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Abstract. By scattering and absorbing solar radiation, aerosols generate production losses in solar plants. Due to the
specific design of solar tower plants, solar radiation is attenuated not only in the atmospheric column but also in the slant
path between the heliostats and the receiver. Broadband attenuation by aerosols is estimated in both the column and the
slant path for Ouarzazate, Morocco, using spectral measurements of aerosol optical thickness (AOT) collected by
AERONET. The proportion of AOT below the tower's height is computed assuming a single uniform aerosol layer of
height equal to the boundary layer height computed by ECMWF for the Operational Analysis. The monthly average of
the broadband attenuation by aerosols in the slant path was 6.9+3.0% in August 2012 at OQuarzazate, for 1-km distance
between the heliostat and the receiver. The slant path attenuation should be added to almost 40% attenuation along the
atmospheric column, with aerosols in an approximate 4.7-km aerosol layer. Also, around 1.5% attenuation is caused by
Rayleigh and water vapour in the slant path. The monochromatic-broadband extrapolation is validated by comparing
computed and observed direct normal irradiance (DNI). DNI observed around noon varied from more than 1000 W/m? to
around 400 W/m® at Ouarzazate in 2012 because of desert dust plumes transported from North African desert areas.

INTRODUCTION

Aerosols generate production losses in solar plants, by attenuating the incident solar radiation [e.g. 1]. Mostly by
scattering but also by absorbing solar radiation, they have a strong impact on Direct Normal Irradiance (DNI) [e.g.
2], and a diminished impact on the Global Horizontal Irradiance. It is consequently very important to correctly
model aerosol impact for the bankability of concentrated solar plants [1]. Moreover, the solar radiation collected by
a solar tower plant (STP) depends not only on the atmospheric column transmittance governing the DNI, but also on
the slant path transmittance between the heliostats and the receiver. The slant path contribution can be significant as
aerosols are mostly found close to the ground level, and is increased as the heliostat-receiver distance also increases.
This paper proposes a method to evaluate the slant path broadband attenuation caused by aerosols.

Several models propose evaluations of such attenuation, but they roughly take into account the aerosol
variability. For example, the DELSOL algorithm [3] proposes 10% slant path attenuation for a default clear day and
25% for a hazy day. This is however unrealistic as the aerosol concentration and nature is highly variable in space
and time. It is the reason why, in the climate change context, aerosol optical properties are surveyed on a global
scale by satellites and ground-based instrument networks. The AFErosol RObotic NETwork (AERONET [4])
achieves appropriate time resolution [e.g. 5] and provides extinction data and its variability with best accuracy.

However aerosol optical properties derived by AERONET are integrated along the atmospheric column while we
are interested by aerosols at ground level. We choose to adopt the method proposed by Elias et al. [6] who modelled
the aerosol vertical distribution by using a layer height characteristic of the main aerosol layer, as also done by other
authors [e. g. 7, 8, 9, 10]. As an improvement, Elias et al. [6] considered the seasonal change of the atmospheric
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layering by using the boundary layer height (BLH) estimated by the European Centre for Medium-range Weather
Forecast (ECMWF) for the Operational Analysis. As observed by Skupin ef al. [9], it is preferable to use a constant
value of the layer height during the day.

Also, the computation of the energy loss requires to know the aerosol extinction in the whole solar spectrum,
while AERONET and most aerosol-dedicated instruments run in monochromatic modes. The monochromatic-
broadband extrapolation is done similarly to Hanrieder et al [11]. However, as only direct transmission is
considered, and forward scattering is not accounted for, formally, no radiative transfer code is necessary. The
radiative transfer code libraries are sufficient to estimate the column transmittance. The monochromatic-broadband
extrapolation is validated by making comparisons between computations from AERONET and independent
observations of DNI.

The objective of the paper is to compute the mean slant path broadband transmittance and its variability, in
realistic conditions, and more specifically the aerosol contribution. Computations are presented for the location of
Ouarzazate (Morocco) in August 2012, using: 1) the aerosol optical thickness (AOT) and the atmospheric column
water vapour content delivered by AERONET; 2) BLH provided by ECMWF for the Operational Analysis, to
estimate the proportion of AOT below the tower's height [6]. We first present the equations to compute both DN/
and the slant path transmittance from observed AO7, the monochromatic-broadband extrapolation is then validated
and the aerosol contribution to the slant path transmittance is presented for August 2012 at Ouarzazate.

EQUATIONS AND THE RADIATIVE TRANSFER APPROACH
Transmittance

The slant path transmittance in the broadband solar spectrum between 290 and 3000 nm [12], 7,,,(44), depends
on DNI and on the spectral characteristics of 1) the solar irradiance Ej,,,(4); 2) the atmospheric column transmittance
T.oi(4); and 3) the slant path transmittance T,,«(4):

Fgsp f;so(f:::,;m Esun (A)Tcol(A)Tsurf (Mda
DNI

Tsurf(A/D = (1)

Frsp is the Earth-Sun distance correcting factor. DNI is defined according to the 'strict' definition given by Blanc
et al. [12], with the only extinction in the solar direction and no atmospheric scattering from other directions to the
solar direction, and therefore no consideration of the circumsolar radiation, as:

4000nm
DNI = Fggp fZSOnm

Esun (/1) Tcol (A) da (2)
The monochromatic transmittances can be decomposed as:
TcolO\') = TRay,colO‘) Tgas,col(x) Taer,col(x) (33.)

Tsurf()“) = TRay,surf(}‘) TH2O,surI(1) Taer,surf(}") (3b)

Traycol(X) and Trayeui(A) are the transmittances caused by Rayleigh scattering, depending on the atmospheric
pressure. Tgascoi(A) and Tiyo su(A) are transmittances caused by absorbing gases. Main variable absorbing gases in
the atmospheric column are water vapour and ozone, and only water vapour is considered in the slant path.
Rayleigh and gas transmittances are computed according to the AFGL US summer standard atmosphere [13], with
the column amount of water vapour constrained by the AERONET observation, also providing AOT. The
monochromatic aerosol transmittance is defined according to the Beer-Lambert-Bouguer law as:

_4A0T(%)

Taer,col(l) = e cos(5z4) (4a)
_AA0T(A)

Taer,surf (1) = e costsPh (4b)
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where SZA is the solar zenith angle and SPA the slant path angle (Fig. 1). ®4OT is the acrosol optical thickness
from ground level up to the receiver's height. Next Section shows how ¥4O0T can be related to AOT as well as to
the solar plant and boundary layer dimensions.

solar radiation

top of the aerosol layer

column
pathway

BLH slant path spaA

heliostat

tower

FIGURE 1. Schema of the optical pathway from top of the atmosphere to the receiver at the tower's top. SZA=solar zenith
angle, SPA = slant path angle, BLH=boundary layer height, zr=tower's height, Dyr = heliostat-receiver distance.

Aerosol Extinction Coefficient at Ground Level

AOT provided by AERONET is related to the aerosol extinction coefficient (AEC) as:
AOT = [T AEC (2)dz (52)

where z is the height above ground level, up to the Top of the Atmosphere (TOA). We get a simplified equation
relating AEC(z=0) and AOT, assuming any of two hypothesis about the vertical distribution of aerosols. First
hypothesis is a uniform distribution of aerosols in a single aerosol layer [6], with AEC not depending on z, and Eq.
5a becomes:

AOT(X) = AEC(A) ALH (5b)

where ALH is the aerosol layer height and AEC the constant value for the whole aerosol layer. In the second
hypothesis, the aerosol extinction in a single aerosol layer follows an exponential decay in the vertical direction [e.g.
7, 8], at the rate of ALH:

AEC(z) = AEC(z = 0)exp (—2) ©)

The integration along the vertical [e.g. 7] gives:

AOT = fTOA

TN AEC (2)dz = AEC(z = 0) [, " exp ( )dz = AEC(z = 0)ALH (1 — exp (m» Rl

i
ALH ALH
As z7p4, 1s much larger than ALH, Eq. 7 results in the same expression as for a uniform aerosol layer (Eq. 5b).

Consequently, in any of the two hypothesis, ground level AEC can be obtained from AERONET as:

AEC(\) = AOT(A) / ALH (8a)
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Moreover, as done by Elias et al. [6], we make the hypothesis that ALH is equal to the boundary layer height
(BLH) provided by ECMWFEF:

AEC(A) = AOT(A) / BLH (8b)

Skupin et al. [9] showed that ground-based measurements of AEC are underestimated in the morning with BLH
changing with the time of the day, while better agreement is found with a constant layer height. Indeed lidar
measurements showed that BLH is much smaller than ALH during the morning and they become similar from noon.
Consequently, as proposed by Elias et al. [6], we use the value of BLH at 15:00 at Ouarzazate.

Following Eq. 5a, the aerosol optical thickness below the tower's height is defined as:

AAOT = [T AEC (2)dz )

with z7 the tower's height (Fig. I). With the hypothesis of a uniform aerosol layer, AEC is constant from the
heliostat to the receiver:

AOT = AEC z; (10)

In the hypothesis of the exponential decrease, AEC is only 5-10% smaller at 200 m height than at ground level if
ALH=2-4 km, and consequently we consider AEC is constant, and Eq. 10 is also valid. With Eq. 8b, Eq. 10
becomes:

AOT =AOT zr/ BLH 11

and Eq. 4b can be written as:

__AOT() zr
Taer,surf (/1) = e cos(SPABLH (12)

Radiative Transfer Computations

Computations are made for Ouarzazate, Morocco: 30.92837° N, 6.91287° W, 1136 m above sea level. The slant
path transmittance is computed for a distance Dy of 1 km between a heliostat and the receiver, giving SPA= 78.7°
for a tower of 200 m. The slant path transmittance is computed for August 2012, when the monthly average of BLH
is 4.7+0.3 km at 15:00, according to ECMWF Operational Analysis.

Monochromatic transmittances, from top of the atmosphere to ground level, and from ground level up to the
tower's top, are computed according to the Beer-Lambert-Bouguer law (Eq. 4a and 12 for aerosols). Broadband
quantities are computed according to Eq. 1 and 2. The Rayleigh optical depth is computed according to Bodhaine et
al. [14]. Ozone and NO, absorption cross sections are taken from Bogumil et al. [15], and for other gases like H,O,
CO,, CH,4, we used the absorption band parametrization called REPTRAN [16] at the resolution of 15 cm™. The gas
and thermodynamic profiles are adopted from the AFGL US summer standard atmosphere [13]. The extraterrestrial
solar spectrum is taken from Kurucz [17].

AERONET measurements are used for column water vapour content as well as the aerosol load and type. The
water vapour optical thickness computed from the AFGL US summer standard atmosphere is scaled linearly with
the column water content provided by AERONET. Then the AFGL US summer profile is used to derive the
proportion at surface level. We consider the measured AOT spectral dependence, while the empirical models
usually computed DNI with a constant value of the Angstrém exponent, according to Gueymard [2]. We mix desert
dust and continental aerosols as modelled by OPAC [18] to reproduce both the aerosol optical thickness and the
Angstrém exponent measured by AERONET. The resulting model is used to compute the optical thickness at all
wavelengths of the solar spectrum. Slant path transmittance is computed at 15-min resolution with 15-min averages
of AOT but the monthly average of BLH.
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VALIDATION OF THE MONOCHROMATIC-BROADBAND EXTRAPOLATION

The monochromatic-broadband conversion is validated in the atmospheric column by comparing computed DN/
with local measurements made at Ouarzazate. The absolute difference in DNI between March and September 2012
was 10 W/m* with 30 W/m?® standard deviation. 10 W/m? represents 1 to 2.5% of the diurnal maximum, and
represents more for increasing SZA. The root mean square difference was 42 W/m* for one year at 15-minute
resolution, and 0.32 kWh/m?/day for the daily exposure. Figure 2 shows the comparison for several days in function
of the Universal Time, with contrasted aerosol loads. All comparisons show that DN/ is satisfyingly reproduced.
Largest differences are caused by heterogeneities in the cloud cover or the aerosol plumes.

On both 28 July and 26 August 2012, AOT was fairly constant during the day, but with a factor of 3 in AOT
between the two days: 40T at 500 nm was only 0.06 on 28 July but 0.22 on 26 August. Also the water vapour
content was twice larger on 26 August. The sensitivity to SZA4, the impacts of both different aerosol load and

different water content are all correctly reproduced (Fig. 2).
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FIGURE 2. Computed and observed DNI during 4 days at Ouarzazate. AOT is constant during the day for right hand side
figures and the standard deviation is 0.10 on 22 March (left top) and 17 August (left bottom).

On 22 March, AOT was highly variable, by a factor of 4 from sunset to sunrise. Agreement was good during the
morning and the changing impact of 40T was correctly computed, even if some time delays could be observed,
caused by heterogeneities in the aerosol plume spatial extent. On 17 August, when AOT reached the annual
maximum at 1.03+0.09, the agreement was satisfying before noon, even if DNI was slightly underestimated. The
Angstrom exponent was 0.13, typical of desert dust. The change from 28 July to 17 August was similar to what was
reported by Gueymard [1]. However, a large disagreement was observed in the afternoon, which was caused by
clouds over the pyrheliometer (measuring DNJ) site, generating values smaller than 200 W/m?” around 14:00, while
AERONET estimates are close to 400 W/m2. Measurements were not taken by AERONET after 15:00 and neither
on the following day (18/08/2012), showing that the clouds reached the AERONET site few hours later than the
pyrheliometer site, causing the differences from noon.

THE SLANT PATH TRANSMITTANCE

The monthly average of the slant path attenuation caused by aerosols was 6.9+3.0% in August 2012, because of
desert dust aerosols. The aerosol optical thickness was 0.36+0.17 and the Angstrém exponent was 0.27+0.07. The
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large standard deviation of 3% was caused by changes in the aerosol load, as illustrated by the standard deviation of
0.17 in AOT in only 1 month. Similarly, Hanrieder ef al. [20] estimated an atmospheric extinction of 7% for the
Plataforma Solar de Almeira. The slant path attenuation added to the column attenuation of almost 40%, computed
with Eq. 2, 3a, and 4a, results in almost half the solar radiation that is attenuated by aerosols in August 2012 at
Ouarzazate.

Figure 3 shows the high variability of the broadband slant path attenuation (1-7,,,) caused by aerosols, from day
to day. In August 2012, the slant path attenuation could reach 20% during a few hours (17/08), when 40T was
close to 1.0 at 500 nm, and also be smaller than 5% during cleaner days (e.g. 26/08). Similarly, Polo et al. [19] refer
to values “below 5% for clean atmospheres to around 20% in haziest conditions”.

Rayleigh scattering and water vapour absorption have minor but non negligible influence in the slant path, with
around 1.5% attenuation, while around 14% is attenuated by Rayleigh scattering and gas absorption in the
atmospheric column in August. Rayleigh and water vapour slant path attenuation shows a diurnal cycle, with
maximum at noon. For example on 6 August, attenuation by Rayleigh scattering is 0.8% at noon with SZ4=15°, and
attenuation by water vapour is 1.4%, while each attenuation is 0.4% at 06:00 with SZA=88°, and for constant water
vapour columnar content of 0.90 cm. The attenuation in the slant path is decreased when the atmospheric column
path is increased, because radiation is fully extinguished at some wavelengths in the column, as in the infra red
domain. Figure 3 also shows that the cloud cover is small in August at Ouarzazate, as only 17 August afternoon and
18 August data were missing (Fig. 2).

According to AERONET, the radiant exposure incident at the heliostat is 116 kWh/m” in August 2012, and
106.3 kWh/m2 incident at the receiver for a 1-km distance, for 186 h of insulation without clouds. Aerosols present
in the slant path in August 2012 reduce the available energy by 7.5 kWh/m?.
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FIGURE 3. The slant path attenuation in the broadband solar spectrum, at Ouarzazate in August 2012, computed with 15-minute
AERONET 40T and ECMWF BLH of 4.7 km, for a heliostat-receiver distance of 1 km. Attenuation is showed separately for
aerosols (red) and for both Rayleigh scattering and water vapour absorption (black).

Polo and Estalayo [21] showed that the relationship between the incident radiation and the produced energy is
not linear, as 7% DNI under-estimation at Sede Boger resulted in 1% production under-estimation in a STP, and 6%
DNI over-estimation resulted in 20% production over-estimation at Tamanrasset. The DNI over-estimation at
Tamanrasset was caused by incorrect estimate of high and sudden aerosol loads, which are events also occurring at
Ouarzazate. Such events caused such a large attenuation that the STP may not start to work during the entire day
[21]. Similarly, Hanrieder et al. [20] estimated a range of “losses between 1.6 and 7 % ... considering overload
dumping or not”.

By adding the slant path attenuation to the column attenuation, we can consequently expect high impact of
aerosols on produced energy at Ouarzazate.
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CONCLUSIONS

It is important to consider the aerosol extinction when dealing with solar resource for the solar tower plants.
Aerosols scatter and absorb solar radiation in both the atmospheric column and in the slant path between the
heliostats and the receiver. Consequently not only DN/ is reduced because of aerosols but also the slant path
transmittance. In average in August 2012 at Ouarzazate, 6.9% of the incident radiation was attenuated by aerosols
in the slant path, and further 1.5% by Rayleigh scattering and water vapour absorption. Both clean and hazy
DELSOL models would over-estimate the attenuation, and also do not consider the strong aerosol variability.

Transmittance by Rayleigh and water vapour show a diurnal cycle but not the transmittance by aerosols. Indeed
both Rayleigh scattering and water vapour absorption are most active in specific wavelengths, and complete
extinction may occur at these wavelengths in the column pathway at large solar zenith angles. During this month,
aerosols attenuated almost 50% of the solar radiation in both the column and the slant path. The time variability is
significant. The slant path attenuation could be smaller than 5% for the clean days and larger than 10% for several
days of August 2012. It even reached 20% on 17 August during a severe dust storm.

The only aerosol observation used here is the aerosol optical thickness (AOT) at several wavelengths, performed
by AERONET. The proportion of 40T from the ground level to the receiver's height is defined following the
approach proposed by Elias ef al. [6], consisting in describing the aerosol vertical profile with the boundary layer
height at 15:00, which depends on the season according to ECMWF. The monochromatic-broadband conversion,
applied with radiative transfer libraries for aerosols and gases, was validated by making comparisons with
independent measurements of DNI. The diurnal maximum of DNI varied between ~400 and ~1000 W/m’ at
Ouarzazate in August 2012 because of desert dust. The root mean square difference between computations and
measurements was 42 W/m” for one year at 15-minute resolution

AERONET provides the appropriate time resolution for best accuracy [5] but the the data archive may not be
long enough when Gueymard [1] advised to consider long time series for assessing the solar plant bankability.
Several satellite instruments surveyed the globe for many years and could complement the AERONET network to
provide input data to our method.
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