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Introduction

The most efficient photovoltaic devices under the AM1.5 
spectrum use the design concept of dividing the solar 
spectrum among multiple photovoltaic subcells, or “spec-
trum splitting” to improve performance beyond the ca-
pabilities of single junction designs [1–3]. However, 
tailoring the selection of subcell band gaps to the specific 
design spectrum raises the possibility of increased sensitiv-
ity of efficiency to spectral variation as experienced by 
systems operating under natural sunlight, which in turn 
has the potential to compromise integrated energy 

production [4, 5]. While efficiency measurements under 
the AM1.5 spectrum provide an essential means of stand-
ardized comparison between different photovoltaic tech-
nologies, the true product of photovoltaics is cumulative 
energy production over days and months with conditions 
that can vary widely from the standard test. The photo-
voltaics community has an increasing interest in predicting 
both the standard test efficiency and the energy produc-
tion behavior of different photovoltaic technologies, in 
particular identifying the effects of design decisions on 
energy production [6–8]. Here, we present an examination 
of the relative effect on energy production for spectrum 
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Abstract

Increasing the number of subcells in a multijunction or “spectrum splitting” 
photovoltaic improves efficiency under the standard AM1.5D design spectrum, 
but it can lower efficiency under spectra that differ from the standard if the 
subcells are connected electrically in series. Using atmospheric data and the 
SMARTS multiple scattering and absorption model, we simulated sunny day 
spectra over 1 year for five locations in the United States and determined the 
annual energy production of spectrum splitting ensembles with 2–20 subcells 
connected electrically in series or independently. While electrically independent 
subcells have a small efficiency advantage over series- connected ensembles under 
the AM1.5D design spectrum, they have a pronounced energy production ad-
vantage under realistic spectra over 1 year. Simulated energy production increased 
with subcell number for the electrically independent ensembles, but it peaked 
at 8–10 subcells for those connected in series. Electrically independent ensembles 
with 20 subcells produce up to 27% more energy annually than the series- 
connected 20- subcell ensemble. This energy production advantage persists when 
clouds are accounted for.

mailto:warmann@caltech.edu


236 © 2016 The Authors. Energy Science & Engineering published by the Society of Chemical Industry and John Wiley & Sons Ltd.

E. C. Warmann & H. A. AtwaterIndependent Subcells versus Series Energy Production

splitting designs with 2–20 subcells that are either con-
nected electrically in series or are electrically independent 
of one another.

The most common form of spectrum splitting photo-
voltaics at present consists of cells with two to four subcells 
that are monolithically integrated and connected in series 
electrically [1, 9, 10]. The incident sunlight is divided 
among the subcells by sequential absorption, with high 
band gap junctions filtering out the high- energy photons 
and transmitting the lower energy light for absorption 
by the subcells below. The electrical series connection 
forces all subcells to generate the same current, which in 
turn determines the optimal combination of band gaps 
for a given spectrum. An alternate configuration for spec-
trum splitting uses a separate optical element to direct 
photons in different energy ranges onto physically isolated 
subcells [11–13]. In this approach, the subcells can be 
electrically independent from one another, removing the 
current matching requirement and constraint on band 
gap selection. Most of the efficiency difference between 
spectrum splitting photovoltaic cells will be determined 
by the number of subcells and how close their band gap 
energies are to the optimum values for the AM1.5 spec-
trum [2, 14]. Cells with electrically independent subcells 
have a small efficiency advantage over series- connected 
cells with the same number of junctions because they 
can achieve a better match between band gap energies 
and the spectrum when relieved of the need to match 
currents in all subcells [15].

While the monolithic, series- connected spectrum split-
ting configuration sacrifices only a small amount of ef-
ficiency under the design spectrum in exchange for 
simplified optical and electrical integration requirements, 
the series connection makes the device sensitive to illu-
mination conditions that differ from the standard [4, 16]. 
All subcells will absorb an equal number of photons under 
the AM1.5 spectrum, but under the varying spectrum of 
natural sunlight, some subcells may be over illuminated 
relative to the others, and this excess energy cannot be 
collected. More damaging to cell performance, a subcell 
that is under illuminated will constrain the current through 
the entire device and can substantially reduce total device 
efficiency [17]. The degree to which field performance 
resembles performance under the standard will be deter-
mined by how much the photon density in the spectral 
bands for each subcell of natural sunlight tends to vary 
from the AM1.5 spectrum. Currently deployed spectrum 
splitting photovoltaics use only 2–4 spectral bands, which 
may reduce sensitivity to fine variations [4]. However, 
designs with increasing numbers of subcells are under 
consideration for higher cell efficiencies and may suffer 
more strongly from this effect in the series- connected 
configuration [10]. Previous efforts to predict the energy 

production of spectrum splitting photovoltaics have ex-
amined multijunction solar cells with up to six series- 
connected subcells and a variety of three subcell, electrically 
independent band gap combinations [18–21]. This paper 
extends the analysis to large numbers of subcells and 
locations that exhibit wider variation in atmospheric con-
ditions, which are important areas of inquiry as spectrum 
splitting photovoltaics become increasingly ambitious in 
terms of subcell number and deployment scope.

Determining the impact of electrical configuration and 
number of subcells on energy production requires analyz-
ing the performance of different designs under a set of 
spectra that have a degree and type of variation comparable 
to that experienced in the field. The spectrum of natural 
sunlight at a particular location on earth and a point in 
time varies depending on the emission of the sun, the 
composition- dependent transmission properties of the 
atmosphere, and the path length through the atmosphere 
[22]. The sun’s spectrum is comparatively stable relative 
to the other factors, and accounts for only 0.3% of the 
spectral variation [23]; consequently, this analysis omits 
this source of variation. The atmospheric path length is 
determined by location, elevation, and time of day and 
year, making 1 year a logical length of time over which 
to simulate energy production [24]. The absorptivity of 
the atmosphere depends on the concentration of water, 
CO2, O3, and other gaseous pollutants as well as the 
absorption and scattering of suspended aerosols [25]. While 
spectrally resolved irradiance data are not typically avail-
able at most locations, the spectrum can be simulated 
using extensive existing databases of typical atmospheric 
conditions and aerosol optical depth [26]. Although the 
actual spectrum at a particular location and point in time 
will likely differ from the simulation based on average 
conditions, the simulated spectra can reproduce the typical 
degree of spectral variation for the location and times of 
year considered. In turn, these spectra can be used to 
predict the typical performance of photovoltaic systems 
under that location’s varying illumination conditions. This 
analysis compares the energy production of spectrum 
splitting ensembles with 2–20 subcells in both electrically 
independent and in series configurations under one year’s 
worth of simulated spectra for five locations in the United 
States.

Methods

Spectrum splitting ensembles with 2–20 subcells connected 
electrically in series and independently and optimized for 
the AM1.5D spectrum were analyzed by detailed balance 
calculation under spectra simulated to represent the typical 
annual range of variation for multiple locations in the 
United States [27]. The detailed balance calculation 
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assumed ideal cells operating at 300 K and under 500 
suns concentration, and the series- connected cells were 
constrained to pass the same current through all subcells, 
using Henry’s method [28]. The electrically independent 
cells allowed each subcell to operate at its individual max 
power point subject to the illumination conditions. The 
independently connected ensembles were optimized 
through a simulated annealing process. The band gap 
combinations for series and independent ensembles are 
tabulated in the supplemental information. The calculation 
assumed perfect spectral splitting among the subcells. The 
assumption of ideal cells will result in higher predictions 
of energy production than is realistic, however, many 
common cell nonidealities such as nonradiative recombi-
nation are not spectrally sensitive, and consequently, the 
relative behavior of nonideal cells will follow the same 
patterns as ideal cells.

Sunny day spectra

Simulated spectra were generated at hourly intervals from 
8 am to 5 pm for 365 days to account for the most 
productive photovoltaic energy production hours of the 
day. These hours will neglect some period of illumination 
in the morning and evening of the summer months, 
however, the analysis will show that these hours cumu-
latively account for a small portion of the annual irradi-
ance. In addition, neglecting these low- light hours will 
reduce the effect of the electrical connection difference 
and understate the advantage of the electrically independ-
ent ensembles. Consequently, this limitation of the input 
spectra is conservative in terms of estimating the effect 
size. For each spectrum, the air mass was determined by 
geographic location, date and time, and the temperature, 
pressure, and dew point were taken from hourly normal 
values published by NOAA [29]. Daily values for aerosol 
optical depth and precipitable water were generated using 
monthly normal and standard deviation values for each 
location as published from the AERONET data set [30]. 
CO2 was set to 370 ppm, the annual average value for 
the year 2000, and O3 was set to 0.3438 cm, the value 
in the U.S. Standard Atmosphere [31]. These atmospheric 
conditions were used as inputs to the Simple Model of 
the Atmospheric Radiative Transfer of Sunshine (SMARTS) 
multiple scattering and absorption model, which then 
calculated the direct spectral irradiance over wavelengths 
from 280 to 4000 nm [32]. Spectra were simulated for 
Phoenix, AZ, Albuquerque, NM, Houston, TX, Tulsa, OK 
and Knoxville, TN. Phoenix was selected as a location 
with high direct irradiance (DNI) where concentration 
photovoltaics (CPV) is already of interest, and because 
high- quality data on atmospheric conditions were available 
for input to the SMARTS program. The other locations 

were selected for the availability of atmospheric data and 
to explore the effects of elevation, latitude, and climate. 
Together these locations span a wide range of climate 
conditions and latitude in the portion of the United States 
with a high solar resource. The power production under 
each spectrum was then multiplied by 1 h to integrate 
energy production per square meter of aperture area over 
the course of 1 year.

The simulated spectra will not exactly reproduce the 
irradiance conditions at any location and time because 
they use average values for the atmospheric conditions. 
In addition, the method of generating aerosol optical depth 
and precipitable water values will not capture the full 
degree of correlation between those values. However, the 
range of spectral variation and overall distribution of 
spectral irradiances generated should resemble the variabil-
ity experienced at these locations, as with previous analysis 
efforts [18, 20, 21, 33]. Finally, the simulated spectra all 
assume an absence of cloud cover at the time and date 
for which they are generated. Consequently, the simulated 
spectra will overestimate the total irradiance and energy 
production for these locations.

Cloud correction

While the sunny day spectra are a good way to investigate 
the sensitivity of spectrum splitting photovoltaic efficiency 
to changing atmospheric conditions, all locations experi-
ence some amount of cloud cover that will reduce the 
direct normal irradiance. The prevalence of clouds at a 
given location can vary greatly with time due to the local 
climate, and therefore they may interact with the spectral 
variation to have an unpredictable effect on energy pro-
duction. Unfortunately, it is difficult to obtain spectrally 
resolved data that account for cloud cover and identify 
the direct and diffuse components of the total irradiance. 
To explore the effect of clouds on energy production for 
these specific locations, we used data from the National 
Solar Radiation Database from NREL to determine the 
average percentage of expected DNI transmission for every 
hour over the course of the year. The data consist of 
simulated total DNI, global horizontal, and diffuse total 
irradiance hourly for every day for years from 1991 to 
2010 as obtained from the METSTAT model based on 
local weather station data, local and satellite- based meas-
urements of aerosol optical depth, ozone and precipitable 
water, and automated local and satellite- based observations 
of cloud cover and ground albedo [34]. In addition, the 
data include expected DNI, global horizontal, and diffuse 
total irradiance as determined by a sunny day model in-
corporating the same measurements of AOD, ozone, CO2, 
precipitable water, local pressure, and humidity for the 
location but with the assumption of no cloud cover. For 
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each hour considered in the energy production simulation, 
we calculated the ratio of DNI modeled including cloud 
observations to the sunny day model prediction of DNI 
over each year for all locations. We adopted this percent-
age as the hourly average DNI transmission for that par-
ticular hour. We then averaged the hourly DNI transmission 
over the 20 years of data for each location and multiplied 
the expected energy production for each hour by that 
percentage.

It is important to note two assumptions here. First, 
this method of derating the DNI transmission assumes 
that clouds have a uniform spectral impact on transmis-
sion. This assumption may be reasonable for circumstances 
with intermittent clouds that eliminate direct transmission 
for some percentage of each hour, but it is not likely to 
be valid for thin, persistent clouds that partially screen 
the sun while allowing some fraction of direct irradiance. 
Unfortunately, we were unable to identify a way to dis-
tinguish these circumstances in the data or to determine 
the spectral transmission of clouds in general. The decision 
to treat the cloud transmission as spectrally uniform may 
reduce the degree of variation in the simulated spectra 
relative to a model for cloud transmission with spectral 
resolution. However, to the best of our knowledge, there 
are no comprehensive data on the spectral transmission 
of clouds that would be useful to this analysis. Therefore, 
our assumption of spectrally uniform transmission is con-
servative in that it will most likely underestimate the true 
sensitivity of energy production to atmospheric conditions. 
Second, the decision to scale the energy production by 
the DNI transmission ignores any decrease in efficiency 
due to deconcentration of the light on the solar cells. 
Because the cells are simulated to operate at 500 suns, 
the effect on efficiency will be negligible except at very 
low transmission values, where the effect on cumulative 
energy production difference will be small.

Results and Discussion

The efficiency of spectrum splitting ensembles with elec-
trically independent subcells is only slightly greater than 
the efficiency of series- connected ensembles under the 
design spectrum of AM1.5D as shown in Figure 1(A). 
The two- cell series ensemble exhibits 99% of the power 
efficiency of the independent ensemble under AM1.5D, 
while the 20- subcell series ensemble exhibits 98.4% of 
the independent power. The efficiency of both sets of 
ensembles increases with the number of subcells, with 
some deviation for the 15- subcell series- connected en-
semble, which suffers from the current matching constraint 
aligning poorly with the absorption bands in the AM1.5D 
spectrum. However, the electrically independent ensembles 
have a significant energy production advantage that 

increases with the number of subcells. Taking Phoenix, 
AZ as the first case, Figure 1 panel (B) shows the two 
subcell series ensemble produces 3.4% less energy than 
the electrically independent two subcell ensemble. For 20 
subcells, the series connection reduces energy production 
by 14.8% relative to the electrically independent design. 
In addition, the simulated annual energy production of 
independent ensembles increases as the number of subcells 
increases from 2 to 20 while the series connected energy 
production peaks with 12 subcells and declines as more 
subcells are added, despite the higher design efficiency of 
the ensembles with more subcells. The discrepancy between 
the energy production and design efficiency trends indi-
cates a greater difference in efficiency between the series 
and independent ensembles over some portion of the year.

Performance under varying irradiance levels

A closer examination of the simulated spectra and effi-
ciency trends for Phoenix is useful for identifying the 

Figure 1. (A) Efficiency versus number of subcells for ideal spectrum 
splitting ensembles with electrically in series and independent subcells 
at 500 suns concentration under the AM1.5D spectrum. (B) Simulated 
annual energy production for Phoenix, AZ for electrically independent 
and in series spectrum splitting ensembles operating at 500 suns 
concentration. The energy production units are kWh/m2 of aperture 
area.
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cause of this efficiency deviation. The simulated spectra 
exhibit a large amount of variation over the course of a 
day and year. This variation includes both spectral com-
position and total irradiance level. Figure 2 panel (D) 
shows the number of spectra that have integrated direct 
irradiance levels falling in 10 different ranges. While many 
of the simulated spectra have a total irradiance similar 
to the 900 W/m2 set by the AM1.5D standard, 485 spectra 
(13% of the total) have irradiance greater than 950 W/
m2 and 1126 (31%) have irradiance less than 800 W/m2. 
The spectra that fall in these 10 irradiance ranges are 
plotted in the supplemental information. Figure 2 panels 
(A) and (B) show the efficiency of a subset of independ-
ent and series ensembles averaged over all the spectra in 
the power ranges shown in panel (D). The small inset 
panel at the right shows the efficiency of the ensembles 
under the AM1.5D design spectrum.

Panel (A) shows the efficiency of the independent en-
sembles is on average very consistent over a wide range 
of irradiance levels. The average efficiency at the lowest 
irradiance range is 5.7% lower than the efficiency over 
the 900–950 W/m2 range for two cells and 4.7% lower 
for 20 cells. At every power range, the average efficiency 
increases with increasing subcell number, and overall, the 
average efficiencies are close to the efficiency under 
AM1.5D.

By contrast, panel (B) shows the efficiency of the 
series- connected ensembles averaged over the spectra in 
the same power bins. Again, the inset panel at right 
shows the efficiency of the ensembles under the AM1.5D 
spectrum. The series- connected ensembles show a much 
larger sensitivity to the irradiance level in their average 
efficiency. The two- cell ensemble efficiency in the lowest 
power range is only 72% of the average efficiency in 
the 900–950 W/m2 range. Ensembles with larger numbers 
of subcells exhibit a larger decrease in efficiency as the 
irradiance level deviates from the 900 W/m2 level, in-
cluding a strong decrease in efficiency at the highest 
irradiance levels.

The decrease in efficiency with declining irradiance 
becomes steeper as more subcells are incorporated into 
the ensembles, and at irradiance levels less than 500 W/
m2, the average efficiency decreases as the number of 
subcells increases. In addition, the peak average efficiency 
for the series- connected ensembles does not correspond 
to the 20- subcell ensemble. Instead, the 16- subcell ensemble 
has the highest average efficiency in the 900–950 W/m2 
range. Finally, at all irradiance levels, all series- connected 
ensembles have an average efficiency that is substantially 
lower than the efficiency under the AM1.5D spectrum, 
indicating significant differences between the standard 
spectrum and the realistic spectra regardless of irradiance 
level. For these ensembles, the design efficiency is not a 

Figure 2. (A) Efficiency of electrically independent spectrum splitting 
ensembles averaged over all spectra in 10 different irradiance level ranges. 
The far right panel shows efficiency of the independent ensembles under 
the AM1.5D spectrum. (B) Efficiency of series- connected spectrum splitting 
ensembles averaged over all spectra in the irradiance level ranges. The far 
right panel shows the series- connected efficiency under AM1.5D. Note the 
difference in efficiency range for panels (A) and (B). (C) The cumulative 
energy produced by the electrically independent ensembles in excess of that 
produced by the series- connected ensembles over the then different 
irradiance level ranges. (D) Histogram of spectra showing the relative 
prevalence of the different irradiance levels.
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good predictor of efficiency under the changing conditions 
in deployment.

Figure 2 panel (C) shows the combined energy pro-
duction advantage of the independent ensembles relative 
to the series- connected ensembles for the different ir-
radiance ranges. The energy production advantage in-
creases with number of subcells at all irradiance levels, 
and the relative magnitude of the advantage compared 
to the combined irradiance at the different ranges sug-
gests that the independent ensembles enjoy two slightly 
different advantages over the series ensembles. First, note 
that averaged over all numbers of subcells, 60% of the 
excess energy of the independent ensembles is generated 
under spectra with more than 750 W/m2 irradiance. 
The spectra in this range constitute 84% of the total 
irradiance over the year. This additional energy produc-
tion at high irradiance levels can be considered an ef-
ficiency advantage for independent ensembles due to 
improved spectral utilization. At the low- power level, 
spectra with less than 750 W/m2 constitute 16% of the 
cumulative annual irradiance. Series- connected ensem-
bles exhibit low average efficiency levels under these 
low irradiance spectra and produce little energy. 
Compared to the low energy production of the series- 
connected ensembles, the energy production of the in-
dependent ensembles under these low- power spectra can 
be considered an extended capacity factor allowing the 
independent ensembles to generate power under illu-
mination conditions that are unfavorable to series- 
connected ensembles. Averaged over all numbers of 
subcells, this extended capacity factor accounts for 40% 
of the excess energy generated by the independent en-
sembles (on average 7% of the total annual energy 
production).

Performance over course of year

In addition to understanding the energy production ad-
vantage of independent ensembles relative to series- 
connected ensembles at different irradiance levels, it is 
also interesting to examine their relative performance over 
the course of a year. Figure 3 panel (A) shows the monthly 
average relative efficiency of series- connected ensembles 
normalized to the independent ensemble efficiency, again 
for Phoenix, AZ. Panel (B) shows the monthly mean, 
maximum, and minimum irradiance level. While the rela-
tive performance generally tracks the monthly average 
irradiance levels, the seasonal variation is not simply con-
nected to day length. The series ensembles have a strong 
relative performance dip in the months of July, August, 
and September, most likely due to higher aerosol optical 
depth and precipitable water presence during the monsoon 
season.

Performance at different locations

The particular performance penalty of series relative to 
independent ensembles in the summer months for Phoenix 
appears to be specific to the climate of that location. To 
explore the effect of geographic location on the relative 
performance of spectrum splitting ensembles with electri-
cally in series and independent subcells, the annual energy 
production simulation was duplicated for a variety of 
different locations: Houston, TX, Albuquerque, NM, Tulsa, 
OK, and Knoxville, TN. Figure 4 panel (A) shows the 
annual energy production for the independent ensembles 
at all five locations and panel (B) shows the annual energy 
production for the series ensembles. The broad trend of 
energy production as a function of subcell number is the 
same at all locations, though the expected energy produc-
tion varies based on differences in the total sunny day 
irradiance simulated for the various cities. Importantly, 
the series- connected ensembles all exhibit the same maxi-
mum energy production with 8–12 subcells and declining 
energy production with larger ensembles, consistent with 
the performance for Phoenix.

Figure 3. (A) Efficiency ratio of series- connected to electrically 
independent spectrum splitting ensembles averaged over all spectra in 
each month of the year in Phoenix, AZ. (B) Minimum, mean, and 
maximum irradiance level for each month of the year in Phoenix, AZ.
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Figure 4 panel (C) shows the ratio of series- connected 
to independent energy production for all five locations 
versus the number of subcells per ensemble. The series- 
connection penalty ranges from 2.5% to 5% of independent 
energy production for ensembles with two cells. The penalty 
increases to range from 14% to 22% for the 20- cell en-
sembles, which suggests that not all locations experience 
an equal amount of spectral deviation over the course of 
the year. The unequal series- connection penalty among 
different locations raises an important point. First, it is 

current practice to target concentrating photovoltaic (CPV) 
installations with series- connected subcells in locations 
with a high percentage of direct irradiance, which helps 
ensure most incident spectra resemble the AM1.5D standard 
and cell performance is close to specification, as indicated 
in Figure 3. However, as CPV expands into more marginal 
locations with higher latitude or more atmospheric ab-
sorption and scattering, systems with series- connected cells 
will underperform their specification, with this effect 
worsening for ensembles with larger numbers of subcells. 
By contrast, CPV systems with electrically independent 
subcells will produce power that is a more consistent 
percentage of the total direct irradiance.

Energy production with cloud correction

Figure 5 shows the expected annual energy production 
for independent (panel A) and series- connected (panel 
B) ensembles exposed to cloud- adjusted direct normal 
irradiance at 500 suns concentration. While the baseline 
energy production levels for the different cities is signifi-
cantly different from the levels shown in Figure 4, the 
relative performance of series and independent ensembles 
at a given location are preserved. All locations project 
increasing energy production with increasing number of 
subcells for independently connected ensembles, and all 
locations show annual energy production peaking with 
8–12 subcells for the series- connected ensembles. In ad-
dition, the series- connected energy production as a per-
centage of independent energy production is not 
substantially different from the trends shown in 
Figure 4(C). The consistency of this behavior with and 
without cloud correction and across multiple locations 
with differing climates suggests that the energy production 
advantage of independent ensembles is not tied to local 
climate effects other than the degree of spectral variability. 
While the behavior does neglect the impact of clouds on 
the direct spectrum, the efficiency trends shown in 
Figure 2(A) and (B) suggest that accounting for spectral 
transmission through screening clouds will increase the 
energy production advantage of the independent ensembles, 
making the projections in Figure 5 conservative.

Conclusions

While the efficiency of spectrum splitting ensembles with 
electrically independent subcells is only slightly higher 
than the efficiency of ensembles with the same number 
of subcells connected in series under the AM1.5D design 
spectrum, the energy production potential of the two 
electrical configurations differs widely under varying spec-
tral conditions. The energy production advantage of en-
sembles with electrically independent cells results from 

Figure 4. (A) Simulated annual energy production for ideal spectrum 
splitting ensembles with electrically independent subcells operating at 
500 suns in Phoenix, AZ, Albuquerque, NM, Tulsa, OK, Knoxvile, TN, 
and Houston, TX. All simulated spectra are for sunny days. (B) Simulated 
annual energy production for spectrum splitting ensembles with series- 
connected subcells. (C) Ratio of series- connected energy production to 
electrically independent energy production.

(A)

(B)

(C)
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the consistency of the efficiency of these ensembles under 
spectra that differ from the design spectrum. By contrast, 
the series- connected ensembles decrease in efficiency rapidly 
as the incident spectrum deviates from the AM1.5D ir-
radiance level, and the efficiency decreases faster with 
increasing subcell number.

The energy production advantage of independent ensem-
bles can be roughly broken into two components. A total 
of 60% of the additional energy comes from better perfor-
mance under high illumination conditions and will appear 
as additional peak power production. The other 40% comes 
from energy production at low irradiance conditions when 
the series- connected ensembles produce negligible power. 
While the power production of the independent ensembles 
under these conditions is low, it does constitute an extended 
capacity factor that adds up over the course of the year 
and may have considerable economic value.

While the energy production advantage of independent 
ensembles is consistent for a wide variety of locations 

both with and without accounting for the effects of clouds 
reducing direct transmission, the relative advantage 
throughout the year for a particular location will be sensi-
tive to local climate trends. This may result in the series- 
connected ensembles producing less power than expected 
at different times of the year, as in the case of Phoenix, 
AZ. Combining the local power production trends with 
energy pricing trends for specific installation locations can 
give a clearer evaluation of the relative economic benefit 
of independent electrical connection for spectrum splitting 
ensembles.

Finally, as the cost of concentrating photovoltaic track-
ing and optical systems decreases, the range of territory 
where these types of installations can produce cost- 
competitive power will increase. For example, if a genera-
tion plant with series- connected subcells can produce 
cost- effective power in Albuquerque, NM, Figure 5 suggests 
that a similar plant with independent subcells will be 
economically feasible in Tulsa, OK, assuming comparable 
costs for the system components. The independent electri-
cal connection’s spectral insensitivity and improved per-
formance have the potential to increase the scope of the 
market for CPV into areas previously considered 
uneconomical.

The energy production advantage of electrically inde-
pendent spectrum splitting ensembles relative to series- 
connected ensembles is significant and consistent for all 
numbers of band gaps and all locations. This performance 
advantage is a powerful argument for pursuing new de-
signs with electrically independent subcells. Historically, 
the small efficiency advantage of electrically independent 
subcells was not considered to justify the additional tech-
nical complexity required to achieve those connections 
or optically distribute the spectrum among the subcells. 
The comparative simplicity of monolithic series- connected 
designs has made them more practical for systems with 
small numbers of subcells. However, as efforts turn to 
larger numbers of subcells, this analysis shows that the 
energy production advantage of independently connected 
cell designs will increase and potentially justify the pursuit 
of more complex systems.
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