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Abstract

:

In yield analysis and plant design of concentrated solar power (CSP) tower plants, increased uncertainties are caused by the mostly unknown solar attenuation between the concentrating heliostat field and the receiver on top of the tower. This attenuation is caused mainly by aerosol particles and water vapor. Various on-site measurement methods of atmospheric extinction in solar tower plants have been developed during recent years, but during resource assessment for distinct tower plant projects in-situ measurement data sets are typically not available. To overcome this lack of information, a transmittance model (TM) has been previously developed and enhanced by the authors to derive the atmospheric transmittance between a heliostat and receiver on the basis of common direct normal irradiance (DNI), temperature, relative humidity and barometric pressure measurements. Previously the model was only tested at one site. In this manuscript, the enhanced TM is validated for three sites (CIEMAT’s Plataforma Solar de Almería (PSA), Spain, Missour, Morocco (MIS) and Zagora, Morocco (ZAG)). As the strongest assumption in the TM is the vertical aerosol particle profile, three different approaches to describe the vertical profile are tested in the TM. One approach assumes a homogeneous aerosol profile up to 1 kilometer above ground, the second approach is based on LIVAS profiles obtained from Lidar measurements and the third approach uses boundary layer height (BLH) data of the European Centre for Medium-Range Weather Forecasts (ECMWF). The derived broadband transmittance for a slant range of 1 km (T1km) time series is compared with a reference data set of on-site absorption- and broadband corrected T1km derived from meteorological optical range (MOR) measurements for the temporal period between January 2015 and November 2017. The absolute mean bias error (MBE) for the TM’s T1km using the three different aerosol profiles lies below 5% except for ZAG and one profile assumption. The MBE is close to 0 for PSA and MIS assuming a homogeneous extinction coefficient up to 1 km above ground. The root mean square error (RMSE) is around 5–6% for PSA and ZAG and around 7–8% for MIS. The TM performs better during summer months, during which more data points have been evaluated. This validation proves the applicability of the transmittance model for resource assessment at various sites. It enables the identification of a clear site with high T1km with a high accuracy and provides an estimation of the T1km for hazy sites. Thus it facilitates the decision if on-site extinction measurements are necessary. The model can be used to improve the accuracy of yield analysis of tower plants and allows the site adapted design.
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1. Introduction


CSP (concentrated solar power) will play a strong role in the Middle East and North Africa region’s electricity market and especially in Morocco in the future ([1]). In concentrated solar tower plants, the radiation which is reflected by the heliostat field is partially lost on its way to the central receiver due to atmospheric extinction. This effect on the plant yield varies with the actual aerosol and water vapor load at a certain site and the plant yield can be reduced significantly, especially at arid sites. So far, on-site measurements are performed only rarely to take this effect into account during the project planning or plant optimization phase. It is still common to choose one of two cases representing clear or hazy conditions for yield calculations. Applying standard extinction conditions can lead to an under or overestimation of several percent of the expected annual plant yield dependent on the location and plant configuration ([2]). As such errors have to be expected for most current projects, banks and engineering, procurement and construction (EPC) contractors usually include additional risk margins in their yield calculations which unnecessarily increase the price of solar tower plants. To make CSP tower plants more cost-competitive and to ideally exploit their potential, these plants have to be optimally designed for the local conditions of the plant site. For example, the total heliostat surface combined with the available direct normal irradiance (DNI) and the extinction must fit to the receiver design, the storage and the power block. Therefore, the atmospheric extinction at the plant site has to be known and considered in the applied simulation models. However, the extinction conditions and their variability at different sites are widely unknown at the moment.



A review of modeling, experimental studies and measurement methods can be found in [3]. The most applied model equations to include atmospheric extinction which are implemented in different ray-tracing tools are summarized and compared in [3]. Additionally, several developed approaches to determine atmospheric extinction and different studies about the effect of atmospheric extinction on the tower plant yield are summarized and won’t be mentioned in this summary again.



Recently, more studies have been published on the topic of atmospheric extinction and its influence on solar tower plant performance.



To measure atmospheric extinction, following works have been published:

	
An experimental methodology has been proposed by [4,5], based on the use of two high resolution cameras that take simultaneous images from a Lambertian target.



	
A similar system is being investigated by [6] using reflector telescopes and a photo diode array spectrometer to measure the extinction in solar tower plants.



	
In [7], a diffusometer is used to estimate atmospheric extinction levels at two different sites.



	
Ref. [8] showed, based on monochromatic ceilometer measurements, that Sahara-dust outbreak events in South-East Spain can increase the monochromatic attenuation for slant ranges of 1 km up to 25%.



	
Ref. [9] derives the atmospheric extinction from remote sensing data from MODIS and AERONET for Morocco.








To model radiation losses due to atmospheric extinction, the following approaches have been presented:

	
Ref. [10] models the atmospheric extinction for different atmospheric conditions and site elevation with the MODTRAN radiative transfer code. The simulations showed that the solar irradiance can be reduced up to 30% under moderately turbid conditions.



	
Radiation losses caused only by water vapor are analyzed by [11].



	
This relationship is also investigated in [12] using artificial neural networks to express the non-linear relationship between atmospheric extinction and water vapor content in the atmosphere.



	
Ref. [13] models the atmospheric extinction at CIEMAT’s Plataforma Solar de Almería (PSA) with the model of [14], generating a typical meteorological year (TMY) using five years of aerosol optical depth (AOD) measurements of the AERONET network.








A sensitivity analysis of the influence of temporal variation of atmospheric extinction has been conducted in [15,16] and showed a significant impact in the plant performance and in optical efficiency. Ref. [17] compared the vertical aerosol concentration within the lowest 300 m layer based on satellite data from CALIPSO and ECMWF-MACC data. The comparison is performed to evaluate the usage of these sources of aerosol data to improve the assessment of potential concentrated solar power (CSP) plants. Ref. [18] analyzed the inter annual variability of aerosol optical depth (AOD) and irradiance in Quarzazate (Morocco) and its influence on the characterization of extinction conditions for a certain site.



In this study, meteorological optical range (MOR) measurements, the according absorption and broadband correction (ABC) method [19] and the corrected broadband extinction and transmittance results at two desert sites (Missour (MIS) and Zagora (ZAG)) in Morocco (part of the enerMENA network, [20]) and the PSA in Spain will be evaluated. The data sets are compared to each other and seasonal and inter-annual variability is discussed.



The principle of the DNI measurement based transmittance model (TM) from [21] is described in Section 2. A validation of the TM with the help of ABC corrected measured transmittance data will be presented for all three sites in Section 3. The results of the validation and its discussion are presented In Section 4 and Section 5 the main conclusions about the validation are summarized.




2. Transmittance Model Based on DNI Measurements


The Beer–Lambert–Bouguer law describes the monocromatic extinction coefficient. For the relation between the broadband extinction coefficient βext and the DNIA and DNIB reflected by a heliostat which reaches the central receiver after traveling through an atmospheric layer between A and B, the following approximation can be used:


Tx=DNIBDNIA≈exp−βext·x=exp−τABcos(ϑ).



(1)







Tx denotes the broadband transmittance for a slant range x. The term “broadband” refers to the wavelength range between 250 and 4000 nm in this work. The broadband transmittance can be expressed by βext or the broadband optical depth τAB of the layer between A and B and the incident zenith angle ϑ of the irradiance.



In [22,23,24], an approach has been developed to derive the atmospheric transmittance in the lowest atmospheric layer above ground with the help of on-site DNI measurements. According to [22,23,24], the extinction coefficient can be approximated with the following formula:


βext,mod=a·−lnDNImeasDNIclean,sim·cosϑ+b,



(2)




where DNImeas is the measured DNI at ground level and DNIclean,sim is the simulated DNI for an aerosol-free atmosphere at ground level. The coefficients a and b are derived using radiative transfer calculations with the radiative transfer code libRadtran ([25,26]).



The attenuation between the receiver and a heliostat could be estimated with this model, but the model has been developed only for one altitude and water vapor content in [22,23,24]. This approach has been further enhanced in [2,21] and the coefficients a and b and DNIclean,sim have been derived for several meteorological conditions.



To derive the TM for a distinct site of interest, a theoretical clear sky DNI for an atmosphere without any aerosol particles is simulated with radiative transfer calculations. These simulations are performed for various water vapor concentrations as well as different solar zenith angle (SZA). The DNI at ground level is highly dependent on the aerosol particles and water vapor concentrations and vertical distributions. Most aerosol particles and water vapor droplets are located in the lower troposphere. The TM is based on the assumption that the aerosol height profile is known. In [21,27], different height profiles have been tested for PSA. From on-site actual DNI measurements, the extinction coefficient close to the ground can then be derived. The TM has to be derived for each site individually. To do so, an approximation of the site-dependent aerosol extinction height profile is necessary as explained in detail in [21].



The enhanced TM is able to derive the transmittance for a slant range of 1 km (T1km) from DNI as well as common meteorological measurements like ambient temperature, barometric pressure and relative humidity.



The absolute uncertainty of the transmittance which has been derived with the TM is increasing for decreasing transmittances. An uncertainty between 0.033 and 0.04 for T1km equal to 0.9 have been derived for a data set with 1 minute temporal resolution For the site of PSA ([2]).




3. Transmittance Model Validation


In this study, the TM has been applied and validated at three different sites in Morocco and Spain: CIEMAT’s PSA (Spain) and IRESEN’s stations in MIS (Morocco) and ZAG (Morocco). The site locations are shown in Figure 1 and the information about the sites is summarized in Table 1.



Three aerosol height profiles and the performance of the corresponding TM have been tested for each site as explained in the following subsection. The applied standard aerosol types within the libRadtran simulations for the TM development for each aerosol height profile are listed in Table 1.



3.1. Aerosol Height Profiles


The following height profiles will be used in this validation approach for PSA, MIS and ZAG:

	
An extinction profile with a constant aerosol extinction coefficient up to 1 km above the ground and no extinction above 1 km (“TM-H1000”)



	
The extinction height profile for each validation site of the LIVAS climatology of [28] (description of modification of LIVAS profile can be found in Section 4.1.1 (“TM-LIVAS”).



	
The constant extinction profile as in TM-H1000 of [21] is scaled accordingly to the BLH instead of 1 km. The BLH has been extracted from the ERA-Interim reanalysis data set of ECMWF ([29]). It is assumed that the total amount of aerosol particles is homogeneously distributed in the lowest layer above ground up to the site- and time-dependent BLH (“TM-BLH”).








Figure 1 indicates the grid sizes of LIVAS as well as the ECMWF BLH grid points of all sites.



In this context, the different data sources have been inter-compared (see Section 4.1.1, Section 4.1.2 and Section 4.1.3): The LIVAS climatology ([28]), the BLH data from ECMWF ([29]) and measurements of the lowest aerosol layer (LAL) from an on-site mounted ceilometer at PSA ([30]).




3.2. Reference Data Set


As a reference data set ABC corrected MOR measurements are used for the three sites. The MOR is a parameter to measure the optical clearness of the atmosphere and can be measured with commercially available instruments.



The MOR is defined as the length of the path in the atmosphere which is required to reduce the luminous flux in a collimated beam from an incandescent lamp, at a color temperature of 2700 K, to 5% of its original value ([31,32]).



With the help of the Koschmieder approximation [31] the T1km between heliostat and receiver can be approximated from the parameter MOR:


MOR≈−ln0.05βext,550nm≈3βext,550nm≈−3·xlnTx,550nm,



(3)




where βext,550nm is the monochromatic extinction coefficient at 550 nm, x is the slant range (distance between heliostat and receiver) and Tx,550nm is the monochromatic transmittance at 550 nm for a slant range x. The spectral variation of the extinction coefficient is neglected by the Koschmieder approximation.



The sensor used in this analysis to measure the MOR at the evaluated sites is the FS11 scatterometer of Vaisala ([19,33]). It emits a defined radiation signal and measures the light that is scattered towards a given angular region. Based on assumptions for the angular distribution of the scattered light and the atmospheric absorption, the MOR is derived by an internal algorithm of the FS11.



The raw MOR measurements of the FS11 have to be corrected for the varying solar spectrum as well as for the absorption contribution to atmospheric extinction. A method for this correction has been developed in [19].



A spectral correction has to be performed as the FS11 (as most MOR measurement instruments) does not cover the whole solar spectrum which is important for concentrated solar power (CSP). Because the measurements are performed in a narrow wavelength range around 875 nm in the infrared region which is usually not representative for the actual DNI spectrum, the correction is necessary and its effect varies with location and time. The correction due to atmospheric absorption has to be performed for this scatterometer because the FS11 only measures the scatter contribution to extinction. The absorption effect is covered to a certain extent by the instrument but extremely absorbing phenomena are not included in the internal algorithm of the FS11 ([2]).



The ABC method to correct MOR data, which is described in detail in [19], is based on calculations with the radiative transfer tool libRadtran ([25,26]). The spectral correction factor is calculated by simulating the time-dependent solar spectrum and deriving the ratio between the broadband atmospheric transmittance and the monochromatic atmospheric transmittance at the wavelength of the FS11. The time-dependent absorption correction is derived by simulating the transmittance with and without considering atmospheric absorption. The absorption correction factor is then the ratio between these two simulated transmittances for each time step and the mean ratio of these transmittances as the absorption effect is to a certain extent already covered by the internal algorithm of the FS11.



The ABC method has been applied on the recorded MOR data sets for three sites. FS11 scatterometers of Vaisala have been mounted at CIEMAT’s PSA as well as at IRESEN’s stations in MIS and ZAG for several years. The period between February 2015 and November 2017 has been evaluated in this work.



Within the radiative transfer calculations with libRadtran, the mid-latitude summer standard atmosphere “afglms” ([34]) has been used for all three sites. For PSA the spectral AOD, the Ångström parameter as well as the ozone and water vapor column concentration are available from the co-located AERONET station ([35]). This information has been used in the ABC method (see also [19]). For MIS and ZAG standard aerosol types and distributions have been assumed due to the lack of AERONET data. The assumed standard aerosol types for the libRadtran simulations, which have been used to derive the ABC factors, are obtained from the software package OPAC (optical properties of aerosols and clouds, see [36]). For MIS the standard continental clean aerosol was chosen as the site is in a remote continental area with low anthropogenic influences. Continental average standard aerosol has been selected for ZAG.



The uncertainty of the reference data set has been approximated by applying the Gauss error propagation ([2]). The absolute uncertainty is estimated to lie between 0.04 and 0.08 for T1km dependent on T1km for a data set with a temporal resolution of 1 minute. The absolute uncertainty is increasing for decreasing T1km and lies at around 0.043 for T1km equal to 0.9. For yearly averages, it can be assumed that the absolute uncertainty of T1km equal to 0.9 lies at around 0.02 ([2]).





4. Results and Discussion of Transmittance Model Validation


4.1. Discussion of Extinction Height Profiles


The intention of testing different data sources for the extinction profile is to test which source or parameter might be the best approximation for the specific site to be used within the TM. The LIVAS profiles from the three sites are compared to detect possibly different structures in the extinction profiles (see Section 4.1.1). The BLH of ECMWF ([29,37,38]) is analyzed to evaluate if this parameter can be used to approximate the height until which the extinction coefficient is homogeneous and no aerosol particles can be found above this height. To investigate if the BLH diurnal and annual course represents the on-site conditions, the BLH is inter-compared to LAL measurement of an on-site ceilometer in Section 4.1.2. In Section 4.1.3 the average LAL and BLH at PSA are inter-compared with the corresponding LIVAS profile.



4.1.1. Comparison of Average LIVAS Extinction Profiles for PSA, MIS and ZAG


Figure 2 shows the available extinction profiles for 532 nm for PSA, MIS and ZAG. The dotted lines show the original extinction profile as provided by the LIVAS climatology ([28]) for the closest grid point for all three sites. It is assumed that the lowest peak of the extinction coefficient at each site is caused by systematic errors e.g., overlap problems. Therefore, we kept the extinction coefficient constant at the level of 876 m for PSA (1235 m and 996 m for MIS and ZAG, respectively) for the layer underneath until ground level (see also [21]). These modified profiles are shown with the solid curves in Figure 2 and are used in this analysis, indicated by “LIVAS”. It can be seen that the LIVAS profiles of PSA and MIS show a similar shape with maximal extinction coefficients close to the ground. In ZAG a second maximum can be observed in about 3.5 km height above ground.




4.1.2. Analysis of Diurnal and Annual Course of BLH from ECMWF and Ceilometer Aerosol Layer Measurements at PSA


A CHM15k ceilometer of Lufft ([30]) is mounted at PSA since May 2013 and continuously measures the backscattered signal up to a height of 15 km above ground with a temporal resolution of 15 s. The measurements from 1 January 2014 until 31 December 2016 have been used for this analysis. The internal software of the ceilometer automatically detects the LAL within the planetary boundary layer. The aerosol layers are identified by a pre-defined gradient in the backscatter signal (see [30]).



The BLH data of the ECMWF ERA-Interim reanalysis data set has been extracted for the three sites PSA, MIS and ZAG. The BLH data is available in a three hour temporal resolution (0, 3, 6, 9, 12, 15, 18, 21 h) and is defined with the potential temperature and the Bulk Richardson number according to [39] following the conclusions of [40]. It is the depth of air next to the Earth’s surface which is most affected by the resistance to the transfer of momentum, heat or moisture across the surface [37].



The BLH typically drops to lower heights above ground during cooling at night and rises to several kilometers over desert regions on hot sunny days ([37]). Averaged values between 1999 and 2016 have been computed for this analysis. The data points have been linearly interpolated to one minute temporal resolution. Data points for solar elevation angles less than 5° have been ignored.



Although the parameters LAL and BLH are defined in different ways and therefore cannot be directly compared, this inter-comparison intends to analyze if both parameters show a similar diurnal and annual course at PSA. Also, both parameters might be useful for the TM.



Figure 3 displays the mean diurnal course of the automatically detected LAL of the ceilometer between January 2014 and December 2016 at PSA. It can be seen that the diurnal course of LAL fluctuates between 1.2 km during the night and 1.4 km a.m.s.l. at 15:00. The averaged diurnal course of BLH at PSA fluctuates between 0.7 km and 2.2 km a.m.s.l.. The daily course is more pronounced in BLH than in LAL, both maximal values can be found at 15:00. The diurnal fluctuations of BLH at MIS and ZAG are even larger: Minimal and maximal mean BLH are 1.3 km during nighttime and 3.9 km a.m.s.l. at 15:00 (0.9 km and 4.0 km for ZAG, respectively). It can be noted that the average BLH is in a height of 100–200 m above the ground during nighttime at all three sites while the mean BLH increases rapidly during the morning hours to a maximum at 15:00. These rather large BLH and their effect on the assumption about the homogeneous extinction coefficient below the BLH can also be seen in the evaluation of Section 4.3.2.



Figure 4 shows the averaged monthly LAL for PSA as well as the BLH for PSA, MIS and ZAG. Also for the annual course higher fluctuations in BLH can be observed in comparison to the detected LAL at PSA. While the monthly averaged LAL fluctuates between 1.1 km in January to 1.4 km in June, the BLH has its minimum in December with 0.9 m and its maximum with 1.4 km in June. A similar behavior can be observed for the average monthly BLH at MIS and ZAG where all mean values are generally higher in comparison to PSA (maximum mean BLH of 2.9 km for MIS and ZAG in July).




4.1.3. Comparison of LIVAS Profile with Mean Ceilometer LAL and BLH of ECMWF at PSA


The available BLH from ECMWF as well as the LIVAS profile for PSA have been inter-compared to the on-site measurement data of LAL. The comparison is shown in Figure 5.



The averaged detected LAL at PSA is displayed with a horizontal green solid line and lies at around 1.3 km a.m.s.l. The mean BLH for daytime (approximated as between 9:00 and 15:00, red broken curve) corresponds at PSA to about 1.8 km. It can be seen that both values lie above the largest peak in the LIVAS extinction profile which depicts a maximum of 0.081 km−1 at about 1.0 km a.m.s.l.





4.2. Comparison of Average ABC Corrected T1km for PSA, MIS and ZAG


Figure 6 displays the histogram of the DNI T1km measured by the FS11 with ABC correction for all individually available data points (511,994 for PSA, 334,582 for MIS and 261,784 for ZAG from January 2015 until November 2017.



The mean corrected T1km at PSA lies around 0.89 from January 2015 until November 2017, while in MIS and ZAG a lower average T1km of about 0.87 and 0.86 is found. Only considering the summer months (June, July and August) results in mean T1km of 0.88 (PSA), 0.85 (MIS) and 0.84 (ZAG). Data points with T1km lower than 0.75 occur more frequent in ZAG in comparison to the other two sites. Data points with T1km between 0.8 and 0.9 are more frequent in MIS than in ZAG. This indicates that the overall T1km level is higher in ZAG in comparison to MIS, but extreme events with higher aerosol particle loads lower the average T1km in ZAG. All sites suffer from high dust loads during the summer months and an annual variation is the consequence. It can also be seen that the frequency distribution in MIS is wider in comparison to PSA and ZAG.




4.3. Transmittance Model Validation with ABC Corrected T1km for PSA, MIS and ZAG


The three different TMs developed using the three extinction height profiles “H1000”, “LIVAS” and “BLH” have been compared to the site-dependent reference data between January 2015 and November 2017 for the sites PSA, MIS and ZAG.



4.3.1. Average T1km of Transmittance Model


Figure 7 shows the averaged T1km for all sites derived with the reference data set, as well as with the three TMs.



Instead of considering a simple arithmetic average, the DNI weighted average of the T1km can also be considered. The DNI weighted T1km (T1km,DNIweighted) is calculated with Formula (4):


T1km,DNIweighted=ΣtT1km(t)·DNI(t)ΣtDNI(t),



(4)




using the integral over the whole time period.



It can be seen that for PSA, MIS and ZAG TM-H1000 fits best in the averaged T1km as well as the DNI weighted T1km in comparison to the reference. Applying TM-LIVAS and TM-BLH on on-site DNI measurements overestimates the mean T1km at all three sites. Average T1km derived with TM-BLH are 0.92, 0.93 and 0.94 and 0.93, 0.94 and 0.95 for DNI weighted T1km for PSA, MIS and ZAG, respectively. The overestimation with TM-LIVAS is less pronounced than with TM-BLH at MIS but comparable at PSA and ZAG. The deviation of TM-LIVAS can be explained because the grid of the LIVAS extinction profiles is rather large (1×1° grid) and the corresponding averaged profile does not represent the mean local conditions on site well (see also Figure 2). Figure 3 and Figure 4 show that the BLH does not describe the aerosol height distribution well throughout the whole day and year at PSA which might also be the case at the other sites.




4.3.2. Mean Bias Error and RMSE of T1km


Figure 8 summarizes the absolute mean biased error (MBE) and root mean square error (RMSE) for each combination of extinction height model and site in comparison to the corresponding ABC corrected FS11 reference data set. The performance of the TM is site-dependent. This is the case as the extinction height profile, the main assumption of the TM, varies with a different extend at each site. Assuming a constant extinction profile (as in TM-H1000 and TM-LIVAS) therefore results in different deviations from the reference data set. It can be seen that the lowest MBE can be found for all sites with the TM-H1000 that assumes a constant extinction coefficient in the first kilometer above ground (0.33, −0.11 and −2.16% for PSA, MIS and ZAG, respectively). The lowest RMSE for PSA, MIS and ZAG are found with the modified LIVAS profile (4.6%, 6.8% and 5.7%, respectively).



MBE and RMSE are increasing if the homogeneous extinction coefficient in the lowest layer above ground is scaled with the site- and time-dependent BLH data set. This is the case as increased BLHs result in lower extinction coefficients close to the ground and therefore increased T1km. Figure 3 and Figure 4 showed that the BLH exceeds the measured LAL during daytime as well as during the summer months at PSA. This indicates that scaling the TM with BLHs results in an overestimation of T1km in several cases especially during periods which are of interest for CSP due to high irradiation levels.




4.3.3. Annual Course of TM Performance


Figure 9, Figure 10 and Figure 11 show the averaged daily DNI-weighted T1km as well as their 30 days moving average at PSA, MIS and ZAG calculated with all three TMs and in comparison to the reference T1km derived from ABC corrected FS11 measurements. In this examination, all available data points for each site are analyzed individually. It has to be noted that the available data points are not uniformly distributed within the different sites and the days of the year. During the winter months less data points are used to calculate the DNI-weighted daily mean T1km due to clouds masking the sun. The calculation of average DNI-weighted T1km from the different models might be therefore less accurate. However, due to the higher T1km levels in winter the absolute uncertainty of the model is lower than in summer for sunny timestamps. Also less data points are available in ZAG in comparison to PSA and MIS. The numbers of averaged data points are also shown in Figure 9, Figure 10 and Figure 11 and days with less than 100 data points are not considered in the analysis of averages and moving averages.



For PSA, 30 days moving averaged DNI-weighted T1km between 0.87 and 0.92 are derived from the reference data set (Figure 9). During summer months (May to September) the T1km moving average derived with TM-H1000 underestimates T1km from the reference data set and during winter it overestimates it slightly. This can be expected as both BLH as well as LAL show at PSA an annual course with higher values in summer and lower values in winter (see Figure 4). TM-BLH performs better during summer months. This could be explained by the fact that both the constant 1 km level as well as averaged BLH data for PSA lie closer to the mean on-site LAL measurements during these months, in comparison to the winter months (see also Figure 4). The TM-LIVAS overestimates the average T1km throughout the whole year but performs better during summer months.



In MIS the reference data set shows lower T1km during summer (less than 0.85) than during winter (more than 0.91) in the 30 days moving average (Figure 10). The averaged T1km of both TM-LIVAS and TM-BLH fit well the averaged T1km from the reference data set between June and August. During the remaining months of the year T1km is overestimated by TM-LIVAS. TM-BLH underestimates T1km during winter months, but is has to be noted that only few data points are available for this analysis during these months. TM-H1000 overestimates the reference T1km during winter and underestimates it during summer months.



In ZAG a similar (in comparison to MIS) annual behavior of the averaged T1km from the reference data set can be observed in the 30-days moving average (less than 0.85 during summer, more than 0.91 during winter, see Figure 11). It can be seen that all three TMs overestimate the average T1km derived from the reference data set (except of TM-H1000 during summer). This indicates that the layer which includes the majority of aerosol particles and water vapor might be thicker than 1 km during these months. Also in ZAG is has to be considered that only few data points are available during winter months. The mean BLH for ZAG during July lies at around 2.860 m a.m.s.l., which is in a height of about 1.077 m above ground (see Figure 4).





4.4. Transmittance Model Sensitivity Analysis


Figure 12 shows the sensitivity of TM-H1000 concerning the thickness of the homogeneous layer above ground. The assumption about the extinction height profile within the TM has one of the largest impacts on the uncertainty of the TM ([21]). It can be seen that the sensitivity of TM-H1000 concerning the thickness of the homogeneous layer above ground is smallest for T1km close to 0 and 1 (very hazy and very clear conditions). For T1km derived with TM-H1000 around 0.5, the sensitivity of the result to the assumed homogeneous aerosol layer thickness is largest.



This graph also shows that the absolute deviation of T1km for different aerosol layer thicknesses larger and smaller 1 km is evenly distributed.



The solid red and gray curve display T1km for TM assuming a thickness of 0.865 and 1.647, respectively. These values have been chosen as an example as they are the mean LAL and BLH at PSA at 15:00 (see Figure 3). This example shows that the range of T1km lies between 0.89 and 0.93 for T1km of 0.9 if the main contribution of aerosol particles and water vapor to extinction is in reality up to 0.865 or 1.647 km above ground at PSA instead of 1 km.



Considering a maximum deviation of 0.3 km from 1 km as aerosol layer thickness (0.7–1.3 km) will result in a deviation of less than 0.05 for T1km larger 0.83. These results fit well to the uncertainty analysis from [21]. T1km of less than 0.83 derived with the TM will therefore have larger uncertainties due to the considered aerosol layer thickness and will exceed the uncertainty of the reference data set (see [19]).



These considerations motivate to recommend additional site information (e.g., by on-site ABC corrected MOR measurements) for sites where the TM derives mean T1km smaller than 0.83 as the deviations from T1km might be larger than 0.05.



Note however, that the uncertainty of the average T1km is smaller than the deviations indicated by Figure 12 as some errors cancel out due to the temporal averaging. Figure 12 shows the effect of an error in the aerosol layer thickness for an indivual timestamp.





5. Conclusions


A model developed in [21] based on DNI measurements to derive the atmospheric transmittance in solar tower plants has been validated at three sites in Spain and Morocco. The transmittance model (TM) can be applied to the desired site during solar resource assessment as only data sets of usually available meteorological parameters like DNI, temperature, relative humidity and barometric pressure are necessary. Three different aerosol profiles have been tested to be applied as key assumption for the transmittance model development. In one approach it is assumed that all aerosol particles are homogeneously distributed within the first kilometer above ground. In a second approach, the aerosol profiles of the LIVAS database ([28]) are assumed to describe the vertical aerosol distribution. The third transmittance model uses the boundary layer height (BLH) of the ECMWF ERA-interim dataset ([29]) to scale the height above ground in which all aerosol particles are assumed to be distributed homogeneously.



The resulting broadband transmittance for a slant range of 1 km (T1km) from the three TMs for the sites of PSA in Spain, Missour, Morocco (MIS) and Zagora, Morocco (ZAG) is compared to a reference data set between January 2015 and November 2017. The reference data set consists of T1km derived with on-site meteorological optical range (MOR) measurements and an applied absorption and broadband correction (ABC) according to [19].



The average T1km for the sites PSA, MIS and ZAG are 0.89, 0.87 and 0.86 if all available data points for each site individually are analyzed. T1km at the semi-desert sites of Morocco shows a more pronounced annual variation in comparison to PSA in Spain. It has to be noted that for plant yield simulations, it is recommended to include an extinction or transmittance time series instead of arithmetic averages. If averages are used, the DNI weighted average of the transmittance data should be utilized.



The validation of the TM showed that the absolute mean bias error (MBE) for all three TMs and sites lies below 5% except for ZAG and the usage of the according LIVAS profile. Assuming that all aerosol particles are homogeneously distributed within the first kilometer above ground results in a reduction of MBE to almost 0 in PSA and MIS. The absolute root mean square error (RMSE) of the TM is around 5–6% except of for the site of MIS (around 7–8%). An analysis of the BLH data shows strong diurnal and annual courses for all three sites. The difference between minimal and maximal BLH within a day or year is largest in ZAG. Higher BLH during midday and summer months due to higher temperatures close to the ground and the induced vertical mixing results in lower extinction coefficients close to the ground (and therefore higher T1km) derived with the TM. The performance of the TM is site-dependent as adequate site-dependent information about the aerosol height profile is the key assumption within the TM.



It can be noted that the TM performs better during summer months than during winter, but it has to be mentioned that more data points have been available during summer for this validation.



The TM is most sensitive for the approximation of the aerosol particle distribution within the lower atmosphere. Three approaches have been compared to be applied within the TM. It can be concluded that the TM performs similarly well, assuming a homogeneous aerosol distribution in the lowest kilometer above ground or the extinction profile extracted from the LIVAS climatology. Using BLH data to describe the height under which the aerosol particles are homogeneously distributed and above which no aerosol particles can be found results in the overestimation of T1km at all sites.



The validation of the TM showed its applicability at various sites. Hazy sites can be identified with the TM but additional ground measurements of T1km, e.g., ABC corrected MOR measurements, are recommended in this case. This is recommended as the increased uncertainty of the TM for lower T1km can result in an underestimation of atmospheric transmittance at a certain site. Sites with T1km of more than 0.83 can be verified with the TM and the TM can be considered as providing sufficient site information for resource assessment for clear sites.
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The following abbreviations are used in this manuscript:





	ABC
	absorption and broadband correction



	afglms
	mid-latitude summer standard atmosphere



	AOD
	aerosol optical depth



	BLH
	boundary layer height



	CSP
	concentrated solar power



	DNI
	direct normal irradiance



	ECMWF
	European Centre for Medium-Range Weather Forecasts



	EPC
	engineering, procurement and construction



	LAL
	lowest aerosol layer



	MBE
	mean bias error



	MIS
	Missour, Morocco



	MOR
	meteorological optical range



	PSA
	Plataforma Solar de Almería



	RMSE
	root mean square error



	SZA
	solar zenith angle



	T1km
	broadband transmittance for a slant range of 1 km



	TMY
	typical meteorological year



	TM
	transmittance model



	ZAG
	Zagora, Morocco
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Figure 1. Location of PSA, MIS and ZAG as well as ECMWF BLH and LIVAS extinction profile grid. 






Figure 1. Location of PSA, MIS and ZAG as well as ECMWF BLH and LIVAS extinction profile grid.



[image: Remotesensing 11 01083 g001]







[image: Remotesensing 11 01083 g002 550]





Figure 2. LIVAS extinction profiles at 532 nm for PSA, MIS and ZAG. 
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Figure 3. Analysis daily BLH at PSA, MIS and ZAG and comparison to ceilometer LAL at PSA. 
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Figure 4. Analysis mean monthly BLH at PSA, MIS and ZAG and comparison to ceilometer LAL at PSA. 
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Figure 5. Comparison of the LIVAS profile with mean LAL of ceilometer measurements and BLH of ECMWF at PSA. 
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Figure 6. Histogram of all available data points of ABC corrected T1km for PSA, MIS and ZAG between January 2015 and November 2017. 
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Figure 7. The T1km of the reference data set as well as the TMs for different assumptions for the extinction height profile. The DNI weighted mean T1km is also shown. Only data points available at all sites at the same time between January 2015 and November 2017 have been evaluated. 
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Figure 8. Absolute MBE and RMSE of modeled T1km for the validation of the TM for different assumptions for the extinction height profile in comparison to the according ABC corrected FS11 reference data set. Only data points available at all sites at the same time between January 2015 and November 2017 have been evaluated. 
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Figure 9. Average daily DNI weighted T1km for PSA from the ABC corrected T1km measurements and the three different TMs and the 30 days moving average. 
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Figure 10. Average daily DNI weighted T1km for MIS from the ABC corrected T1km measurements and the three different TMs and the 30 days moving average. 
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Figure 11. Average daily DNI weighted T1km for ZAG from the ABC corrected T1km measurements and the three different TMs and the 30 days moving average. 
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Figure 12. T1km for different aerosol layer thicknesses in which the extinction coefficient βext is considered homogeneous in TM-H1000. 
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Table 1. LibRadtran input for TM development.
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Site

	
PSA

	
MIS

	
ZAG






	
Latitude [°N]

	
37.091

	
32.860

	
30.272




	
Longitude [°E]

	
−2.358

	
−4.107

	
−5.852




	
Altitude [m a.m.s.l.]

	
500

	
1107

	
783




	
Standard aerosol type assumed in TM “H1000”

	
continental

	
continental

	
continental




	
clean

	
clean

	
average




	
Standard aerosol type assumed in TM “LIVAS”

	
default

	
default

	
default




	
Standard aerosol type assumed in TM “BLH”

	
continental

	
continental

	
continental




	
clean

	
clean

	
average
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