUSIONS

It is clear from this work there are many factors that can
have a significant influence on the ac-energy production and
reliability of photovoltaic systems. The continued evolution
of system testing and performance modeling procedures wilt
improve the ability of system integrators to design, install,
and monitor the performance of systems. These
improvements will lead to photovoltaic systems with high
performance and high reliability at a minimum cost.
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