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H I G H L I G H T S 

• This methodology allows estimating the long-term energy production of a CPV project with a = 5%. 
• The long-term trend of DNI is determined from satellite and its bias is corrected through a measurement campaign. 
• The Yield Assessment is carried out using a physical model that simulates the energetic yield of a reference CPV system. 
• The Certificate of Provisional Acceptance is delivered through on-site measurements achievable within one or two weeks. 
• The Certificate of Final Acceptance is awarded on the basis of a continuous monitoring campaign during 1 or 2 years. 

A B S T R A C T 

Concentrating Photovoltaics (CPV) is an alternative to flat-plate module photovoltaic (PV) technology. 
The bankability of CPV projects is an important issue to pave the way toward a swift and sustained 
growth in this technology. The bankability of a PV plant is generally addressed through the modeling 
of its energy yield under a baseline loss scenario, followed by an on-site measurement campaign aimed 
at verifying its energy performance. This paper proposes a procedure for assessing the performance of a 
CPV project, articulated around four main successive steps: Solar Resource Assessment, Yield Assessment, 
Certificate of Provisional Acceptance, and Certificate of Final Acceptance. This methodology allows the 
long-term energy production of a CPV project to be estimated with an associated uncertainty of —5%. 
To our knowledge, no such method has been proposed to the CPV industry yet, and this critical situation 
has hindered or made impossible the completion of several important CPV projects undertaken in the 
world. The main motive for this proposed method is to bring a practical solution to this urgent problem. 
This procedure can be operated under a wide range of climatic conditions, and makes it possible to assess 
the bankability of a CPV plant whose design uses any of the technologies currently available on the 
market. The method is also compliant with both international standards and local regulations. In 
consequence, its applicability is both general and international. 

1. Introduction 

Concentrating Photovoltaics (CPV) is an alternative to the more 
classic photovoltaic (PV) technology based on flat-plate modules. 
From 2008 to 2013, the price of conventional crystalline silicon 
(xSi) PV modules has decreased sharply from €3.5/W to €0.5/W, a 
sevenfold decrease [1]. The challenge for CPV being to compete 
mainly with PV has therefore grown in similar proportions. 
Economies of scale represent the key factor that has been chiefly 
responsible for driving down the prices of xSi modules, which 
benefitted from a learning curve that allowed costs to be reduced 
by 20% for each doubling of the manufacturing capacities [2]. 

CPV technologies will have to follow a steeper learning curve [3] 
to have a chance of becoming commercially viable in the long term. 
Still, to date, very few CPV installations have been commissioned 
worldwide relative to conventional PV, and the initiatives are being 
taken by a reduced number of technology leaders [4]. The sector 
thus needs a quick and consequent kick-start if it is ever to validate 
this steeper learning curve and become part of the future energy 
scenario [5-7]. The bankability of CPV installations is an important 
issue in paving the way to a swift and sustained growth in this 
technology [8], but several significant obstacles still remain. Little 
detailed operational data relevant to CPV installations has been 
published to date [9-12]. A first International Electrotechnical 
Commission (IEC) standard for CPV modules has been under way 
for several years [13-19], but it is unlikely that a broader standard 
will be developed soon to provide guidance on evaluating the 
bankability of CPV plants. Therefore a robust methodology is 



rapidly needed to accelerate the financing of new CPV plants, a 
methodology that is both sufficiently accurate to be accepted by 
the CPV industry as well as by financial entities, and sufficiently 
simple and versatile to be of a practical application during the 
whole project assessment process, while using as little technical 
information as possible. At this point it is important to emphasize 
the current absence of any established procedure that could be 
used to assess the financial viability of a CPV project. 

The bankability of a conventional PV plant is generally ad
dressed through the modeling of its energetic yield under a base
line loss scenario, followed by an on-site measurement 
campaign. These two steps are compulsory when project finance 
is requested from a financial entity, for which it is critical to make 
sure that the energetic yield will be high enough to ensure the ex
pected financial return. The assessment procedure must therefore 
be defined in a way that must be rigorous from a scientific point 
of view, and at the same time discriminant enough to result in 
clear PV plant acceptance/rejection decisions. In the case of con
ventional PV plants, the solution is relatively straightforward, be
cause the DC power output of the PV generator is properly 
described by [25]: 
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where the symbol * refers to Standard Test Conditions (STC), PDC is 
the DC power output of the PV generator, P" is the nameplate DC 
power of the PV generator, G is the global (plane-of-array) solar 
irradiance received by the PV generator, G* is the global solar irradi-
ance under STC, y is the coefficient of power variation due to cell 
temperature, Tc and Tc are respectively the cell temperatures under 
operating and STC conditions, C is the variation coefficient of 
current with solar irradiance, and fDC is a coefficient that lumps 
together all the additional system losses in DC, e.g., technology-re
lated issues, soiling and shading. 

The corresponding AC power output is then given by: 

PAC = PDCIIINVÍAC (2) 

where PAC is the AC power output of the PV generator, r¡¡NV is the 
yield of the inverter (which can be estimated from several coeffi
cients characteristic of its load curve), and fAC is a coefficient that 
lumps together all the technology-related additional AC system 
losses. 

The energy produced during a period of time T is finally given 
by: 

PACdt (3) 

As a matter of fact, these procedures are already being imple
mented in the current PV market for large PV plants (say, larger 
than 1 MW), and rely on available and trustworthy solar engineer
ing simulation software, solar radiation databases, and widely ac
cepted performance figures, such as the Performance Ratio (PR). 
All this solid information is a guarantee of relatively low uncertain
ties along the process. 

The main difference between PV and CPV resides in the CPV 
modules themselves, in particular in the inclusion of optical ele
ments and III-V multijunction cells that are much more sensitive 
to the variations of the spectral direct solar irradiance than xSi cells 
[20], while the rest of the system behaves in a way that possesses 
many common points with xSi technology. The modeling of the DC 
power output of a CPV system thus requires several important sec
ond-order parameters to be considered, mainly related to optics, 
spectral direct irradiance, wind speed, tracker accuracy and heat 
dissipation of cells. The relation between DC power output and 
operational conditions thus takes the general form: 

where DNI stands for Direct Normal Irradiance, and the power 
losses coefficients fSHAD, fSOIL, fA,ÍTEMP and/DC are related, respectively 
to shading, soiling, spectral distribution of DNI, cell temperature 
and technology-related issues, i.e., differences between real and 
nominal characteristics of the PV system. 

Apart from the potential complexity of the physical models in
volved behind each one of these losses parameters, the practical 
use of this equation is made difficult by the necessity of their 
experimental verification during an on-field campaign [21]. For 
example, during on-site measurement campaigns of conventional 
PV plants, the second-order effects of temperature, solar spectrum 
and soiling are offset by the measurement of the solar irradiance 
and cell temperature by means of reference PV modules of a tech
nology that is similar to the one of the modules installed (similar 
spectral response, similar power temperature coefficient) and of 
a similar degree of soiling. However, when CPV is concerned, these 
second-order effects are much more significant, and additional 
sources of power losses, such as the tracker accuracy, make the 
use of calibrated CPV modules virtually impossible. As a conse
quence, the CPV industry now necessitates quality control proce
dures that are adapted to the CPV technological specificities: 
spectral direct beam irradiance (instead of broadband global irradi
ance), high spectral sensitivity of solar cells and optics, high depen
dence of power output to tracking accuracy, etc. Improper 
consideration of these peculiarities typically translates into impor
tant uncertainties that are unacceptable from the investor's point 
of view, and which indeed have recently hindered or made impos
sible the completion of several important world CPV projects 
[22,23]. The practical experience is still too scarce to model the 
losses related to field conditions or technology-related issues with 
a sufficient degree of accuracy for bankability. Meanwhile, some 
early CPV projects of importance have revealed productivities well 
below expectations, indicating that too optimistic assumptions can 
lead to unpleasant situations. An illustrative example is the case of 
the then largest CPV plant in the world, installed in 2007 in Spain, 
in which the energy productivity from 2009 to 2012 was 30% be
low expectations [24]. At the beginning of 2013, the owners of 
the plant finally took the decision to replace all the CPV modules 
with xSi modules at their own cost, because it still made more eco
nomical sense to them. The CPV industry cannot afford to multiply 
these harmful experiences, which would wipe out its credit among 
investors. 

During the last five years, the Universidad Politécnica de Madrid 
(UPM) and Universidad Politécnica de Jaén (UJAEN) have offered 
both indoor and outdoor control quality services to the PV and 
CPV industry, and have carried out on-site quality control cam
paigns for more than 60 PV plants totaling more than 300 MW, 
in close relation with Engineering, Procurement and Construction 
Contractors (EPCC) and financial entities. The experience thus 
gained has been published elsewhere [25-32]. Both universities 
have also been taking extensive meteorological measurements at 
their facilities in Madrid [33] and Jaén [34]. 

A growing number of models are now published in the literature 
to deal with specific parts of a CPV system, but these publications 
belong to a wide variety of disciplines, and are usually understood 
by completely different categories of experts. The present contribu
tion presents a selection of applicable modeling methods with the 
aim of reaching a compromise between accuracy and simplicity, 
in a language as understandable as possible by the industry [35]. 
It summarizes the authors' previous experiences with assessing 
the performance of conventional PV plants in commercial 
frameworks and testing industrial CPV prototypes. To the best of 
our knowledge, the proper consideration of such peculiarities (a 



bankable method of assessing the performance of a CPV plant that 
can be used by investors in practice and can lower uncertainties) 
has never been proposed before. This is the main justification for 
this contribution, whose most important novelties are twofold: (i) 
the establishment of a simple and practical method to assess the di
rect irradiance resource with low uncertainty; and (ii) the estab
lishment of a practical procedure for the field assessment of the 
energetic yield of large commercial grid-connected CPV systems, 
based on just a few days of operation. 

With this procedure, a bankable assessment of a CPV plant 
(which can use any kind of technology currently available on the 
market) may be undertaken, and operated under the whole range 
of climatic conditions that are suitable for its deployment. The 
procedure is designed to be fully compliant with international 
standards and to be easily merged with local regulations. In conse
quence, its applicability is both general and international. 

2. Methodology overview 

To estimate the financial attractiveness of a project, investors 
must evaluate two important characteristics: projected profitabil
ity and risk. The projected profitability is represented by the 
parameter £p50, which is the estimated most probable value of 
the annual energy production. Under the assumption that the 
differences between estimates and true values respect a Gaussian 
probability distribution, it is possible to estimate the risk from 
the standard uncertainty u that affects the energy production 
[36]. Projected profitability and risk are then usually lumped 
together through the concept of £P90 (the value of the energy 
production below which the real production has only a 10% prob
ability of occurring), defined as: 

EP9O = Epso — 1 -28ti (5) 

Fig. 1 illustrates the relationship between £P50, £ reo and u. 
Although £p90 is the statistic used by most financial institutions, 
some are more conservative and may rather use £p95 or even 
£p99. In such cases the coefficient 1.28 would change accordingly, 
to 1.96 and 2.58, respectively, by application of the properties of 
Gaussian distributions. The rest of the methodology developed 
here would be applicable without additional modifications. 

The £p90 approach alone is not able to assess certain kinds of 
risks whose probability of occurrence or magnitude does not follow 
a Gaussian distribution. This is the case of some events character
ized by both a very low probability of occurrence and a high impact 
in case of occurrence, e.g., major natural disasters. This is also the 
case with the risks related to the compliance to mandatory interna
tional standards or local regulations, which do not show up during 
the analysis of the performance of the CPV plant, but which can bear 
critical consequences on the economic viability of the project. Some 
of these risks can be minimized through due diligence, both at tech
nical and legal levels, during several critical steps of the project, and 
before any in-depth performance analysis is undertaken. Some 
other risks are better mitigated through insurance policy. The next 

Epg0« Ep50 - 1.28u (under gaussian approximation) 

Fig. 1. Relationship between the estimated energy production and its uncertainty. 

sections describe how to minimize and mitigate these risks along
side with the £p90 performance assessment. 

The assessment of £p50 is achieved through four successive 
steps: Solar Resource Assessment (SRA), Yield Assessment (YA), 
Certificate of Provisional Acceptance (CPA), and Certificate of Final 
Acceptance (CFA). 

The Solar Resource Assessment for CPV projects aims at evalu
ating the long-term solar resource that is available at the location 
where the CPV plant is projected, as well as its temporal variability. 
It requires an assessment of DNI, both at broadband and spectral 
levels, as well as air temperature and wind speed. 

The Yield Assessment is carried out before the construction of 
the project using a physical model (detailed later in this report), 
which is used to simulate the energetic yield of a reference CPV 
system. Its technical characteristics are extracted directly from 
the technical information supplied by the EPCC. This means that 
the system's performance is assumed to be optimal, and that all 
its components are assumed to correspond exactly to the technical 
datasheets of the manufacturers. After estimating the energy pro
duced by the reference CPV system, all the parties involved in 
the project (EPCC, investors and independent experts) agree on a 
baseline loss scenario. This establishes the maximum allowable 
difference between the performance of the reference CPV system 
and the real system to be constructed. This allowable difference 
represents a margin of safety and is quantified by a target Perfor
mance Index [37,38] (PITARGET)> which is the ratio between the en
ergy production of the CPV system under the baseline loss scenario 
(EBASELINE) during a certain period, and the corresponding energy 
production of the reference CPV system (E^): 

D, EBASELINE ,CN 
1 'TARGET — —f. (°) 
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The Certificate of Provisional Acceptance is delivered on the ba
sis of on-site measurements of the energy production (EMEAS) that 
are generally taken just after the commissioning of the CPV project, 
and whose duration is typically of one or two weeks under clear-
sky conditions. Acceptance requires the satisfaction of: 

EMEAS S5 EREF x PITARGET (7) 

Finally, the Certificate of Final Acceptance is awarded on the ba
sis of a continuous monitoring campaign that takes place at the 
CPV plant 1 or 2 years after its commissioning. The CFA verifies 
the quality of the operation and maintenance, and looks for hidden 
defects or second-order causes of energy losses that were not pos
sible to assess during the CPA step (such as soiling or aging of the 
CPV modules). 

All this considered, the global uncertainty on the estimation of 
£p50 of a CPV project can be mathematically expressed from the 
uncertainties attached to the four successive steps (SRA, YA, CPA 
and CFA), as [39]: 

11 = y USRA + UYA + UCPA\CFA ( 8 ) 

where 

UCPA\CFA = MIN(UCPA,UCFA) (9) 

Because the uncertainties are conventionally considered inde
pendent and hence added using the square law, the global 
uncertainty is led by the highest source of uncertainty among the 
three components. A reduction of uncertainty in the two other 
components well beyond the largest one is therefore of little 
practical significance, and actually represents an undesired added 
complexity. Our methodology thus aims at achieving a good bal
ance between the three sources of uncertainty, by minimizing 
the overall uncertainty as much as possible while keeping the pro
cess as simple as possible, and by allowing the performance of a 



CPV project to be assessed with an associated uncertainty that is 
typically «3% for each of the three components. Under such favor
able conditions, the resulting overall uncertainty for the long-term 
energy production of the CPV project of «5%, which leads to £P90 

being typically 6.5% lower than £p50. 

3. Solar Resource Assessment (SRA) 

The energy produced by CPV modules is mainly determined by 
their incident broadband DNI, modulated by its spectral distribu
tion. Among other things, the SRA step must therefore assess the 
long-term trend in DNI, i.e., over several decades, as well as its 
spectral content associated with any particular operating condi
tion. Air temperature and wind speed need also be assessed. Air 
temperature affects the energetic behavior of the CPV modules 
and the concentrating properties of their optical elements. Most 
CPV modules must track the Sun with enough accuracy that the 
optics can perform its concentrating role properly. Wind speed 
influences negatively the accuracy of the tracker itself, while exert
ing a positive cooling effect on the CPV modules. 

The long-term trend in DNI during the past decades is deter
mined from satellite-derived modeled data or ground observations 
[40-42], using a time series of ideally more than 10 years. The 
availability of long-term DNI datasets is far lower than for Global 
Horizontal Irradiance (GHI). Nevertheless, DNI can be estimated 
from GHI using an empirical decomposition model [43-46]. Both 
the broadband and spectral DNI can be simulated using a high-res
olution clear-sky radiative transfer model, such as SMARTS [47]. 
This estimation of the solar resource for CPV from the combination 
of long-term datasets and SMARTS is relatively straightforward, at 
least in principle, since it can be carried out with a limited amount 
of information. In practice, however, this procedure can generate 
errors of more than 30% during the estimation of the annual broad
band DNI, due to several drawbacks already detailed in previous 
studies. First, DNI datasets can contain biased values [48]. Second, 
the aerosol-induced variability in DNI is typically 2-4 higher than 
that in GHI [49]. Third, the spectral distribution of DNI is relatively 
sensitive to temporal variations or estimation errors in some atmo
spheric components, in particular aerosols and water vapor. 
Fourth, an Aerosol Optical Depth (AOD) database [50] of sufficient 
quality and high spatial resolution for worldwide accurate DNI pre
diction is still not available [51]. Fifth, spectral DNI measurements 
taken by a spectroradiometer are scarce, costly and elaborate. 
Here, we propose an approach that addresses these challenges 
with minimal complexity. 

Before the construction of the CPV project, a ground-measure
ment campaign of at least 1 year needs to be carried out, using 
an appropriate weather station. It must be sited and maintained 
properly to accurately monitor DNI, GHI, air temperature, and wind 
speed with a 10-min temporal resolution or better. It is mandatory 
that these measurements be obtained and their uncertainties cal
culated strictly in accordance with all relevant international stan
dards or guidelines [35,52]. 

Any possible bias in the long-term modeled DNI time series can 
then be corrected by optimally using the shorter-term values 
obtained during the on-site measurement campaign. This bias is 
corrected retroactively, using one of various, and more or less 
sophisticated, statistical methods [45,53,54]. Based on recent 
evidence [46,49], our proposed methodology assumes that the 
main source of bias in the modeled DNI is the aerosol content of 
the atmosphere (characterized by its AOD), which varies seasonally 
[55]. Our calculations are thus undertaken on a monthly basis, and 
start with the estimation of monthly biases: 

where m is the month of the year from 1 to 12, DNImMEAS is the 
monthly value of DNI measured by the in situ radiometer, DNlmiDB 

is the corresponding modeled value provided by the database, and 
Sm is the bias between modeled and measured data. The estimated 
biases are then applied to correct the long-term data: 

where DNImLTDB is the long-term value of DNI contained in the 
database and DNlmiLT,c is the corresponding value corrected by the 
present method. Table 1 applies this operation using the DNI mea
sured in Jaén, Spain, from August 2011 to July 2012, to correct the 
bias of the DNI values obtained from the application of a solar radi
ation decomposition model to the GHI values acquired from the 
SoDa [40] database. The annual bias there is »¡4%, which is relatively 
low compared to other sites, with seasonal variations up to 6%. The 
SoDa database offers modeled DNI values limited to the period 2004 
to 2011 in this case. Our estimation of the most representative an
nual DNI long-term value yields 2131 kW/m2. Note that at some 
locations, monthly AOD shows a large interannual variability. In 
this case, the correction of the monthly bias would necessitate a 
more involved procedure, although the underlying methodology re
mains unchanged. 

The interannual variability in AOD directly translates into inter
annual variability in DNI [47], which in turn entails a higher vola
tility of annual cash flows. Fortunately, this variability in AOD is 
found generally low over most of the regions of the world that 
are suitable for the installation of CPV plants, resulting in normally 
low interannual DNI variability, typically within 5% from the 
long-term average DNI, and therefore 2-4 times less in GHI. As 
an example, IES-UPM recently carried out an SRA in the context 
of a PV project located near Calama, in the region of Antofagasta, 
northern Chile (Latitude = 22.233°S; Longitude = 69.578°W; Alti
tude = 1168 m). Long-term solar resource data for this region are 
scarcely available. Fortunately, collaboration between the Chilean 
Energy Ministry (CNE) and the German Cooperation Agency (GIZ) 
led to the installation of several meteorological stations in this re
gion, starting in 2008. These stations are very well equipped and 
carefully maintained, and they provide high-quality data. All re
corded data are freely available from the website of Red de Energía 
Solar Fotovoltaica de Latinoamérica y el Caribe [56]. One of these sta
tions, named Crucero, is very close to the projected PV plant, and 
provides daily GHI (but no DNI) data from September 2009, as 
shown in Table 2. After 4 years of measurements, the mean daily 
GHI for this location amounts to 7108 Wh/m2, which represents 
a very attractive solar resource. Furthermore, the temporal varia
tion of GHI is remarkably low. This is typical of very dry (therefore 
very clear) atmospheres, and of arid climates, which are scarcely 
affected by the randomness associated with cloudiness. Variations 
in yearly and monthly GHI from their mean value are typically low
er than 1% and 5%, respectively. The DNI variability should be rep
resented by numbers that are 2-4 times larger. Exceptions to the 
low interannual variability in DNI would typically occur over arid 
or desert regions that are occasionally or regularly impacted by 
dust storms [47]. 

Regarding spectral DNI, SMARTS yields the same degree of accu
racy than the on-site measurements carried out by spectroradiom
eters [57], if provided with inputs of sufficient accuracy. The most 
sensitive ones are precipitable water (PW), which SMARTS can 
estimate from local measurements of Relative Humidity and air 
temperature if no better PW data are available, and AOD, which 
is modeled through the use of two Angstrom turbidity coefficients, 
a and ¡5 [58]. Physically, ¡5 is the AOD at 1 urn, and represents the 
optical load of aerosols present in the atmosphere, while the value 
of a is inversely related to their average size. The most typical va
lue of a is 1.3, corresponding to a rural or continental aerosol size 



Table 1 
Correction of the bias in DNI from the SoDa long-term database by comparison with 1 -year measurements in Jaén, Spain. 

January February March April May June July August September October November December Year 

DNI short-term database 111.6 103.6 137.6 163.1 175.2 233.1 275.6 284.3 269.4 243.5 201.5 128.8 2327.2 
(kW h/m2) (SoDa 
August 2011-July 
2012) 

DNI short-term 109.7 103.0 131.0 156.7 166.6 220.9 258.3 270.6 258.9 236.2 199.7 126.2 2237.8 
measurements 
(kW h/m2) (UJAEN 
August 2011-July 
2012) 

Delta DNI database- 1.70 0.60 4.80 3.90 4.90 5.20 6.30 4.80 3.90 3.00 0.90 2.00 3.84 
measurements (%) 

DNI long-term database 122.5 133.8 183.3 192.3 223.5 242.8 279.4 240.7 210.1 158.1 116.3 113.3 2216.3 
(kW h/m2) (SoDa 
2004-2011) 

DNI long-term 116.7 128.6 177.8 190.6 219.0 238.7 277.7 229.1 201.9 150.4 110.3 106.2 2131.1 
estimation (kW h/m2) 
(corrected by present 
method) 

Table 2 
Mean daily GHI observed at the meteorological station of Crucero, Antofagasta, Chile, from 2009 to 2012. 

Mean daily GHI (Wh/m2) Variation in GHI relative to average (%) 

January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 

Year 

8826 
7778 
7636 
5859 
5255 
4720 
5061 
6164 
7346 
8445 
9068 
9081 

7108 

2009 

-0.8 
-0.1 
-2.5 
0.0 

N.A. 

2010 

0.6 
5.6 
0.9 

-12.0 
-2.3 

0.8 
4.0 
0.8 
0.6 
0.5 
1.5 
2.3 

0.5 

2011 

1.1 
-0.5 

1.5 
9.8 
0.9 

-2.3 
-2.6 
-0.4 

1.2 
-0.7 

0.2 
-2.9 

0.4 

2012 

-1.7 
-5.1 
-2.4 

2.2 
1.4 
1.5 

-1.4 
-0.4 
-1.0 

0.3 
0.8 
0.6 

-0.5 

distribution. We recommend this value by default because it is also 
the value assumed in various atmospheric standards [59], Other
wise, a value of a = 0.5 is typical of aerosols of maritime, desert 
or volcanic origin, and a higher value, up to RÍ2.5, can be found in 
either pristine/remote or polluted/urban environments. The value 
of ¡5 can be estimated from the ratio between the direct and diffuse 
components of solar radiation, as detailed in others studies [60,61], 
As an example, Fig. 2 shows the comparison between the spectral 
DNI measured by a Licor spectroradiometer in Madrid on July 8th, 
2011, at 1 PM local civil time, and the corresponding simulation 
using SMARTS. In this case, the DNI value measured by the pyrhe-
liometer was 759 W/m2, from which ¡5 was estimated to be 0.089— 
a value considered typical for Madrid by other authors [62]—and a 
was set to its default value of 1.3. In the same way, SMARTS can 
predict very accurate spectral DNI series for any location in the 
world, as long as it is provided with accurate AOD and PW inputs 
data. In practice, however, obtaining highly accurate AOD data 
for any specific location and moment is the main challenge. 

The method described above should lead to an uncertainty in 
the estimation of the long-term mean annual solar resource of 
RÍ3%, under the assumptions that (i) no major climatic event im
pacts the atmospheric aerosol content, such as after the eruptions 
of El Chichón in 1982 and Pinatubo in 1991; and that (ii) no long-
term trends, resulting from e.g., climate change, climatic geoengi-
neering, or large-scale pollution abatements, produce enduring 
evolutions [63], Nevertheless, these possibilities must not be 
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Fig. 2. Comparison of the clear-sky spectral DNI in Madrid on July 8th, 2011, at 1 
PM local civil time, measured by a spectroradiometer and simulated using SMARTS. 

overlooked when assessing financial risks because their occurrence 
may have profound implications. Any long-term trend in AOD 
automatically induces a drift of opposite sign in the mean annual 
value of DNI [64]. The induced effect on DNI of a major volcanic 
eruption could represent an increase of 10-30% in its interannual 
variability and a drop of 20-30% in its annual mean value [46]. 
Whereas an increase in the interannual variability of DNI mostly 
impacts the cash flows of the CPV project, a decrease of its mean 
value induces a net loss of financial return. Theoretically, it is 



mathematically possible to estimate the contribution of both 
sources of uncertainties to the overall uncertainty in the estima
tion of the solar resource [65,66]. Nevertheless, the likelihood of 
these events is unknown, and the quantification of their impact 
is a very hazardous enterprise. This is because the existing satel
lite-derived solar resource datasets are generally post-Pinatubo 
era only, and the most relevant effects of climate change have still 
not been observed. Therefore, we recommend handling these addi
tional sources of uncertainties by their inclusion into an insurance 
policy against excessive losses of energy production, in the same 
way that these insurance policies already cover against natural 
disasters, fire, theft, vandalism or political unrest. 

4. Yield Assessment (YA) 

At this stage, the EPCC provides all the necessary technical 
information related to the CPV plant in project, by extracting it 
from the datasheets provided by the manufacturers of the compo
nents, the construction project plans, the documentation showing 
compliance with both the international standards and the local 
regulations that are applicable, etc. Previous studies performed 
over hundreds of PV projects worldwide have demonstrated that 
in dynamic, fast changing and complex markets such as CPV, de
tailed due diligences aimed at reducing the technical and financial 
risks are especially important [67]. Before assessing the expected 
yield of the CPV plant, this due diligence must therefore return a 
positive outcome. 

The Yield Assessment is carried out using a physical model to 
simulate the energetic yield of a reference CPV system, whose 
technical characteristics are extracted directly from the technical 
information supplied by the EPCC. Its performance is therefore as
sumed to be optimal, and all its components are assumed to corre
spond exactly to the technical datasheets of the manufacturers. 
Then, since the real CPV plant will generally not perform as well 
as the reference CPV system, a margin of safety is provided by 
establishing a PI that is inferior to unity. That PI is used as a real
istic target (PITARGET)-

The power output of the reference CPV system can be modeled 
by considering the simultaneous effect of four factors of influence 
on its nominal power under STC (P): 

: P*fDNlfrEMpfxfsHAD (12) 

These four factors represent the influence of DNI variations 
(/DM), cell temperature (JTEMP)> spectral variations (fx) and shading 
(JSHAD)-

The correction factor for DNI (/DM) is defined as: 

DNIMEAS 
h DNI* 

(13) 

where DNIMEAS is the actual DNI measured on-site. The DM value 
under which CPV modules are rated is here taken as 900 W/m2, 
but this value is currently subject to debate, and could therefore 
change in the future (to e.g., 850 or 1000) [13]. Strictly speaking, 
the evolution of power output with DNI is not linear because the 
angular size of the solar disk varies slightly on a seasonal basis 
(and at sunrise/sunset), but the approximation is correct when 
DNI > 600 W2, which leads to good results for the purpose of annual 
energy calculations [64]. 

The correction factor for cell temperature (/TEMP) is defined as: 

fit l + 7 ( T c - 0 (14) 

where y is the coefficient of variation of power with temperature, 
which depends mainly on cell technology and concentration ratio 
[68]. As a default value, we suggest y = -0.04%/K. Tc is still unknown 
when the Yield Assessment is performed, and must therefore be 
evaluated from other sources of information [69]. We propose to 

take advantage of the very good availability of historical databases 
for air temperature, Ta, and to correlate Tc and Ta through an equa
tion derived from Newton's heat equation [20]: 

Tc = Ttt 

DNI Vopt 0.75 
(15) 

where r¡0pt is the efficiency of the optics, which determines the frac
tion of DNI that reaches the cell. A value of 80% is typical of the 
state-of-the-art CPV optics [70]. The 0.75 factor derives from the 
fact that in practice, about 25% of the heat is dissipated through 
the front and side faces of the CPV module, and therefore this 
fraction of solar irradiance received by the CPV collector does not 
contribute to the heat exchange between the back plate and the 
air interface [20]. The parameter ¡i is mainly a function of the 
coolant, of the exchange surface, and of the wind speed (Ws). For 
practical purposes, we can establish that ¡i = ¡i0 = 5 Wnrr2 K_1 for 
natural convection from a plate to air, and ¡j. = 30 Wnrr2 K_1 when 
Ws= lOm/s. We suggest using the following equation between ¡j. 
and Ws: 

/ i = / i 0 + 2 .5x Ws (16) 

The significant variation of ¡i with wind speed is attenuated at 
the cell level by the influence of air temperature and by the 
thermal resistance between back plate and cell. In Eq. (15), the 
constant factor of 5 K is suggested as a typical value representing 
the temperature drop between the cell and back plate. For Ws 

greater than 10 m/s, our experience is that it is very difficult to rate 
the power of a CPV system, mainly because air turbulence adds 
much complexity to the laws of heat exchange, and leads to tracker 
inaccuracies [71]. Nevertheless, as will be discussed later, these 
limitations are not relevant when estimating the annual energy 
produced by a CPV system. 

The multijunction III-V cells that equip the vast majority of CPV 
systems are very sensitive to variations in the spectral distribution 
of DNI [72-75]. UPM has been measuring spectral DNI on a 30-min 
temporal resolution since early 2009 using a Licor spectroradiom
eter. These measurements were used to develop a simple model 
capable of estimating the energy losses resulting from the current 
mismatch in the multijunction III-V cells that make up the CPV 
systems [32,76-78]. From this experience, we propose a simple 
method for estimating spectral losses. Recent developments in 
multijunction III-V cells show that the cells composed of more than 
three subcells will probably play an important role in the future of 
the CPV market [79,80]. Therefore, we here describe a universal 
method that is valid for n junctions. 

First, the spectral DNI, or DM(1), is simulated using SMARTS, as 
already explained above. Then, the photocurrent density at the cell 
is evaluated: 

JSQ = / T(X)SRi(X)DN¡(X)dX (17) 

where 1(1) is the spectral transmittance of the optics of the CPV 
module, SR,(1) is the spectral response of the subcell ¡, and/ s c i is 
its photocurrent density, related to the component subcell i of the 
multijunction cell. Given that the n subcells are connected in series, 
the photocurrent density achievable at the multijunction cell is gi
ven by: 

hc=MlN(Jsc¡í) (18) 

The maximum power density extractible (PEXTR) from the multi-
junction cell without any current mismatch is: 

PEXTR = Yjsc,< x V< oc,i (19) 

where Voci can be estimated from: 



Voc,i = Vo In 
Jl 

(20) 

The correction factor resulting from the variation in DNI's spec
tral distribution can thus be evaluated by: 

h = Jsc/J] sc 

IP'E I EXIR/l EXJR 

(21) 

The geometrical shading factor {FSHAD) can be modeled through 
a 3D simulation [81] and is defined by the ratio of the generator's 
surface affected by shading (SSHAD) to its total surface (S). Since CPV 
modules are equipped with by-pass diodes between their cells, the 
impact of shading on power losses is nearly proportional to FSHAD, 
and the correction factor for shading is then obtainable by compar
ing the power that the CPV system would produce without any 
shading with the power that it generates considering the actual 
shading: 

/» 
1 WithShading 

• WithoutShading 
1 - Fa 1 (22) 

In practice, most CPV systems will perform below the yield of 
the reference system, because additional losses are present in the 
real world. This translates into the presence of the losses factors 
fDC< 1 and/S0/L< 1 in the modeling of a real CPV system (Eq. (4)), 
while these factors are absent from the modeling of the reference 
CPV system (Eq. (12)). Additionally, several second-order effects 
generally add to the uncertainty in the yield estimation exercise. 
It is therefore advisable to consider a margin of safety between 
the yield of the reference system and that of the real system, by 
establishing a PI value that is less than unity, and that is used as 
a realistic target (PITARGET)- The main sources of additional losses 
to be accounted for in PI are as follows: CPV module power default, 
CPV module soiling, current and voltage mismatch in the DC gen
erators, DC and AC wiring losses, tracking errors or inaccuracies, in
verter losses greater than in the reference system, unavailability or 
failures, low efficiencies at low solar irradiance, and low optical 
efficiencies at low temperature. 

The value of PITARGET needs to be agreed upon between the main 
parties involved in the project, i.e., investors, EPCC and indepen
dent technical experts. The greater the margin of safety, the easier 
it is for the CPV plant to meet its expectations, but the lower the 
project's value is, and thus, ultimately, the lower the money 
amount offered by the investor. The margin of safety is therefore 
the result of a compromise that largely depends on the confidence 
of the EPCC in its own project, and on the uncertainties linked to 
the whole assessment process. From our experience, we recom
mend considering PITARGET = 90% as a good compromise in the 
majority of cases [25]. 

Fig. 3 shows a comparison between the targeted power and the 
measured power for a CPV module installed at UJAEN, under clear-
sky conditions (DNI > 600 W/m2), and for the entire month of July 
2011. In this case, the power is measured in DC, and there is no Bal
ance Of System (BOS). The relatively good quality of the linear fit 
suggests that the use of more complex models to simulate the en
ergy behavior of the CPV module would not be justified for this 
exercise, because the added complexity would not translate into 
any substantial improvement in accuracy. The validation of the 
model for the rest of the system has already been published else
where [25,26]. 

5. Certificate of Provisional Acceptance (CPA) 

The experience accumulated in the PV sector shows that, before 
measuring the performance of a PV plant, it is necessary to verify 
that the project has been properly executed [62]. Therefore, in a 
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Fig. 3. Comparison between target power and measured power for a CPV module 
installed at UJAEN, under clear-sky conditions (DM > 600 W/m2) and for the month 
of July 2011. 

first step, a commissioning procedure is undertaken that aims at 
verifying the proper installation and functioning of the CPV plant. 
This includes visual inspection, electrical and thermographic mea
surements, verification of the completeness and consistency of the 
as-built documentation, and compliance with local regulations. 

Then, if the first steps of the commissioning have returned a po
sitive evaluation, the performance of the CPV plant is assessed 
through an on-site measurement campaign. The conclusions of 
the CPA need to be representative of the overall capacity of the 
CPV project to generate electrical energy. Nevertheless, accurate 
measurements are only achievable under a limited range of oper
ating conditions. To reach this objective, we suggest that the mea
surements to be performed during a specific period of time T 
should be considered valid only if the following conditions are 
satisfied: 

(1) I is longer than 5 days. 
(2) The accumulated DNI received by the CPV system during T is 

larger than 15 kW h/m2. 
(3) The operating conditions during T verify that: 

jflfi > 0.80E •T,a (23) 

where ET
R§ is the energy that the reference system would produce 

during the entire period; ET¡^F is the energy that the reference sys
tem would produce during the particular moments that satisfy, as 
explained below, the following operating conditions: no shading, 
no soiling, absolute Air Mass (AM) < 3, DNI > 600 W/m2, Ta > 15 °C, 
and Ws<10W/m2. 

The rationale behind the 0.80 factor in Eq. (23) is that, if the 
uncertainty of the measurements rises up to 10% during the mo
ments corresponding to 20% of the energy production of the CPV 
system, the maximum added uncertainty introduced in the estima
tion of its global energy yield is still only 0.10 x 0.20 = 2%. 

The accurate characterization of a CPV project requires that the 
CPV modules be free of shading, and ideally free of soiling. At least, 
the levels of dirt on the CPV modules and on the pyrheliometer 
need to be both low and similar. AM must be less than 3 to avoid 
excessive current mismatch in III-V cells, where AM is defined as 
follows: 

AM--
1 

cos(0z) 
(24) 

where 8Z is the Sun's zenith angle and h is the elevation of the loca
tion (in m). As a representative case, Fig. 4 shows that for the major
ity of sites where CPV systems are installed or projected, more than 
90% of the annual energy production corresponds to AM values less 
than 3. 



Note also that the conventional AMI .5 figure used for STC report
ing roughly corresponds to the median value of DNI. Moreover, DNI 
must be greater than 600 W/m2 to avoid second-order effects re
lated to circumsolar irradiance [ 82], and non-linear threshold effects 
in the CPV system. Under low AOD conditions (/i < 0.10), which usu
ally occur over regions where the installation of CPV systems makes 
the most sense, the condition DM > 600 W/m2 is roughly equivalent 
to AM < 3. Ta must be greater than 15 °C, because the impact of lower 
temperatures on the optical elements tends to increase the area of 
the light spot on the cells [83]. Ws must be less than 10 m/s, because 
under higher wind speeds, air turbulence makes it very difficult to 
estimate the heat transfer between the CPV modules and air, and be
cause some trackers lose accuracy [84,85]. Fig. 5 shows the extreme 
case of a CPV system in Spain whose power decreases drastically for 
wind speeds larger than 5 m/s. 

This CPV system is made up of a tracker whose receiving area is 
RÍ250 m2. As a consequence, the distribution of air pressure is not 
uniform on its surface, and the wind causes it to swing, which dis
places the light spots to outside the cell area during significant 
periods. The same trackers equip the Spanish 12-MW CPV plant al
ready mentioned above, and whose performance has been re
ported to be well below par. This type of system would not 
directly qualify as acceptable for CPA, even before performing the 
precise evaluation of its energetic performance. However, restrict
ing the analyses to Ws< 10 m/s is an important precaution to be 
applied to all measurements. If all these restrictions are applied, 
the measurements will still represent more than 80% of the operat
ing conditions at the majority of locations that are suitable for CPV 
systems. At some locations, these restrictions could exclude on-site 
measurement campaigns during periods that are close to the win
ter solstice. Such periods should be avoided if possible. 
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Fig. 4. Accumulated distribution of AM and DM under clear-sky conditions in 
Madrid during 2011. 

c- 95 
.2 z 
c3 Q 
Or; • - . 
"O Q) 

m 0 -

E -a 
b E 2 H 85 

*•" 

3 4 5 6 7 
Wind Speed [m/s] 

At the end of the measurement campaign, the measured energy 
production (EMEAS) is compared to the target energy production 
{ETARGET = EREF X PITARGET) of the CPV project, as estimated from the 
physical model described above. Its inputs are obtained from the 
in situ weather conditions, and from the baseline loss scenario 
associated with PITARGET- The relationship between target and mea
surements then permits an adjustment parameter, aCpA, to be de
fined, such that: 

(¡CPA 
J j PmEAsdt 

rdt 
(25) 

The Performance Index estimated as a result of CPA can then be de
fined as: 

PICPA = PITARGET X (¡CPA (26) 

The CPV project is rejected if PICPA is less than PITARGET (or if 
(¡CPA < 1. which is equivalent). 

6. Certificate of Final Acceptance (CFA) 

The Certificate of Final Acceptance (CFA) is ideally carried out 1 
or 2 years after the commissioning of the CPV project on the basis 
of the operational data monitored in situ. Its main objectives are to 
evaluate the quality of the operation and maintenance procedures, 
to detect hidden problems that would have passed undetected dur
ing the previous step (CPA), and to evaluate the impact of some 
second-order effects that could affect the long-term energy pro
duction of the project, such as the accumulation of dirt on the mod
ules, occasional or rare failure issues, or early signs of degradation 
or aging [86,87] of certain components. A good monitoring system 
combined with good procedures to automatically analyze the data 
allows for in-depth detection and diagnosis of failures, which in 
turn helps mitigate their energetic impact by a prompt and ade
quate intervention when necessary. Good monitoring procedures 
also allow for independent and automatic reporting of the perfor
mance of the CPV plant over time, which is of great help to finan
cial investors. We argue that the losses resulting from soiling on 
the CPV modules are still largely ignored or underestimated [88]. 
Dirt attenuates the direct much more than the global irradiance, 
but little has been published on this issue for the particular case 
of CPV. Furthermore, CPV projects are generally envisioned in 
dry, harsh climates, where the accumulation of dust on the mod
ules could be significant. The relationship between target and mea
surements can be used to define an adjustment parameter: 

(¡CFA - (27) 

The real Performance Index can then be estimated more pre
cisely as follows: 

Pic PIT, • (¡CFA (28) 

Fig. 5. Power decrease for wind speeds higher than 5 m/s observed on a CPV system 
in northern Spain. 

The CPV project is rejected if PICFA is less than the PITARGET (or if 
acFA < 1. which is equivalent). 

7. Conclusions and discussion 

In this contribution we propose a four-step methodology to as
sess the performance of a CPV project through on-site measure
ments and ultimately ensure its bankability. This procedure can 
be used to conduct a bankability assessment of a CPV plant that 
uses any kind of technology currently available on the market 
(including cells with more than 3 junctions), and that operates 
under the whole range of climatic conditions suitable for its 
installation. It is designed to be fully compliant with international 



standards and to be easily combined with local regulations. In con
sequence, its applicability is both general and international. 

First, a Solar Resource Assessment (SRA) is carried out before 
the construction phase. This method, if conducted under the cur
rent best practice, should guarantee an uncertainty in the estima
tion of the long-term average of the annual solar resource of «3%, 
under the hypothesis that no major climatic event modifies the 
atmospheric aerosol content, such as major volcanic eruptions, 
and that no long-term trends produce strong departure from the 
historical trend, due to e.g., climate change. 

In a second step, a Yield Assessment (YA) is carried out on the 
basis of the results of the SRA and the technical information pro
vided by the EPCC. At this stage, the EPCC provides all the neces
sary technical information concerning the projected CPV plant. 
This information is extracted from the datasheets provided by 
the manufacturers of the components, the construction project 
plans, and the compliance with both international standards and 
applicable local regulations. The Yield Assessment is carried out 
using a physical model to simulate the energetic yield of a refer
ence CPV system. Its technical characteristics are extracted directly 
from the technical information supplied by the EPCC. This means 
that its performance is assumed to be optimal, and all its compo
nents are assumed to correspond exactly to the technical data
sheets of the manufacturers. Then, as the real CPV plant will 
generally perform below the reference CPV system, a margin of 
safety is provided by establishing a Performance Index (PI) that 
is less than unity, and that is used as a realistic target (PITARGET)-

Third, once the project is commissioned, an on-site measure
ment campaign is carried out and its fulfillment leads to the 
awarding of the Certificate of Provisional Acceptance (CPA). Before 
measuring the actual performance of a PV plant, it is necessary to 
verify that the project has been properly executed. Therefore, at 
first, a commissioning procedure is undertaken to verify the proper 
installation and functioning of the CPV plant. This includes visual 
inspections, electrical and thermographic measurements, verifica
tion of the completeness and consistency of the as-built documen
tation, and compliance with local regulations. 

Finally, 1 or 2 years after commissioning, the data monitored 
on-site are used to further scrutinize the installation's real perfor
mance. If fulfilled satisfactorily, a Certificate of Final Acceptance 
(CFA) is awarded. Its main objectives are to evaluate the quality 
of the operation and maintenance procedures, to detect hidden 
problems that would have passed undetected during the CPA, 
and to evaluate the impact of possible second-order effects that 
could affect the energy production of the CPV project. 

This methodology allows the long-term energy production of a 
CPV project to be estimated with an associated uncertainty of «5%, 
which translates into an £p90 value that is typically 6.5% lower than 
£p50. The £ reo approach alone is not suitable to assess certain kinds 
of risks whose probability of occurrence or magnitude does not fol
low a Gaussian distribution. This is the case of events characterized 
by both a low probability of occurrence and a high impact in case 
of occurrence, e.g., major natural disasters or volcanic eruptions. 
This is also the case for the risks related to the non-compliance 
to mandatory international standards or local regulation, which 
do not show up through the analysis of the performance of the 
CPV plant, but which can bear critical consequences on the eco
nomic viability of the project. Some of these risks can be mini
mized through due diligence, both at technical and legal levels, 
during several critical steps of the project. Some other risks are bet
ter mitigated through a specific insurance policy. 
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