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Abstract. The measurement af the intensity af salar radiatian is one of the environ
mental measurements required to test performance (efficiency) in a photovoltaic (PV) 
system. The procedure is part of the administrative protocol far eligibility far Italian 
state incentives, granted by GSE (Gestore Servizi Elettrici); it is also recommended to 
the system designer as an addition to the declaration of compliance. In PV systems with 
flat-plate PV modules this measurement is automatically calculated. Once the system 
rated power is manually entered and the environmental measurements are acquired by 
probes and sensors, the unit processing station calculates if the conversion of salar ra
diation power inta electrical power (DC side) and that of direct current into alternating 
current (AC side) are greater than the minimum performance values defined by CEI 
(Comitato Elettrotecnico Italiano). Conversely, radiatian intensity on PV cylinders can
not be measured following the guidelines of IEC 61646 (transposed into Italian legisla
tion as CEI 82-25) which are specifically written for flat modules, although datasheets 
by Salyndra, manufacturer af cylindrical modules, certify their rated power with refer
ence to this standard. The present study outlines the method used to measure the com
ponents of direct, reflected and diffuse light radiation on the surface of a cylindrical PV 
module and justifies the hypothesis, experimentally tested, that IEC standards are met 
when reducing global radiation intensity by a certain percentage. These tests bave been 
carried aut in cooperation with Hessiana srl, wha bave installed a cylindrical PV system 
on the roof of an industriai building in centrai Friuli. 
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modules, PV cylinders. 
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Figure l. 

1. Introduction. Almost ali PV mod
ules, whether crystalline silicon or 
thin film, leave the production chain 
as flat -plate modules . The exception 
is the CIGS thin-film cylindrical 
module manufactured by Solyndra 
(Fremont, California), a special tech
nology that covers a small niche of 
the market, now put on ice as a re
sult of the bankruptcy process of the 
Californian company (Figure l shows 
a PV cylinder in an outdoor labora
tory)1. 

Nowadays, there are hundreds of 
brands of flat modules on the market. 
The governments of the developed 
countries bave appointed special 
commissions of experts to write 
nnrm~ nrnrnntino- thf' tr::~rlf' nf P"nncls. 

protecting the environment, and en
suring the safety of workers and 
users; they are also responsible for 
laying out the guidelines on the test
ing procedures required for product 
certification. In the field of elec
trotechnics, these norms are known 
by the acronym CEI EN/IEC (CEI 
stands for Comitato Elettrotecnico 
Italiano, EN refers to CELENEC, the 
European Committee for Elec
trotechnical Standardisation, and 
IEC stands for International Elec
trotechnical Commission). In particu
lar, guideline CEI 82-25 indicates the 
procedure to follow for testing the 
functionality and minimum perfor
mance of a PV plant. 

These ooerations are generallv 
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known as "functional and technical 
checks". Performance or efficiency, 
sometimes improperly called yield2 , is 
calculated by entering in specific for
mulas the rated power declared by 
the manufacturer and the environ
mental and electrical quantities mea
sured. The measurement operations, 
in partictùar solar radiation and tem
perature, require the use of a solar 
meter and a temperature sensor, the 
first one positioned directly on the 
module and the second one attached 
to its back. 

The standard procedure of radia
tion measurement only considers flat 
surfaces and is not applicable to 
cylindrical modules, because cylin
ders not only receive direct radiation 
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but also the radiation reflected by the 
roofing material (called albedo com
ponent). In Figure 2 we see cylinders 
arranged in a panel and positioned at 
a certain height above the rooftop, 
and in Figure 3 a cylinder invested by 
direct (rays with parallel directions), 
diffuse (rays with random directions) 
and reflected sunlight. 

In its certifications list, however, 
the Solyndra datasheet also includes 
IEC 61646 (implemented in Italy 
with the addition of the acronym 
CEI/EN), a performance standard 
obtained by placing a crystalline or 
thin-film flat module in the darkroom 
of a solar simulator, in front of a series 
of solar light lamps. 

If we follow the guidelines of IEC 
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61646 and apply the formulas of CEI 
82-25 to a cylindrical module, we 
cannot obtain a positive test result, 
because the solar meter only mea
sures the sunlight falling directly on 
the tangent plane a - a (in the case of 
Figure 4 the plane is perpendicular to 
the rays) and not the total amount of 
radiation distributed over the entire 
lateral surface of the cylinder, not to 
mention the fact that rays impact in a 
different way on a semi-cylindrical 
and on a flat surface. 

For ali the considerations that will 
be developed later, we need to pro
vide some basic information on 
physics, technology and plant data. 

The light propagation model em
ployed for the purpose of this work is 
based on the postulates of geometri
ca! optics. According to this model, 
each point of a plane wave with a 
constant phase emits a wavelet that 
may be replaced by a straight line 
outgoing from the point, the so-called 
rays. Considering the sun a source at 
infinite distance, rays can be consid
ered parallel and uniformly distrib
uted in space. 

The study of tbe propagation of 
light in gases and its incidence on 
surfaces also takes into account oth
er phenomena such as diffusion, re
flection, refraction and diffraction. 
All these can be effectively described 
by the ray model and the first three 
will be examined in the following 
paragraphs. Conversely, the diffrac
tion phenomenon, that is the appar
ent bending of waves around small 
obstacles, can be neglected, which in 
simple terms means considering 
li2:ht and shadow as clearlv divided. 

which is indeed what our eye usually 
percerves. 

The technology of Solyndra cylin
drical modules derives from fluores
cent tubes and each cylinder is made 
up of two tubes one inside the other. 
A layer has been developed on the 
outside part of the inner tube that in
cludes up to 200 PV CIGS cells 
rolled up on the entire cylindrical sur
face3. Moreover an overlapping spe
cial "optical coupling agent", de
posited on the CIGS layer, concen
trates the sunlight that shines through 
the outer tube. After inserting the in
ner tube in the outer tube, each cylin
der is sealed with glass and metal to 
avoid penetration of moisture, which 
would decrease the performance of 
PV CIGS film, and fastened to a rack. 
Each panel contains 40 cylinders po
sitioned at a height of about half a 
metre from the floor. 

The main technical datw11 for a 
panel is the so-named peak power or 
rated power4. In the case of tbe Hes
siana PV system, it is calculated by sim
ply adding the individuai power ratings 
of each panel, as written in the 
datasheets released by the manufactur
er: N m = 57 6 panels with a uni t rated 
power of P, = 200 W gives a total PV 
field rated power of Pn,pv = 115.2 k W 

In the following paragraphs a ra
tio between the amount of global so
lar radiation falling on a flat module 
and the same amount falling on a 
cylinder surface will be estimateci, 
then a theoretical justification of the 
estimateci value will be given and fi
nally we will discuss the experimental 
data extracted from laboratory and 
PV olant testin2:. 
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2. Measurement of solar radiation 
on flat and cylindrical surfaces. 
Some methodological considera
tions. A sunny PV surface i.s general
ly irradiated by direct, diffused and 
reflected solar radiation. Direct radia
tion is composed of sun rays, di.ffused 
radiation comes from tbe sky (and 
clouds), an d reflected radiation is 
caused by ligbt-reflecting elements 
sucb as water, plants, buildings, etc. 
In the subsequent considerations we 
will ignare the reflecti.on and absorp
tion of light by the panel protecti.on 
glass. 

The cylinders bave been oriented 
in an east-west direction and arranged 
in such a way that they are parallel to 
the surface of the rooftop, so as to ob
tain a uniform illuminance distribu
tion along the semi-cylinder through
out the day, with the rays hitting the 
cylinder at the same angle on every 
east-west direction parallel to the 
cen tral axis5. 

If we only consider direct and dif
fuse radiation, a flat PV module evi
dently ensures greater conversion ef-
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ficiency than a cylindrical module of 
the same surface area and manufac
tured with the same photosensitive 
materia!. And in fact, the semi-cylin
der in shade is bit by an amount of 
light, reflected from the roof, lower 
than the amount of sunlight which 
would fall on a flat module of the 
same surface area, fully exposed to 
the sun. This intuition is borne out by 
the analysis of a single cylinder: the 
direct component of intensity I hit
ting the semi-cylinder, partially shad
owed (shd) and partially illuminateci 
(ili), and reflected by the rooftop, 
overlaps and is added to the di.rect 
component of the same intensity bit
ting the semi-cylinder in full sun only 
in the ideal case of a perfectly specu
lar reflective surface (Figure 5). 

In a real-life si.tuation, part of the 
radiation is absorbed by the roof and 
part is scattered in all directions (see 
Figure 6), and effectively a roof is not 
a mirror-like surface like a lake on a 
sunny day, reflecting all direct and 
diffused light so that the landscape 
around the lake is exactly mirrored 
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Figure 7. 

~sw1ray 
I1=tangent component 
111= nonna l component 

Figure 8. 

on the water surface. In addition, the 
cylinder is not isolated, and the other 
cylinders lined beside it reflect their 
shadows on the rooftop, reducing the 
net reflective surface (in Fi2:ure 7 

Figure 9. 

cylinders in a laboratory situation un
der the sun). 

Let us now do some quantitative 
reasoning on efficiency, measure
ment. considerin2: a PV semi-cvlinder 



in full sunlight and placing a solar 
meter on the tangent.ial plane a - a 
(see Figure 8). The first observation is 
immediate: the semi-cylindricai sur
face below the plane a - a in a cylin
der of radius R is larger than the 
plane surface that is above it, and 
therefore the power density measured 
on the tangent.iai piane surface is 
greater than the one measured on the 
cylindricai surfacé. 

A first evaluation of the percent
age reduction in power density be
rween the tangential plane a - a and 
the semi-cylindrical surface could be 
given by the rat.io between the two 
surfaces (S/2)/S" = n/2. Yet we can
not consider this result a proportion
ality factor to be applied to the rela
tionship between the two pm.ver den
sities, because the reduction of power 
density refers ro the soiar radiation 
perpendicular to the planes a - a and 
a' - a'. And in fact, the quantity 
(S/2)/SP is not equal to the rat.io be
tween direct radiation densities 
(I/S")/(I,/(S/2)), because III, is not 
unitary but I ~ I (with reference ro 
every eiementary ·~urface dS, the tan
gential radiation I, at the plane a' - a} 

slips away by a quantity which de
pends on the inclination of the sun 
ray) (see Figure 9). A calcularion t o 
take into account the variat.ion of I 
over I, will be described in the next 
paragraph. 

At this point let us formulate rhe 
hypothesis that the part of the semi
cylinder in shade, lying on the oppo
site side to the semi-cyiinder facing 
the sun, does not receive any of the 
three components: reflected, direct 
and diffuse; consequently the per-
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centage reduction in density radiation 
from the surface of the tangent plane 
(S ) to the cylinder surface (S ) is cal-

" c culated with the formula: 

t.]%= [I/S"- I,/(S/2)]/(I/S
1
Jl00 

(l) 

If we ignore the loss of the tangent 
component in ali points of the cylinder 
surface (I = I.,) the calculat.ion leads to a 
percentage reduction of approximately 
36.3%. 

Instead, if we consider a single 
ideai cylinder of unlimited radius, so 
that the cylinder surface coincides 
with the piane surface (with a limit 
value of S" = S/2 and consequently I 
=I ), then we do not bave any reduc-n 
tion in radiation density, that is 0% of 
percentage decrease. 

Having calculated the two limit 
values we can draw the following 
conclusion: the percentage decrease 
of direct radiation from the plane a -
a to the semi-cylinder below it, mea
sured by a solar meter placed on the 
plane, under the hypothesis to ne
glect the reduction in direct radiation 
from the plane a- a to the semi-cylin
der due to a loss of the tangentiai 
component, does not exceed 36.3% 
approximately, so the percentage in
tensity value is inside the following 
range: 

o< .0.J% < 36.3% (2) 

Later in this paper we will adjust 
the upper limit of (2) by taking into 
account the decrease of direct radia
tion from the tangentiai piane to the 
semi-cylinder, the influence of diffuse 
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diffuse radiation 
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reflected radiation 

Figure 10. 

light and, last but absolutely not 
least, the impact of the albedo com
ponent on the semi-cylinder in shade. 

Before we continue, a short di
gression is in arder. When a PV sur
face is exposed outdoors on a beauti
ful sunny day, both diffuse and direct 
radiation affect PV production, while 
a PV module in a laboratory situation 
is only illuminateci by direct light. Let 
us consider, then, the characteristics 
and effect of diffuse radiation on PV 
efficiency7 . Diffuse solar radiation 
comes from the sky and is partially re
flected by the roofing materia! (see 
Figure 10). 

Diffuse radiation can be com
pared to the disordered movement of 
the electric charge in conductors or 
semi -conductors: as electric carriers 
in the absence of an electric field 
move in a random direction inside 
matter, so do the photons of diffuse 
light in the atmosphere. If we can ex
plain the regular movement of parti-

cles with elegant equatibns - and in 
fact, we will later use geometrica! 
methods to study the propagation of 
direct sunlight in the air- we must re
ly on statistica! data for the calcula
tion of parameters involving the ran
dom movement of enormous popula
tions of particles. 

Firstly, we need to establish in 
what percentage diffuse radiation is 
investing the two semi-circumfer
ences lying above and below the tan
gent plane a - a. Let us hypothesise 
the ideal case of an isolated cylinder, 
so as to avoid the influence of shad
ows on reflected light. Also, let us 
consider the ideal situation of a per
fectly clear and cloudless sky, the 
weather everyone would wish for 
when testing PV systems. 

To begin with, we restrict our 
analysis to the semi-cylindrical sur/ace 
/acing tbe sun, and investigate if there 
are significant differences in the in
tensity of scattered light when we 
compare a semi-cylindrical and a 
plane surface of equivalent extension. 

Figure 11 shows a particular case 
where a perpendicular component of 
a radiation of intensity I generally in
clined on the plane a - a decreases its 
amplitude passing from the plane a -
a to the tangent plane a' - a'. If we 
consider the relationship along the 
semi-circumference of the cylinder il
luminateci by the sun between the 
two components I relative to the n p 

plane a - a and I along the same di-n,c 

rection relative to the other plane a' -
a', we observe with a < 90° the rela
tionship I >I (I < I ) and the ap
posite res~;lt i~ >"·§oo, 'rhat is I, < I, c 

,p . 
(I > I ) . The theorem in the noteS 
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Figure 11. 

makes us think that during the day the 
effects compensate each other, and the 
normal diffuse component referring to 
the plane a- a and the semi-cylinder a' 
- a' illuminateci by the sun would be 
basically the same: D;u ~ DP =Dc. 

In cloudy conditions photons 
strike the two surfaces from ali direc
tions and there is no reason they give 
priority to the flat surface rather than 
the cylindrical one, so the above con
clusion is confirmed. 

Let us consider at this point the 
semi-cy!inder pro;écting its shadow on 
the rooftop (see Figure l above). The 
scattered light which does not fall on 
the upper section of the cylinder ends 
up on the building roof. This albedo 
component D,1b cannot be greater 
than the diffuse radiation that would 
fall on the cylinder surface if it were 
exposed to the sun- in that case the 
roof surface would produce an effect 
of light concentration, which is not 
possible. If we also add the consider-
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ation that the roof surface absorbs 
part of the radiation and is not specu
lar, we can conclude that the total dif 
fuse radiation will approach at most 
the density value that would be mea
sured on the plane sur/ace equivalent 
in extenszòn to the latera! sur/ace o/ 
the cylinder: 

T o reduce the difference ~D = D
(D; 11 + D.1b) the installer recommends 
that the roof surface under the panels 
be painted white. A white roof sur
face, according to estimates by the 
panels' manufacturer Solyndra, 
would recover up to 15% ± 20% of 
global radiation compared to a black 
one9. 

We bave considered, up to this 
point, the intensity of light distrib
uted around the cylinder. Let us now 
study the path o/ light inside the cylin
der. lt has already been said that the 
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Figure 12 . 

Solyndra cylinder is composed of two 
tu bes, the outer made of glass and the 
inner composed of two films: an opti
cal concentrator film over a photosen
sitive CIGS film. A sun ray, before 
reaching the optical concentrator, un
dergoes a partial concentration of light 
due to refraction, the particular phe
nomenon of "straightening" that hap
pens when a solar ray passes from one 
medium to another of different densi
ty, in our case from air to the glass of 
the outer tube. This rectification effect 
adds up to the optical concentrator ef
fect at any time during the day. Con
centration, therefore, increases the 
performance of a PV celi (the same 
power is concentrateci onto a smaller 
surface) as a greater perpendicular val
ue of the direct component passes 
from air to glass and consequently 
there is a reduced loss of the tangent 
component (I

11
,,> In as in Figure 12). 

In this aspect the PV cylinder acts 
as a passive solar tracker, but its per
formance is much lower than that of a 
dynamic tracker. 

The statement by Solyndra that 
one advantage of its cylindrical mod
ules is their ability to track the sun's 
radiation without the need for mov
ing parts as in traditional solar traclc
ers (which continuously maintain the 
relation of equality I = I) is partially 
true only with the sun in a position 
dose to solar noon, while with sun 
rays increasingly inclined from east to 
west, the intensity I is increasingly 
distant from In . 

Yet compared to equivalent sys
tems with flat modules without con
centrators, solar concentration in
creases both production and perfor
mance. Cylindrical modules, in fact, 
present a flatter potency curve com
pared to flat modules without con
centration which show a peak; conse
quently the variation of density 6.}% 
in (2) is shifted more towards zero. 

Let us evaluate this increase in 
performance only with reference to 
the effect of refraction. 

The refraction angle 82 obtained 
from Snell's law depends on the angle 
of incidence el: sen 8/sen e2 = nl2 with 
airlglass coefficient n12 = 1.55 . In any 
case, the calculation of the percentage 
variation of the normal component In 
for any inclined angle a on the piane 
of the horizon at the latitude of Tal
massons (where the plant is located) 
between the two solstices (21 o < a < 
6r) and along the circumference, is a 
few percentage points. In practice the 
variation L1J%, compared to the situ
ation envisaged without refraction 



and concentration, moves toward the 
lower limit but will never be zero. 
The integrai calculus for any given 
value of J = f(a) is: 

6.] = J- .JJ cos(arcsen[1/n 12sen(81(a))])da 
(4) 

The 6.]% variation differs from 
zero but is closer to zero compared 
with systems without concentration. 

We can conclude, intuitively but 
also validated in this by geometrica! 
optics, with this generai statement: 
the density o/ global radiation Znvest
Zng a latera! sur/ace o/ a cy!Znder lying 
in an east-west directzòn (but also in 
any other directzòn) is lower than the 
global radiation intercepted by a piane 
sur/ace o/ equa! area in al! possible 
weather conditzòns. 

Now our aim is to determine the 
r~~uction percentage with more pre
ClSlOn. 

3. CEI testing conditions. CEI 82-25 
standards require that PV systems 
bave a minimum efficiency level of 
75% with at least 600 Wm·2 of sun
light intensity. The overall efficiency 
of a PV system expresses how much 
light power is transformed into elec
tric power. Calculated upstream the 
inverter, converting the direct current 
(dc) output of the PV plant into alter
nating current (ac), efficiency evalu
ates the plant's nominai power against 
light power. 

Since a PV plant is a linear physi
cal system, its efficiency can be calcu
lated on the basis of the power of a 
single Solyndra cylinder viewed as a 
solar battery with positive and nega-
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Figure 13. 

ti ve signs a t each end (Figure 13). 
In its technical datasheet, the 

modules' manufacturer Solyndra cer
tifies a rated power of P = 200 W for 
each module. The cal~ulation of a 
module's efficiency is given by the 
formula 

E% =[(P,/(N-S)J/GSTC·100 (5) 

where N = 40 is the number of cylin
ders in the module; GsTc = 1000 Wm2 

is the radiation intensity value under 
Standard Test Conditions (STC) mea
sured on the plane; Scyl = 3.142RL 
(2R = 2.2 cm; L= 100 cm) is the cylin
der's surface. The calculation leads to 
an efficiency value of E % = 7.24%, 
which is much lower than the STC ef
ficiency of any thin-film module. 

The manufacturer has not provid
ed data on the laboratory efficiency of 
a CIGS cell or a module, but techni-
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cal literature indicates a t least 13% 
efficiency and beyond10. Using this 
data we obtain an efficiency variation 
of approximately 44.3%, a value out
side the range displayed by (2), with a 
deviation from the value previously 
found of b.= 44.3%-36.3% = 18%. 
Considering that (2) does not take in
to account the loss of global radiation 
by the semi-cylinder in shade, we 
bave reason to adjust (2) to the new 
range: 

o< b.J% < 44.4% (6) 

If this hypothetical efficiency val
ue is subtracted from the upper limit 
given by (6) and equated to the value 
of 7.24%, the result will be about 
12% which is very dose to the figure 
declared by the manufacturers of thin 
film. 
In non-STC, GsTc is replaced by G: 
0.6-GsTc < G,; GsTc and then (5) can 
be written as: 

E%= [P/(NS)J/GlOO (7) 

where P is the transformed electric 
power. 

Following the reasoning of the 
previous paragraph, the radiation 
measured on a cylindrical surface de
veloped on a plane is, in actual fact, 
higher than the radiation intensity 
falling on the cylindrical surface; so in 
order to calculate the effective effi
ciency value of a PV cylinder, we 
need to correlate the global intensity 
of the solar radiation falling on a 
cylinder surface with the real power 
being measured. But while real pow
<>r r::m ht> P>tsilv m<>>~snr<>rl with ron-

ventional testing equipment, a solar 
meter cannot calculate the global ra
diation falling on the entire cylinder 
surface under STC, as required by the 
CEI guidelines which are written for 
flat modules. 

We can understand why we can
not match the required minimum ef
ficiency value (CEI 82-25 calls it 
"yield") if we consider the following 
formulas as laid out in the CEI guide
lines, which are used by the software 
of the processing unit: 

w bere: 
- Pclc is the output power of the PV 
generator measured in kW with an 
accuracy higher than 2%; 
- Pac is the active output power of the 
inverter measured in kW with an ac
curacy higher than 2%; 
- Pn is the rated power of the PV gen
erator measured in kW, calculated by 
summing the rated power of each 
module as published in the manufac
turer's datasheet; 
- GP is the radiation intensity mea
sured in Wm-2 calculated on the mod
ules' plane: a PV cell solar meter with 
an accuracy higher than 3%, a ther
moelectric solar meter with an accu
racy higher than l %; 
- GSTC (ISTC) is the solar radiation un
der STC measured in Wm-2. 

According to the interpretation 
of CEI 82-25, the first formula of the 
(8) above checks the value of yield of 
ìl c~c on the dc side and the second 
checks the 'flac on the ac side; more
ov<>r t h t> formn b rlt>:ulv inrlirMf's rh M 
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n p 

higher than the real yield being mea-
sured then the verification fails. To 
verify the inequality it is necessary to 
decrease the product. 

The first factor cannot be 
changed because it has been dedared 
by the manufacturer, so we must de
crease G, subtracting from the global 
intensity measured on the module's 
plane the sum of the percentages that 
do not enter the cylinder. 

In the following paragraphs we 
will present theoretical and experi
mental considerations on how to esti
mate the real radiation intercepted by 
the cylinders as a whole. 

4. Theoretical method for a calcu
lation of the distribution of global 
radiation in flat and cylindrical 
surfaces. The yield of a PV plant de
pends on the intensity of solar radia
tion falling on a PV surface in a cer
tain period, so the performance of a 
PV module depends on the particular 
hour of the day, day of the year and 
on weather conditions. All the follow
ing considerations are based on envi
ronmental conditions dose to STC, 
that is blue doudless sky an d negligible 
relative humidity, a pleasantly cool 
temperature and no wind. These 
weather conditions are very rare and · 
when they happen we say, "Earth is the 
garden ofEden!". Por this reason test
ing is mostly carried out on paper, ex
cept in cases of necessity when the 
owner complains that the energy pro
duction of the PV roof is distant form 
that predicted by the installation com
pany. 

We will 41\lìY G~Yi6t tm unatvtica1 
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procedure tor the calculation ot the 
most plausible value within the range 
of uncertainty written in (6) . 

We bave already dassified the 
three components of global salar ra
diation - direct, diffuse and albedo 
(reflected): 

G =I+ D+ R (9) 

where G is the global radiation mea
sured at ground level. 

Let us first consider the solar radi
ation falling on the semi-cylinder fac
ing the sun. The calculations and con
siderations rely on the following as
sumptions: 
a) the value of direct radiation I that 
enters normally to the surface ~'f the 
cylinder is calculated by an analytical 
procedure using a spreadsheet; 
b) the albedo reflected on the cylinder 
surface facing the sun is neglected; 
c) direct radiation I maintains a con
stant value along th~ axis of the cylin
der exduding the edges, where we 
find a negligible variation of a few 
percentage points (see Figure 14). 

Before we move forward, let us 
consider a few interesting points. 

Direct radiation does not uni
formly irradiate the PV surface along 
the entire circumference, so the in
tensity vector In must be referred to 
an elementary surface, as small as 
possible to be measured and as small 
as we want in calculation, to get dose 
to the real value before proceeding 
with an integration. 

The In component along the semi
circumference varies from zero at the 
end of the diameter (the point of tan-

~LHCV of the ~olur rudiu~ \\ttth. rhe cir-
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Figure 14. 

cumference) to a maximum value 
when the direction of the vector I is 
the same as I" (I = IJ 

The formulas for the calculation 
of the normal component of power 
intensity distributed on the surface of 
a PV semi-cylinder facing the sun are 
written in a note11 . 

Forali inclinations of the sun rays, 
the simulation produces a percentage 
decrease in intensity of !::.I% = 36%, 
pretty much the same result obtained 
by calculating the density variation 
t.]% in (1). 

The hypothesis formulateci in b) 
means that the roof does not bave re
flection (R = O) and (9) becomes: 

G =I+ D (10) 

The measurement of the amount 
of radiation intensity from which the 
percentage reduction is subtracted is 
()ht,:JinPr1 hv nl::wimr ::1 solar meter on 

a tangent plane with a tilt angle12 cal
culated as y = 90 - a, that is a typical 
setting when a solar meter is oriented 
against the sun. 

The formula for the calculation of 
global solar radiation on the plane of 
the semi-cylinder facing the sun is as 
follows: 

Gm = ks (I+ D) = k5 [k,ed (G - D) + DJ 
~ 0.23 G = 23% G (11) 

w h ere: 
D= kdi f (l+cosy)/2) G, kdif = 0.2 dif
fusion coefficient (see note 7); 

k,eJ = 0.36 reduction coefficient from 
flat to cylindrical surface. 

Let us now calcolate the percent
age of the albedo component tbat in
vests the cylinder in shade. 

Solyndra datasheets declare an 
amount of albedo of 23.9% 13 when 
the system is fully operational. Howev
Pr mnsirlt>rimr that the rooftoo of the 



reflecting strip 

Figure 15 . 

Hessiana building is not a highly-re
flecting total white surface, this value 
should be considered a higher limit. 

By substituting in (9) I + D = O 
and dividing the total reflected radia
tion between its direct and diffuse 
components R = I, + D", we obtain: 

Since the quantity of the two com
ponents depends on the size of the re
flecting surface (see in Figure 7 the 
array of cylinders producing strips of 
shade aver the surface), the ratio be
tween total surface and shadowed 
surface S/Sshd needs to be evaluated. 
Firstly we need to introduce two sim
plifying hypotheses: 
a) the diffuse component reflected by 
the shaded strips is negligible; 
b) the surface below cylinders is per
fectly flat 14 . 

A possible distribution of the re-
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flected rays aver the year is shown in 
Figure 15 (not in scale and only meant 
to provide support to the intuition) 
where h= 30 cm and d= 3.5 cm. Un
der the cylinders, reflecting and shad
owed strips shift their position aver 
the year and change their surface ratio. 
Let us calculate the surface ratio at a 
particular time of the year. 

The surface in shade produced by 
the cylinders' shadow is easily calculat
ed with the formula Sshd = 2R/sin a ·L 
with R = 1.1 · 10-2 m e L = l m. This 
value is subtracted from the total area 
under the cylinders S = (d+ 2 R)L = 
5.7 10-2 m2 approx. The percentage of 
reflecting area is given by ksu = (S -
Sshci)/S = l- 0.386/sin a. Figure 15 al
so shows the direct component being 
partially reflected by the semi-cylin
der in shade, so if the a angle increas
es the reflecting surface decreases 
an d vice versa15. 

So to calculate I we conclude that 
l' 
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re/lection o/ direct radiation only af 
fects a part of tbe semi-cylinder, on ac
count o/ tbe shadows and o/ dispersion 
through the gaps between tbe cyùn
ders. If I is the direct component o/ 
light reflected /rom a per/ectly-mirror
ing sur/ace 011 an isolated cylinde1~ 
tben this restriction applies: 

I,< I (13) 

where I,. is the component of direct 
radiation falling on the cylinder ex
posed to reflection. 

The difference M = I - I, depends 
on the amount of albedo and on the 
inclination of sunrays. The compo
nent I,, considering the intensity of 
reflected radiation to be proportional 
to the reflecting surface, is given by: 

w h ere I = ( G - D), vali d for specular 
reflection. Substituting a = 45° (the 
latitude of Talmassons at the equinox 
where y = a) and with k5" = 0.45 ap
prox., we obtain the result of I, 
0.033 G and in percentage I, % = 
3.3% G approx. 

The other component D,is given by: 

D,.= k5 k 5ukdif p(l - cos (180 -y))/2 G 
(15) 

and if p= 0.7 16, then D,%= 0.027 G 
and in percentage 2.7% G. 

So the proportion of global solar ra
diation falling on the semi-cylinder in 
shade is: 

G,hd =I,+ D,= 0.033 G + 0.027 G ~ 
O.OA t,. = A Ofn t,. (1 (,) 

Therefore, the variation percentage 
in radiation over and under the plane 
compared with total radiation is: 

Gcyl = G,u + G,hd = 0.06 G + 0.23 G 
~ 0.3 G = 30% G (17) 

We must take into account that the 
albedo component is not intercepted 
by the rear of a flat module of equiv
alent area to the cylindrical module 
because it is obscured by the protec
tive blacl<: coating, so the total radia
tion G must be reduced by this com
ponent. The Gm radiation measured 
on the plane becomes: 

Gm = G- D,~ 0.97 G (18) 

In conclusion the variation per
centage will be: 

~G = Gm - (l - Gcyl) G = 0.97 G-
0.62 G = 0.34 G or ~G% = 34% 

(19) 

and so to calculate the radiation be
ing effectively distributed on the 
cylinder we must subtract about 34% 
from the measurement obtained on 
the tangent plane, so that the originai 
950 Wm-2 is reduced to the value of 
627 Wm·2 . 

This example is significant in that 
it shows that it is fairly difficult to 
pass the performance test and that in 
order to reach 900 Wm-2 at midday 
we need to bave favourable weather 
conditions; although we are helped 
by the fact that the solar meter will be 
facing the sun and that it is easy to 
find values approaching 1000 Wm·2 

M ~P~ fpvpf M ~ mirLPnrrmP~n f<~ti-



tude. In addition, the surface of the 
rooftop needs to present excellent re
flecting properties in order to mirror 
rhe albedo component; rhe better re
flecting is the white paint of the sur
face, the closer the measure to the 
ideai condition expressed by the 
above equation. 

Several tests were carried out on 
site on testing day. In one of tbese, as 
we shall see, we managed to surpass 
tbe threshold value of 600 Wnr2 , 

measuring more tban 900 Wm·2 on 
tbe plane of the solar meter. The co
efficients and data used in (19) and 
yielding a result of 34% will presum
ably need to be adjusted if tbe tests 
are carried out at other tin1es of the 
year. We also need to consider tbat 
measurements taken in the open air 
are affected by environmental condi
tions (sucb as ventilation, bumidity, 
and air temperature) and also by the 
time it takes the operator to process 
the measures collected. So tbe tbeo
retical result which we bave found, 
and wbich has been confirmed by 
testing, should be seen as indicative, 
with a certain possibility of error. 

In tbe next paragraph we will out
line a method to measure tbe radia
tion intensity distributed around the 
cylinder with a specially manufac
tured circular solar meter17 . The read
ing constant of tbe circular solar me
ter has been calculated through a 
process of calibration. 

5. Experimental method for a calcu
Lation of the distribution of global 
radiation in flat and cylindrical sur
faces. To estimate tbe global radia
tion along the circumference of a 
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cylindrical surface we bave moved a 
small PV celi along the circumference 
at discrete steps of 15°; at each step 
electrical current has been measured 
by a multimeter, then converted into 
radiation intensity by multiplying the 
current per a conversion constant. 
The results are reported in Table l. 

Measures were collected over a 
period of about 15 mins (tbe first 
measurement was taken at 15:50, tbe 
last a t 16:05). 

At the beginning of tbe measure
ment session, tbe solar meter dis
played an intensity of 664 Wm·2 and 
at the end a value of 651 Wm·2 with 
an accuracy coefficient of ± 5%. The 
mean of tbe measurements reported 
in tbe penultimate column is G' = 494 
Wm·2. 

The data were collected on 15 Au
gust around solar noon. On that day, 
at tbe latitude of Talmassons18, the 
angle of solar rays on the horizon was 
about a = 60° (tilt y = 30°) . 

At this point, we are able to deter
mine tbe percentage variation between 
the radiation measured on the plane at 
the angle of tilt y = 30° (Gill = 971 Wm·2) 

and the weighted average of tbe values 
reported in the penultima te column of 
Table l (G' = 522 Wm·2), which is ap
proximately 46% with a 26% devia
tion from tbe value of 34% calculated 
in (19). This percentage deviation 
from the tbeoretical value is rather 
marked, but could be reduced if we 
consider tbe rather poor albedo com
ponent (p < 0.7) due to tbe character
istics of tbe terrace on which measure
ments were collected; moreover, the 
reading constant of the solar meter19 

in Table l is probably closer to tbe 



L . Marco lini 

Table l. Measurements of light intensity along tbe circumference. 

Number Celi Short 1\adiation Temperature Air 

of i.nclination circuir intensity Circular salar meter temperature 

measure- current on celi constant: T ~ 36°C 
ments k = 2.75 mN(Wm·2) ± 10% 

Cylinder orientation: 
East-West 

N Degrees Isc(mA) Wm·2 NOTE 

l o 313 861 
2 15 345 949 
3 30 353 971 
4 45 357 982 
5 60 343 943 
6 75 309 850 
7 90 281 773 

tot 6328 G'(Wm·2) average 904 

l 105 234 644 
2 120 193 531 
3 135 149 479 
4 150 161 454 
5 165 174 443 
6 180 165 429 

tot 2959 G'(Wm·2) average 497 

195 156 410 
2 210 148 407 
3 225 135 371 
4 240 123 338 
5 255 110 303 
6 270 100 275 

tot 2123 G'(Wm·2) average 351 

l 285 81 223 
2 300 77 212 
3 315 61 168 
4 330 57 157 
5 345 135 371 

tot 1130 G'(WnY2) average 226 

minim um value of k - O .l k . With this Similarly, when we estimate the 
value, the deviation limi t of 26% percentage variation between the 
would be halved. measures taken along the arcs of the 



Figure 16. 

semi-cylinders in the light and in the 
shade, relatively to the two intervals 
written below: 

semi-cylinder in light 
330 <a ::;; 120 (O) 
semi-cylinder in shade 
120 <a::;; 330 

with G; 11 == 686 Wm·2 the mean value 
calculated on the first interval and 
G shd == 353 Wm·2 the mean value cal
culated on the second, we obtain a 
variation of approximately 48.5%. 
Conversely, if we consider the differ
ence between G; 11 == 23% G found in 
(11) on the semi-cylinder in light and 
G shd == 6% given by (16) on the semi
cylinder in shade found in (16), we 
find a percentage variation of 73.9% 
with a deviation from the values of 
Table l of 34.4%. This striking dif-
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ference is explained by the fact that 
the measures of Table l were taken on 
a single cylinder, which does not suffer 
the effects of shadowing from other 
cylinders, whereas in a real situation 
cylinders are assembled in a rack. 

To these considerations we add 
the following. 

Experimental measure integra
tion was rather approximate (24 
steps with a silicon wafer covering a 
hexagonal polyhedron); a greater 
number of steps would lead to a 
more precise result. Moreover, pho
to-induced current in a PV cell de
pends on the spectrum of light and, 
while direct sunlight has all the radi
ation frequencies of a black body, the 
spectrum of reflected light varies de
pending on the portion being ab
sorbed by the surface coating. On 
the other band, our theoretical pro-
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cedure also presents limitations as it 
is based on statistica! data - in par
ticular, the value of the albedo com
ponent can vary significantly in rela
tion to the reflective properties of the 
surface coating. 

6. Performance tests. A PV system 
in its simplest architecture is com
posed of two subsystems: a direct sec
tion where light power is converted 
into electrical power (dc side) and a 
conversion section where electrical 
direct power is transformed in alter
nating power (ac side) . 

Before starting the test20, we car
ried out a prior verification. A voltage 
meter and an amperometer were con
nected to the input (dc) side of an in
verter, while two of the same were ap
plied to its output (ac) side; the in
verter, in turn, was connected to the 
west-facing PV subfield21 . 

The measurement of radiation in
tensity was carried out in two stages: 
a solar meter, provided by Hessiana 
srl, was first exposed outdoors, facing 
the suo, and then indoors, in a cubi
de where the two inverters were 
housed, facing a xenon lamp. A pyra
nometer was mounted on a moving 
device (Figure 16), so that we could 
change its tilt angle an d/ or its dis
tance from the lamp, therefore vary
ing the incidence of light on the 
senso r. 

Having measuring the intensity of 
direct solar radiation, we positioned 
the pyranometer under the xenon 
lamp and scaled down the intensity 
measurement. The values obtained 
"'PrP tr!'ln<::mittPti tn "' nrnrP<::<::ina nnit 

which displayed the results on a 
screen. After running several tests, an 
overall performance of a t least 75% 
was verified, confirming the hypothe
sis that the system's real power was 
greater than the nominai power de
clared by the manufacturer. 

The test also showed that the sys
tem's overall performance exceeded 
the threshold value of 75% even 
when i t di d no t pass the limi t of 85% 
on the dc side, where the efficiency of 
the conversion of radiant solar power 
into electrical power is evaluated . 
This is explained by the formtùa for 
the overall performance: 

(20) 

Effic.iency on the ac side (Y],J al
ways tested positive because inverters 
automatically maintain an efficiency 
that exceeds 95%, so even with an ef
ficiency of less than 85% o n the dc 
side (T]d) it was possible to pass the 
overall threshold of75%. In our case, 
we managed to reach both efficiency 
thresholds only by decreasing the ra
diation intensity on the surface of the 
sensor positioned perpendicularly to 
the solar rays. 

Considering that CEI standards 
require that tests should be per
formed with an intensity greater 
than 600 Wm·2

, we needed a solar 
power of around 900 Wm·2 on the 
cylinders if we wanted to pass the 
test. So outdoor measurements had 
to be carried out around midday on 
a sunny day. 

The data recorded by the process
ing unit SOLAR-300 l HT303 pro
vitif'rl hv Hf'<::<::i!'ln!'l <::rl !'lrP "'" fnllnw<::· 



p dc 22.27 kW p = 21.24 kW a c 

TJdc 0.87 Tiac = 0.95 

v dc 560 v pf = 0.961 

I dc 40.48 A V ACl = 419.6 v IAC = 30.57 A 
I 

1T 
476 Wm-2 

p 50.57 kW VAC2 = 419,12 v IAC2 = 31.9 A no m 

TPV 36.5°C 

TINV 33.6°C VAC3 = 420,2 v IAC3 = 29.97 A 

In this specific case In = 476 Wm-2 is 
less than 600 Wm-2 and so the test on
ly served to validate the working hy
pothesis. 

Performance testing according to 
the guidelines of CEI 82-25 should be 
a requisite of ali PV plants, sin ce it pro
vides a practical verification of the man
ufacturer's declaration of compliance. 

It is well known that in PV plants 
connected to the electrical grid the ac 
output of the inverter supplies power 
to local electricalloads or to the pub
lic network (in Italy managed by 
ENEL). In this particular plant, the 
converter was composed of two 
three-phase IGEATEAM inverters 
connected in parallel to two PV sub
fields (see Figure 17) including the 
same number of modules and 
arranged in gently sloping rows fac
ing respectively east and west. The 
cylinders' axes were also oriented in 
an east/west direction (see in Figure 
18 the magnetic needle oriented from 
north to south, perpendicularly to the 
cylinders' a x es). Sin ce the rows were 
slightly inclined in opposite direc
tions the production of the two sub
fields was a little different in the early 
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hours of the morning and at the end 
of the afternoon. A first trial test was 
carried out on 16 October 2012 at 
one o'clock in the afternoon (corre
sponding to solar noon) with 75% 
relative humidity an d 17.4 o c air tem
perature. The inclination of the sun 
was 3r above the horizon, approxi
mately 8° less than the latitude. 

The input data collection was car
ried out by an HT303 pyranometer 
with the storage unit SOLAR-01; a 
Mac Solar solar meter was used to 
check the radiation constant and the 
inclination of the support, in order to 
reduce the radiation intensity by the 
necessary amount (see the photo
graph in note19). 

Testing was finally carried out on 
24 October 2012 at 12:45, under ide
ai weather conditions22 . The process
ing unit SOLAR-300 was attached to 
the inverter connected to the west
facing PV field. After synchronisation 
with the unit SOLAR-01, we mea
sured the intensity on the plane lying 
perpendicularly to the sun rays and 
adjusted the inclination of the sup
port stand in Figure 16, obtaining a 
30% reduction in intensity on the 
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Figure 17. 

Mac Salar display. After a few min
utes SOLAR-01 was connected to the 
processing unit SOLAR-300 located 
in the inverters compartment. The re
sults are shown in Tables 2 an d 3. 

Positive results were obtained on 
both the dc and ac sides, with a 
33.9% intensity reduction and a dif
ference from the calculated value of 
around 3%. 

Temperature was measured with a 
PT 100 thermocouple positioned in 
the air (in flat modules the probe is 
applied to the back of the modules as 
per instruction of CEI 82-25) in arder 
to verify that air temperature was 
kept much lower than 40°C, value in
dicated by CEI 82-25 for corrections 
in the temperature of the power sup
ply. However, it is very unlikely that 
PV cylinders can reach such a high 
te m nerature. as thev are oartiallv 

shaded and continuously ventilated, 
so this measure had no impact on the 
outcome of the test . The Eff-DC val
ue of 609 -;- 610 Wm·2 was slightly 
above the minimum, while radiation 
intensity on the plane was much 
greater. 

The connections of probes and 
sensors are shown in Figure 19. 

In conclusion, only reducing the 
intensity of radiation on the plane, as 
it has been theoretically demonstrat
ed with measurements in the open air, 
the processing unit could give posi
tive results within the constraints of 
CEI 82-25. A more exhaustive re
search on the performance of PV 
cylindrical modules should be repeat
ed several times aver various days un
der conditions of low and high irradi
ation and at different hours of tbe 
dav. This task should be assigned to a 
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specialized laboratory which should 
install a PV cylindrical system with 
automatic data-collecting for contin
uous monitoring22 . 

7. Fina l considerations. This study has 
deliberately not considered and evalu
ated the overall yield of the PV plant 
over time, i.e. the Equivalent Solar 
Hours (ESH), that is the number of sa
lar hours when the system works at its 
rated power, the Energy Pay-Back 
Time (EPBT), that is the return time of 
the energy used for the production of 
the plant itself, and the Financial Pay
Back Time (FPBT), that is the time 
needed to match the investment made 
by the customer. The promotion of a 
PV system on the basis of its efficiency 
(performance) w1der STC may not be 
the marketing strategy determining the 
success of a solar technology. 
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Regarding this aspect, the owner 
of a PV plant, called "responsible 
subject" by GSE, the Electrical Ser
vices Operator that for a period of 
twenty years guarantees a financial in
centive in euros per kilowatt hour 
produced (€/kWh), may positively 
evaluate the investment in the long 
period, taking into account the cost 
of the plant (€/Watt) and the Balance 
Of System (BOS), that is the cost of a 
PV system excluding the panels. The 
decision by Hessiana srl of installing 
Solyndra PV modules was mainly 
based on BOS, also because it was 
not possible to drill the roof of the 
building or load it with heavy blocks 
in order to install conventional flat 
modules. 

Regarding the concept of efficien
cy, I think we need to clarify the sub
stantial difference between the yield of 
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Table 2. Light intensity measured by the two salar meters. 

MacSOLAR 

HT303 

930 Wm·2 ±5 Wm·2 

±0.5 mV 4.3 m V 17 mV/1kW m·2 = 615 Wm·2 

Table 3. SOLAR-01 measurements. 

Irr_Avg Irr_Max Irr_Min TC_Avg TC_Max TC_Min 
[W/m2] [W/m2] [W/m2] [cC] [cC] [cC] 

610 610 609 30.9 30.9 30.9 
610 610 610 30.9 30.9 30.9 
610 611 610 30.9 30.9 30.9 
610 611 610 30.9 30.8 30.7 
610 610 609 30.6 30.6 30.5 

Eff_AC Eff_DC PRP 

0.937 
0.937 
0.937 
0.937 

a PV plant and its efficiency/perfor
mance with reference to CEI 82-25, as 
the two concepts are easily confused. 
So the functional testing of a PV plant 
is the measurement of efficiency in a 
particular instant in time, while yield is 
performance over time as expressed 
by the ESH parameter, that we now 
define precisely with a formula: 

ESH = E/(P" ·dd) (21) 

where E is the energy produced in a 
nwnber of days (dd) an d P n the rated 
power. 

The energy measurement is given 
by the integrai calculation of the in
stant power according to the formula: 

E= fE(t)J(t) S (22) 

0.868 0.813 
0.867 0.813 
0.867 0.813 
0.868 0.813 

It shows that the total energy pro
duction depends on instantaneous ef
ficiency E( t), that is the amount of elec
tric power (W) converted from inten
sity radiation (W m-2) extended to the 
whole surface S (m2) of the PV plant. 

In ali grid-connected PV systems 
the inverter maintains the highest 
possible peak power Pmp in ali weath
er conditions, so we obtain the maxi
mum efficiency condition in energy 
conversion. The difference between 
the energy produced at STC efficien
cy and the energy recorded by the 
ENEL meter is: 

t. E = fEsTcJ(t) S - E (23) 

which can be considered a quality in
dicator for the evaluation of a PV 
plant performance. 



Figure 19. 

On a financiaiievei the quality of 
an investment can be evaluated by the 
formula: 

b. = ESHP ·dd R - C P (24) 
n u u n 

where Ru denotes revenue from gov
ernment incentives B'kWh (constant 
over twenty years) taking into ac
count ali costs; and C is the unitary 
cost of the PV plant in ~ominai B'kW. 
When the delta sign is negative there 
is no return of investment, when it is 
positive there is a gain. 

The vaiue of ESH, depending on 
the relative reduction of efficiency 
over time, greatly affects the delta vai
ue. It is the difficult assessment of this 
parameter that makes an estimate of 
delta vaiues very probiematic, and in 
fact no manufacturer provides data 
on efficiency over time. IEC 61646 
(and likewise 61215) prudentially cer
tifies a degradation of efficiency of 
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thin-film moduies of no Iess than 
90% in the first ten years and no Iess 
than 80% in the following 15 years. 
This parameter is particularly criticai 
in the case of Soiyndra cyiindrical 
modules that are certified by their 
rated power within a range of nega
tive and positive uncertainty. Com
petitive factors are pressing manufac
turers to offer moduies with positive 
toierance, i.e. with minimum power 
guaranteed. 

Solyndra entered the European 
market certifying cylindrical CIGS 
thin-film by the same standard used 
for flat modules. This because of the 
Iack of officiai guideiines on how to 
evaluate the efficiency of a PV cylin
der in STC, considering that half its 
surface is not directly hit by radiation. 
The company's choice was to indicate 
a nominai power referred to approxi
mateiy haif the PV surface. 

If rated power had been measured 
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by irradiating a flat surface equivalent 
to the entire lateral surface of the 
cylinders, their rated power would 
bave been greater than the real one 
and the modules would bave pro
duced a lower yield than flat modules. 
The decision to certify the power of a 
flat surface equivalent to the area of a 
semi-cylinder has the same meaning as 
offering a "positive tolerance". If the 
display of the two inverters does not 
show an electric power higher than the 
rated power of 115.20 kW in near 
STC, it is because of the low dc side 
conversion efficiency tbat rarely ex
ceeds the threshold of 85% . 

Shifting the focus from a techno
logical field to a financia1 one, the 
purchase deal would appear to be 
favourable to the customers, who pay 
far less PV surface than they actually 
get, and spend less €/W than they 
would have paid far a thin-film or 
crystalline plant of tbe same rated 
power. So how could Solyndra afford 
the greater cost of using more PV ma
teria! than they would have used to 
produce a flat module of the same 
rated power, and at the same time 
think of selling a competitive prod
uct? We can presume that they antic
ipateci to balance the higher €/W cast 
of PV material with scale factors in 
the production cycle; in a nutshell, a 
greater production of cylinder panels 
tban flat modules of equal power. The 
high performance combined witb a 
competitive BOS would bave quickly 
replaced tbe tbin-film CIGS flat mod
ules with cylindrical ones, at least on 
the flat roofs of industriai buildings, 
yet sometbing went wrong. 

The most credible explanation 

concerns the trend in tbin-film and 
crystalline-silicon prices. Solyndra 
migbt bave expected an tbe one band 
a rapid fall in tbe production price of 
CIGS film and on tbe other a stabil.i
ty in the cast of crystalline silicon. 
Botb predictions did not occur. Tbe 
most important factor must bave 
been tbe plummeting €/W prices of 
crystall.ine silicon. 

A definitive verdict on tbe perfor
mance of cylindrical tbin-film tech
nology can arise from tbe results of 
the numerous PV plants built by 
Solyndra around tbe world, but also 
from the presence of standard proce
dura! guidelines. Tbis sbould 1m
prove research and innovation and al
so provide testers with clear indica
tions on how to measure the efficien
cy of a PV cylindrical system. Yet at 
the moment Solyndra is in receiver
sbip and production is permanently 
balted. 

1 CIGS means Copper Indium Gall ium (di)Se
lcnide; in a laboratory, the performance (efficien
cy) of this PV heterojunction can reacb up to 
20%. The PV cylinder was lent to me by Daniele 
Della Toffola of tbe regional environmental 
agency ARPA Friuli Venezia Giulia, located in 
Palmanova, near Udine. 
2 W.! e w ili preferably use tbe tenn "performance" . 
For the same conccpt CEI 82-25 uses the terms 
"efficiency" ancl "yield"; in the present issue we 
willmainly use "efficiency" while yield is more 
properly efficiency/performance over time and 
expresses the energy production of the PV gener
ator. From a quantitative point of view, efficiency 
or performance is a numeric value that indicates 
the percentage of salar radiation power (Wm·2) 

bei.ng converted in electric power (W). 



3 Solyndra datasbeet reports for each PV cylinder 
tbe following data: P, = 5 W with power roler

ance of ± 4%; Vmp= 91.7 V; I"'P =50 mA; V"'= 
124 .6 V; I"= 59 mA. 
4 The peak or rated power of flat modules in 
Standard Test Conditions (STC) is defined by 
IEC 61646. It is mensured in a darkroom by a so
lar simularor: a module is placed in a vertical po
sition against a wall; in front of it a xenon are 
lamp flasbes perpendicularly ro the piane of the 
modLJe. See below rbe pboto of a solar simularor 
in tbe Esti Ispra laborarories (Rurscbmann 2009). 
In our test, the solar simulato r was calibrateci ro 
deliver the equivalem of 1000 watt per square 
meter (Wm·2) of sunlight intensity, with a celi 
temperature of 25°C (7rF) and a Mid-Europe 
air mass (AM = 1.5); a computer processed the 
data and calculated the power rating (or power 
peak because radiation at sea leve! does not ex
ceed this value). If the rated power of a Solyndra 
module were measurcd by plaeing a eylind rical 
pane! against the dark wall, then rhe surface of ir
radiation of a eyl inder would be approx imately 
half its tora] surface (i. e. tbe su rface of the tangent 
piane in front of the xenon lamp), and conse
quently the electrie power would be lower tl1an 
the real power measured in an outdoor situation 
dose to STC, beeause of the albedo component 
tbat increases tbe solar radiation intensity. 

Sola r simulator. 

5 Later we will eonsider the situation around so
lar noon, when sunrays fall perpendieularly to the 
eylinder axis; at rimes when sunrays bave an an
gle different from 90°, rh e consideration remains 
val id if we take imo account only tbe norma] 
eomponent of the solar radius, disregarding rhe 
rangent asi t produces no PV effecr. 
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6 From rbis point forward, "unit inrensity power" 
an d "clensity power" are used interehangeably 
within our text; in equations, however, we indi

cate with I the power in tensity (W) an d with I l S 
the power density (Wm·2). So if we say tbat pow
er (W) moves entirely from the a- aro the a'- a' 
piane, power density (Wm·2) decreases if the sur
face increases an d vice versa. 
i The pbenomenon of diffuse light is ealled 
"Rayleigh seattering" and takes piace when a 
light wave eneounters particles sma!le r than its 
wavelengtb. It can oceur when light travels 
tbrough an essentially transparem medium, most
]y gas and liquids; in Italy the clensity of diffuse 
racliation on a beautiful clouclless day vari es from 
15% to 25% of global radiation. In this texr we 

bave ehosen a reduetion value of k,ur = 20%; tbe 
eboice was not inspirecl by any partieular eriteri
on other tban tbe Aristotelian ethies summarised 
by the Latin motto "in medio stat virtus", whieh 
translated into teehnicallanguage means thar rhe 
most likely value is tbe average of the lower ancl 
upper limit values . 
8 See in tbe F igure below tbe situation w i rh sun
rays inclinecl at an angle a < 90° on the piane of 
rhe horizon and a piane p rangenrial in P to the 
circumferenee of tbe eyl inder lying on an east
west axis ancl inclinecl by a y tilt angle. The Fig
ure also shows the sweep angle ~ witb a positive 

sign along the counter-cloekwise are until t 1 and a 
negative sign in the opposite clireetion along the 
are unril t2• The following rheorem can be 
demonstratecl : given a bundle of para!lel lines t 
berween t1 an d t2, with r, an d r2 belonging to the 
bundle, interseeting the tangent piane p, tbe val
ue of tbe rangent component I, of I along the 

Sun rays witb ranclom clireerion . 
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piane is always Iess than the vaiue of the tangent 
component I', of I at the current point P' of the 
tangent piane p' along the semi-circumference, if 
an d only ifa = 90 - y, that is if the direction of I 
is perpendicular to the tangent piane p. Conse
quently the coroliary foliows: ifa # 90° - y an are 

of cireumferenee C exists where I',_< I, is true, 
an d moreover the length of the are(C) is smalier 
thao the leogth of the are 180°- are( C). 
9 A value of 20% was found in a typical situation 
at the Fraunhofer Institute (statement from 
Solyndra datasheet). 
1° Celi effieieney is not clearly reported in the 
Solyndra datasheet, which gives a ratio of 12% .;. 
14% electrieal output to incident salar power, but 
th is is referred to celis on a piane and not to those 
arranged along the axes of a cylinder. These data 
are in line with what declared by the manufactur
ers of CIGS modules; one manufaeturer, for ex
ampie, declares P = 36 W, S = 0.54 · 0.954 m2 

yielding a value of,~pproximately 13.5%. The effi
eieney of flat PV modules is measured by uniform
ly exposing a moduie to blaek body radiation (sa
lar radiation has a very similar spectrum outside 
the atmosphere to blaek body radiation) Lmder 
STC. Data are automatically processed, tbe point 
of maximum power (nomina! power) is deter
mined, and efficiency is calcuiated aecording to 
the equation (5) . If the nomina! power of a Solyn
dra pane! (or cyli.nder) were to be estab!ished by ir
radiating it with light against the walJ of a dark
room in a salar simula tar, this value would only re
fer to half the surface of the cylinder (equating tbc 
curved surface of the semi-cylinder to the tangent 
piane as viewed by the xenon are !amp). L1 these 
circumstances the nominai power cou!d also be 
ealeulated by dividing the nominai power o[ a cer
tified CIGS fiL,, by two. 
11 The calculation has been carried out on a 
spreadsheet with steps of 0.1 tenth of a degree; 
the equations bave been spii tinto the two parts of 
a semi-eireumference, with every step of the cal
cu!ation giving the norma! eomponent vaiue: 
- L:;Icos(90 - ~ ) current ang!e: O < ~ < 90 
- L:;hos(~- 90) current angle: 90 < ~ < 180. 
12 The angle between rh e horizon an d the piane of 
a module is calJed tilt angle. At salar noon (az

imuth egual to zero) the sunrays hit the surface of 
the modu!e perpendicularly; if y = 90- a the ra
diation intensity vector has no tangent compo
nenr (maximum intensity penetrates the modu!e). 

o- o horizon li ne EAST 

NORTH SOUTII 

WEST 

Tilt and azimuth angle. 

IJ A white-painted roof eovering is nota specular 
surface, so !ight is partially absorbed (producing 
beat) and diffused (surface irregularities are 
much bigger t han tbe wavclength of li.ght) . If w e 
apply the surface correction factors to the value 
of the albedo componcnt, we obtain a figure 
which is similar to the value determined by (16) . 
14 The Hessiana building has a gab!e roof facing 
east/west with a 5° pitch approximate!y (Figure 
17). Its concrete slab has been covered by a trape
zoid iran sheet which produces a reflection de
pending on the position of the sun that is very clif
ficult to calculate. In the definition of the albedo 
component ideai for PV produetion, tl1e manufac
turer does not disti.nguisb between the various 
types of roof coveri.ng, but merely recommends 
that it should be painted white. Th is absence of in
dicatio.ns, together with the fact t!1at in our own 
experie.nce different types of roofing do not deter
mine signifieant di.fferences in PV productio.n, 
bave convinced us to tra.nspose tl1e results ob
tai.ned with an ideai flat roof to a trapezoid surface. 
15 Shadows are longer when the su n is very low on 
the horizon, and tl1ey are shortest near the Sum
mer equinox at noon. 
16 The factor p = 0.6 is taken from reference tables 
an d eorresponds to white-painted masonry walls. 
17 The circu!ar sala r meter is composed by a poly
crystalline PV celJ specifiealJy cut and mounted 
on a slide able to move along the circumference 
of tbe cylinder. Two red and black wires connect 
tbc PV celi to a multimeter. The fixed part is 
marked with some notcbes that sbow tbe angle 
step. The circumference has been divided in 24 
parts (a step angle measures 15°) . The constant of 
the circular salar meter was calcu!ated by com
paring electric current inte.nsity and radiatio.n in
tensity measured by a salar meter provided with 



a monocrystalline sensor cell an d a display (in the 
pbotograph tbe circular salar meter is connectecl 
by two wires to the mulrimeter installecl m·Olmcl a 
cylincler o n the roof of rh e Hessiana builcling). A 
PV cell salar meter is basecl on tbe law of pro
portionality between the current proclucecl by the 
cell (mA) measurecl with a digitai instrument 
based on the Ohm law (multimeter MD320) and 
the intensity of salar radiation (Wm·2) . This con
stant has been determined after several measure
ment sessions taking piace on different clays and 
at different times of day. The current measure
ment by a circular salar meter has been compared 
with radiation measurements by two salar meters: 
a Ma c Salar SLM018c-3 based on a PV effect and 
an HT303 pyranometer based on a thermoelec
tric effect. The salar meter based on a PV effect 
has a much quicker response than the thermo
couple-based pyranometer and for tbis reason we 
bave introduced an uncertainty in the definition 
of the constant: k = 2.75 ± 10% (Wm·2/mA) . The 
circular salar merer has been constructed at the 
deparrmenr of mechanical engineering of ITI "A. 
Malignani" (now ISIS "A. Malignani"), Udine, by 
the technician Salvatore Ravo following generai 
indications by the aurhor of this text. 

Circular salar meter. 

' 8 The height of tbe sun at our latitudes of the 
Northern hemisphere is given by rhe formula: a = 

declination + latitude. The height of the sun ar 
the latitude of Talmassons an d a t a cl eclination of 
13.83° is approximately a= 45.9° + 13.5° = 59° 
(see http:l/w\V\v.i.lpaesedellemeridiane.com/sim
ulatori/04 noz/08alrezzasole.h t m) . 
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PV celi salar meter (left), thermocouple pyra
nometer (right). 

19 Tbc salar meter Ma c Salar SLM018c-3 directly 
displays rh e value of Wm·2; it is based on the ex
perimental evidence that rh e inrensity of light that 
strikes a monocrystalline celi is proportional to 
the photo current produced. The pyranometer 
I-IT303 is an application of tbe rhermoelectric ef
fect (also known as Seebeck effect), wbich gener
ates a vo!tage in the millivolt range wben the 
junction of two metals is exposed to tbe su n, pro
ducing a temperature clifference. Solar radiation 
intensity is calculated by multiplying the m V by 
rh e constanr of lecture k = 7 m V / k WnY2 given by 
a !ab calibration service. We first established tbe 
rime of day when the rwo solar meters had the 
greatest proximity of data (the Mac Salar has a 
sensitivity dependent on wavelength of light 
while the pyranometer keeps it constant) . We 
fo und that tbe salar meters gave similar indica
tions around salar noon, in other words for val
ues of the azimuth angle dose to zero, with a per
centage of accuracy of ± 10% . The calibration 
operation in the open air was problematic be
cause air mass movements, even at a high alti
rude an d with a clear sky, affect tbe measures dis
played by rhe Mac Salar, wh ile tbey do not bave 
an influence o n the workings of the pyranometer, 
on account of its inherent inertia. 
20 Before an d during the test, I was assisted by Al
do Moratti of Hessiana srl, wbose contribution 
was crucial For tbc on-si te testing and measure
ment procedures. 
21 Given that the two PV subfields comprised the 
same number of mod ules and around solar noon 
they produced approx imately the same electric 
power, only one of the two inverters was used in 
the test. 
22 W e are going to provi de further indicati an that 
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the PV plant on the Hessiana building produces 
electricity with an efficiency comparable to other 
similar plants with flat modules by considering 
only half of the PV surface of its cylinders . Far 
this, we need to verify that the PV plant provi d es 
a t least the rated power certified by the manufac
turer in accordance with CEI/EN 61646. On 7 
September 2012 at 12:20 the two inverters gave 
the foliowing measures on the dc side: Pd,. E"" = 
34.6 kW an d P d, , W"'= 32.4 kW, fora total of P= 
67 kW. The PV celi and the thermocouple salar 
meters were placed on a tangent plane perpendic
ular to the salar rays and the values displayecl, hav-
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