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VARIATION OF SOLAR CELL SENSITIVITY AND

SOLAR RADIATION ON TILTED SURFACES

Thomns M, Klucher

Nntlonal Aeronnuties and Spaco Administration
Lowls Research Contor
Clovelnnd, Ohlo 44135

ADSTRACY

An emplrleal study was pexformed (1) to evaluale the
valldity of various Ingolution models used to compute
solir radintion incident on tited surfaces from global
dain mensured on horlzontal surlncos and (2) to deter-
mino the varintlon of solar cell sensltivity lo solay radi-
atlon over o wide rangoe of atmospheric condition, Eval-
uation of the insolntion datn indleates that tho {sotroplo
sky model of Liu and Jordan undorestimntes the mmount
of solar radlation falling on tilted surinces by as muah
ng 10%. An anlsotrople-clenr-aky model proposed by
Temps mw] Coulson wus also ovnlunted and found o bo
dafiolent under cloudy conditions, A new modei, lformu-
lated horein, reduced the dovintlons botween meagured
und predicted Insolation to loss thay 3%, Evaluation of
solar cell sensitivity data Indioates small change (2-3%)
In Bensitivily from wintor to summor for ilted cells,
The feasibllity of using such global datn a8 n menns for
callbrating terrestrial solar gells &g dono by Trablo is
digcussed.,

INTRODUCTION

Accurato deslgn predietions of thn output power
from tllted solar cell arrnys In torrestria! sunlight are
complicated by (1) insufficient knowledge of the oxact
amount of glnbal (total hemispheric) solnr. radlation
falling on the tlted surfnce and by (2) uncertaintios in
golar cell sensitivity (ratio of the cell short-elroult
current to Insolation), The problem of necurntaly som-
puting solar radiation falling on a tilted surface arlses
beenuse the array designer must combine the avallable
radintiors data on hovizontal surfaces with some (nanla-
tion model to caleulato the radlation on a tilted surinee,
Beenuse of the varloty und complexity of terrestrial
sunlight, a comrmeol agsumplion made In many models,
siieh 88 the widely uged Liu-Jordan maodel (1) {8 that the
sky lUght distribution 1a lsotrople, This assumption
considorably simpilfies the ocaleulation, but is unrealis-

tlo in muany Instances and may lond to inneournte results.
Alternate models (2), whieh sssume nn onisotrople sky
light distributlon, ave primurily developed for use under
clear sky conditfens and may alse be Innesurate under
many dtmospheric condiilons, Nelthor typo of model

has been thoroughly exnmined experimentally, nor at-
tempts made to {mprove them,

Bven IF tha global solar radintion fatting on the
tlited suvlree wore Recuratoly known, arrvay oulput pre-
dictions would stlli remaln uneertnln beetuse of a lnck
of informatlon an the varlation of solar cell Bensltivily
with atmospheric varintions, It is woll known that the
speeirel dlgtribution of sunlight, und hence solar cell
sensllivity, changos with vavintion in cloud covor, alr
mnas, wuaior vapor ad turbidity, Howevor, tho extont
of tho varintion in cell sensitivity {s sl uncertain be-
onuso of & lnok of amplrical datn on cell sensltivity
varlations under widaly varylng conditions including
tilted surfaces, Thus, in tho case of coll sensliivity,
a8 well us Ingolation modeling, thore is an evident need
for an exfensive datn buse for evaluntlon tnd reduction
of the above uncertaintles,

An nctlvity was started to fccumulate such n datn
base as puart of tho Tesis and Applications Projeet per-
formed by the NASA Lewls Resenrch Center for the
Depnrtment of Energy Nationul Photovolntic Program,
'The cbjectives of the work were (1) lo test the valldity
of and to Improve the tnsolatlon models used to compute
solor radiation on tilted surfacos and (2) to measure the
variatlon In solar cell sensitivity over a wida range of
atmospheric conditions and geveral tll{ed surfaces,

The approach taken to achiove these objectives was to
astablish a data set of hourly averages of insolation and
conourrent hourly averagas of solar cell short-eircuit
current, using pyranometers and solar cells nl sevornt
orlentations, Data was taken continuously at the Lewis
Liesearch Conter in Cleveland, Ohlo over a period of
ten months flrom January to October 1877, In additlon,
this data rlso conveniently allowed an nssessment of the
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globnl eallbration method waed by Troble (3} to calibrate
reforanca cells,

Apparstug_nnd Menguroments

The ingointion nnd solar cell gensors usod In tho ox-
periment nre shown in Figure 1, Threa pyranomelors,
faoing dupe south, measure global nsolatfon recelved at
0%, 7%, and 002 il anglos (measured from tho horlzon-
tal), A fourth pyranometer, nlso at 0° and ofquipped with
1 shitdow bund, mensurcesa the diffuse component and 1s
uscd a8 an ald to estimute tho typo of day by comphivisen
of the diffuse nnd total Insolniion, Each pyranomoeter is
temporiture. compensaied to 1% over the temporaturo
range of «20° to +40% € and iy eallbrated with respeot to
the IS 1956 Standard Scole,

Sotar cell short-eireuit current under globul radi-
ation 18 dotormined with threo senser packages orlented
ldenilenlly to the pyranometor, The solar cell sensors,
virtuaily identical In spectral response (Fig. 2), nre
Lom?n nren, soldored onlo Kovar blocks, nnd mounted
In housings ldentlenl to the pyrnnomoetor housings, Solar
cell temperature is measured with a thermocouple In-
gerted in tha Kovar block and [5 used to correct {ho coll
oulput to a common tomperature (25° C), The tllted
sensors ave equippoed with artificinl horlzons to eliminate
surfage reflecotion effcats,

METHOD OT' ANALYSIS
Insolution Models

The starting polnt for the evalunition of the Ingolation
models is the {sotrople sity model deseribed in Liu and
Jordan (1), In this model, the insolation on a surface
tilted townrd the equator at an angle e tfo the horizontnl
is glven by:

Iy - 1p (1 + CO8 e)
= ome—Ziee QOB ) ¥ [ ——— 1)
IT sin & v o 2 s (
e
Direat Diffuse
rodiation radiation
whem Ip i8 total [nsolation recelved by tilted surlnce,

1s toin! Insolation recelved by horizontal surluce,
ID is diffuse insolation recolved by horizontal surface,
o is solar elevation angle, § s ungle between sun
direction and normnl direction of sensor surface, and
¢ ig tilt angle of tilted surfacc measured from horlzon-
tal, '

In this effort the insolation terma inserted into
eq. (1) were hourly avarage valuss of Insolation obtained
from sunrise to sunset during oach day, The Insolailon

g s g T

L and Iy were mensured by the pyronometers and
used In eq. (1) to enleulnte tho tolal insolutlon recelved
on the surfaces lted at 37° and 60°, These caleutnted
[nsolation voluos wore then compnred with the inselntion
L[. meusured at 377 and 68% fo detormine how well the
Liu=Jordan model predicted the Insolntion on eacly tlited
gurfece,

The datn were also compured with the anisotrople-
alonr-gky modol daveloped by Tomps nnd Coulson (2),
In thelr model Temps tnd Coulgon eomblned ecorvection
factors with the lsotrople diffuso radintlon term to
nccount for nnisotropy in the diffuse radiation fleld,
They determined that & foetor, 1+ a[n“(clz). necounts
fox the Inevezse in sky light observed near the horlzon
during ctear days; similarly, aky brightoning neor the
sun could be uppm:\imulcd by the factor
1+ cos? ¢ aln’ (90 o), Applying the Termps and
Coulson carrection terms o tho Liu-jardan medel,
then, the nnlsotrople-clear-sky model ha2 the form:

-1y . :
g =~ Do g o 1) (uﬂu)
gin o 2

x |:1 + 8in” -g-] [1 + cna § sln (o0 - a):l (2)

The finnl model evalunted wns an anisotropic model
devetoped in this effert based upon preliminary results
found with the previous two models, This Jast modol
{nvolves an ndjustment to the Tempe-Coulgon factors by
o simple function contalnhing the ratio of diffuse to toinl
insolation on the horizontal plane, As will be ghown [n
the RESULTS AND DISCUSSION, the Liu-Jordan modol
worked well for evercast dnys and the Temps-Coulson
model worked well for clear duys, The purpese of the
now [upction was to modulate tha Temps-Couleon factors
ns the skies varied {rom clear lo overcast. This anlso-
troplc, 'nll sky" model thus takes the form:

1= Ip
I =(IH-Dcus¢+ Iy 1+cos ¢
gin o 2

X [1 + F 8in ,3] [1 + T cos® P sln® (50 ~ cr)] (3)

where =1 - (ID/‘II_I)2 I8 tho modulating function de-
geribed above, Under overcasi conditions, when the
ratio of diffuse to total insolelion, ID/IH, {8 unity, the
all-gky model reduces lo the Liu-Jordan Isotropic
model, Under clear sky, when the ratio of diffuse to
total L8 observed to he small, the all-sky model approx-
imates the Temps~-Coulsen anisotrople-clear-sky madel,
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Solar Cell Sensitivity

The study of solar cell sensitivity (ratio of short-
elreuit current W insolation) was performed by means
of 8 regression analysis of monthly data sets, These
data sets consisted of hourly average insolation and
corresponding hourly average cell short-circuit current
for each cell. Plots showing the variation of short-
clrcult current, lg., with global In.olltlm. IT. for
each cell-pyranometer orientation ", @”, and 60 Y
and for each month demonstrated a simple linear rela-
tion between current and insolation, with the curve ex-
tending through the origin.  The linear relation suggests
that & single mean value for sensitivit, , represented by
the slope of the curve, may be used for each month,
Therefore, a least squares fit procedure was employed
to fit a regression line through each monthly data set
using the equation

50 BB(‘ Ly

where the regression constant, BK" {8 the mean sensi-
tivity of & cell for each month, Variations of BK‘ from
month to month were determined for each cell to evalu-
ate the long term variations in sensitivity; the standard
deviations of hourly sensitivity about the monthiy means
sensitivity were also determined to evaluate variations
in sensitivity due to shert term variations in atmospher-
e conditions

RESULTS AND DISC USSION
Insolation Model Study

Figures 3(a), (), and (c) illustrate typical results
found for each of the three insolation models studied in
this effort, The trends illustrated by these ligures are
applicable to results to both the 37 and 60” tilt an jles

so only the 27 results are shown for the sake of brevity.

A complete set of monthly plots for each model over the
first 6 months of the study are found in Reference 4.

Figure 3(n) shows that the Liu-Jordan isotropic-sky
model provides a good fit to experimemnl data at the low
intensity conditions (<20 to 30 mW em ) This is to be
expected, since the low intensities are primarily asso-
clated with the occurrence of overcast sky conditions
which have uniform diffuse insolation and little dll_"ect
insolation, At the higher intensities (>50 mW e¢m”),
however, the isotropic-sky model underestimates the
amount of solar radiation falling on tilted surfaces.

In contrast to those results, the results from the
Temps-Coulson anisotropic-clear-sky model demon-
strate a good [it to the experimental data on clear days,
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regardless of intensity level, This can be seen in Fig-
ure J() in which the data for clear skies (shaded sym-
bols) fall along the unity slope line, However, during
cloudy and overcast days (open symbols in Fig. b)) the
Temps-Coulson model overestimates the insolation on
tilted surfaces. Figure 3(b) shows predicted values ex-
ceeding measured by as much as 10 mW cm., in erc-h.
Such overestimates ranged from nhoul 12 mW cm in the
winter months to about 3=5 mW cm' in the summer
Thus, this model, developed for clear sky conditions,

is obviously not applicable to all atmospheric conditions,

Figure 5e) illustrates the fit of the anisotropic-all-
sky model to the data. The model predictions correlate
very well with empirical data st 11 intensity levels and
all sky conditions. The primary effect of the correction
terms used in the all sky mode! was to reduce the sys-
tematic error previously observed in the Liu=Jordan
model at high inens’ty levels without the advere effects
of overcorrections produced by the Temps=Coulson
clear-sky model during cloudy and overcast days.

Data for all ten months at 377 asd 60° are summa-
rized in Table I, Tabulated are the differences between
measured and caleulated values obtained &t 76 mW cm2
using the isotropic-sky model and the anisotropic-all-
sky model, The differences ranged from 2 to 109 for
the isotropic-sky model and are less than 3T for the
anisotropic-all=sky model. It is apparent that the
anisotropic-all-sky model provides a better prediction
of solar radiation on tilted surfaces than does the
isotropie-sky model throughout the test period,

Cell Sensitivity Study

Figure 4 (llustrates the variation in monthly mean
sensitivity, ss(.. over the 10-month period studied,
The me&n sensitivity of the tilted cells exhibit a varia-
tion of less than 3%, while the sensitivity variation of
the cell at 0 tilt is somewhat greater (~57). Some of
this variation, particularly for the horizontal cell, may
be attributed to optical surface reflection losses. For
example, the low sensitivity of the horizontal cell in
January and February can be explained by the deviation
of cell response from an ideal cosine response as the
sunlight at low winter elevation angles strikes the cell
surface at far from normal incidence angles, To deter-
mine the horizontal cell's sensitivity variation to atmo-
spheric variations only, reflection losses as a function
of incidence angle were determined empirically and ad-
justments made to the hourly average short circuit
current data sets, As shown in Figure 4 the adjusted
results show a slight reduction in sensitivity variation
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for the horizontal cell (~3, 7). Thus, it appears from
this study that sensitivity variations due to several vari-
ations in atmospheric conditions alone are less than 57,

The standard deviations of hourly sensitivity values
about the regression curve were also obtained in order
to determine the variation in cell sensitivity with hourly
variations in atmospheric concitions, Table I illus-
trates the minimum and maximum standacd deviations
(in percent) found over the ten month lest period, irre-
spective of cell tilt angle. Since these standard devia-
tion are 8 measure of the closeness with which monthly
men. sensitivity values represent the hourly variations
in cell sensitivity, they indicate the percentage errors
which would be incurred if a single sensitivity value
(monthly mean) were assumed in hourly design caleula-
tions. It can be seen but the maximum ltlndlrd devia-
tion in Tnble IT was 1,87 at 80 mW/cm aad 5,87 0t
25 mW cm . In absolute terms, the standard deviations
of the short circuit current I8 essentially constant at all
Intensity levels,

Feasibility of Global Calibration

The constancy of monthly mean sensitivity and the
good precision obtained in hourly sensitivity measure-
ments at high intensities suggest the possibility that a
global calibration technique may be used to establish
reference cells for performance measurements of flield
arrays, As pointed out in the Introduction, a global cal-
{bration procedure has been used for several years by at
least one investigator, Treble (3); in that method, cali-
brations are performed for solar cells on a horizontal
plane under special conditions, According to Treble,
insolation, solar elevation angle and atmospheric condi-
tions must meet the following conditions:

(1) global irradiance on horizontal surface
= 80 mW x’cmz

(2) solar elevation angle = 54

(3 clear sky with diffuse to global irradiance ratio,
s .28

This global calibration method was evaluated using
the monthly data sets described previously, The re-
strictions recommended Ly Treble dealing with the solar
elevation angle and the diffuse to global radiation were
followed in order to reject unwanted data points from
oach data set, It was felt that these two restrictions
allowed sufficient data to permit a good evaluation of the
global technique. Also, the limit on elevation angle was
transformed to a limit on the solar incidence angle
(= 95°) to permit use of the data from the tilted cells,

Wy — e —

Mean sensitivity values ol the restricted moatly
data sets were obtained by regression mimlysis of each
cell=-month combination; these sensitivity values are the
ealibration values which would be obtained during a
global calibration of reference cells. The results of the
regression analysis of data which meet the restrictions
of a = .25 and solar incidence angles equal to or less
than 35 are shown in Table 111, The results in Table 111
show that, except for the January and February results
of global calibrations of the 7 tilt cell, month to month
reproducibility of cell calibration is within +17 of the
overall average calibration value; the deviations in
January and February (377) were within +1. 5%, Treble
indicates o reproducibility within 17 for cells cali-
brated yearly by the global technigue (). Thus, the
global calibration method appears to be a fesible cali-
bration technigque for standardizing solar cells in the
Terrestrial Photovoltate programs and warrants further
consideration,

COUNC LUSIONS

This paper describes the results of an evaluation of
a data base of hourly averages of insolation and solar
cell short eircult current tuken continuously over a peri=
od of ten months in Cleveland, Ohio. Tests of the valid-
ity of certain insolation models for tilted surfaces and a
determination of the variation in solar cell sensitivity
led to the following conclusions:

1. The isotropic-sky insolation model of Liu=Jordan
provides a good fit to empirical data at low intensities
(<30 mW fcm"") but underestimates the amount of solar
radiation falling in tilted surfaces at intensity levels
above 50 mW 'cm2

2. The anisotropic-clear-sky model of Temps and
Coulson provides a good correlation between measured
and predicted insolation on tilted surfaces for clear
sgxkles but overestimate the insolation for mostly cloudy
and overcast conditions,

4. The anisotropic=all-sky model formulated in this
effort provides a better prediction of solar radiation on
tilted surfaces than either the isotropic or anisotropic-
clear-sky models,

4. A mean solar cell sensitivity wa= exleulated for
eact, month, The variation of monthly solar cell sensi-
tvity due to atmospheric variation was about 3% over the
period of this study, Uffects of optical surface reflec~
tion losses increased the variation of the horizontal cell
sensitivity to 5%. Hourly sensitivity variation (Std,
deviation) are less than 3% at intensities greater than



M mwW ‘cmr" but inerease to ~67 at lower intensitios
-
(256 mW ‘em®),

o, The global ealibration method appear to be a
feasible alternative to normal incidence calibration

TABLE 11, = MINIMUM AND MAXIMUM STAND-
ARD DEVIATION OF HOURLY SENSITIVITY
ABOUT MONTHLY MEAN SENSITIVITY

methods currently used and warrants further study . In:::::un Sandard deviation (peroent)
REFERENC &8 mW /em® Minimum | Maximum
1. BY, H. Liu, and R, C, Jordan, "Daily Insolation ( .
on Surfaces Tilted Toward the Equator,” ASHRAE J o . .4
vol, 8, pp. 63-58, Oct, 1961, ;‘z "‘u‘ .:":t
2. R C. Temps, and K. L. Coulson, "Solar Radiation 5.8%

Incident Upon Slopes of Different Orientations, " Sol,
Energy, vol. 19, pp, 178=184, 1977,

1. F. C, Treble, "Recommendations for the Perform-
ance Rating of Flat Plate Tervestrial Photovoltaie
Solar Panels, " NASA CP=2010, pp. 323-346, 1076,

4. T. M. Klucher, "Evaluation of Models to Prediet

TABLE I, - RESULTS OF CELL CALIBRATION
UNDER GLOBAL SOLAR RADIATION USING
TREBLE METHOD

Insolation on Tilted Surfaces. ™ DOE NASA 1022-78/ Cell sensitivity = monthly means
28, NASA TM-T8842, March 1978,
Cellat 7 Cell at Coll at
This work was performed for the U8, Department 0" e, v e, 60" uile,
of Energy under Interagency Agreement E(@9-26)-1022, ma. mw ma mw ma. mw
Jan . 0, 2780 0.2708
TABLE 1. = COMPARISON MEASURED MINUS PRE- Feb 5 o783 et
DICTED INSOLATION ON TILTED SURFACES FOR Mar . e 2744
ISOTROPIC AND ANImePIC-ALL-!K\’ MODE LS Apr 0. 2681 2N L2128
(INSOLATION - 75 mW ‘em®) May 2692 L2730 '
s r Jun 2700 2787 ¢
T = N T - Jul 2712 2738 .
Isotropic, | Anisotropic, | Isotropie, | Anisotropie, Aug AT L2747 2T23
) anl omnd 2 . 2 2 04
mW/em” | mW em mW/em™ | mW cin Bept 2768 2ol
(8 8 * L2767 2736
an 6.8 0.1 K56 2.5
¥eb| 7.0 03 10.0 2.2 Average of
sl 88 4 7.0 ' 1 all data 0.2702 0.2742 0.2127
:‘; ;’: ':: ;:: :: *Sun-cell incidence angle exceeds 15"
[Jun 2.2 0.5 2.8 0.6
Jul 310 1.6 10 1.5
Aug 3.9 33 5.0 2.4
sept| 5.7 1.7 8.3 2.6
I(”\ 5.4 0.6 7.6 2.2
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TEST FACILITY SENSOR SUBSYSTEM

Figure 1.

COMPARISON OF SPECTRAL RESPONSE AND SHORT
CIRCUIT CURRENT OF CELLS USED AS SENSORS
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LIU-JORDON ISOTROPIC SKY MODEL FESULTS
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Figure 3(c).

MONTHLY VARIATION IN CELL SENSITIVITY
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