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ARTICLE INFO ABSTRACT
Article history: In solar tower plants, radiation losses between the heliostat field and the receiver occur due to atmo-
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imated using a few constant standard atmospheric conditions in ray-tracing and plant optimization tools.
Some tools allow the input of time dependent extinction data, but such site specific data sets are gener-
ally not available for prospective concentrated solar power (CSP) sites. In this paper, the most applied
model equations which are implemented in different ray-tracing tools are summarized and compared.
Several developed approaches to determine atmospheric extinction are presented. Furthermore, different
Attenuation loss studies about the effect of atmospheric extinction on the tower plant yield are summarized. It can be con-
Central receiver cluded that project developers should consider atmospheric extinction and its temporal variation as site
Solar resource assessment specific data sets in power plant optimization, plant yield forecast and plant operation. The effect of
CSP atmospheric extinction can account for a reduction of the annual plant yield of up to several percent
points and is dependent on the heliostat field size, the operation strategy and the on-site atmospheric
conditions. Different approaches to determine atmospheric extinction for solar tower plants at a future
CSP site have been developed and validated in the past and can be applied dependent on the prevailing
atmospheric conditions. The costs of a power plant can be lowered by reducing the simulation uncer-
tainty since it implies in turn a reduction of risk margins in plant yield forecasts.

© 2017 Elsevier Ltd. All rights reserved.

Keywords:
Atmospheric extinction

Contents

B R U o T L ot o) + U PP 00
Atmospheric extinction in SIMUIAtION OO0IS . . . . . ..ottt ettt e e e e e e e e e e 00

2.1.  Theoretical fundamentals . . . . .. ...t e e e e e 00

2.2.  State of the art: implemented model eqUALIONS . . . .. ... ottt e et e e e e 00
2.2.1. The Leary and Hankins model (L&H model). . .. .... ...t e e et et e e ettt e e e e 00

2.2.2. The Pitman and Vant-Hull model (P&V model) . . ... ... it e e ettt ettt 00

2.2.3.  The Hottel extinction MoOdel . . ... ... . ettt et e e 00

2.2.4.  Model of Ballestrin and Marzo (2072) ... u ittt it e et et et et ettt e e e e e 00

2.2.5. DNI based transmittance model of Sengupta and Wagner (2011) (S&RW model). ....... ...t 00

2.3.  Comparison of implemented model eQUALIONS . . . . ...ttt ettt e et ettt e e e e et 00

3. Methods to determine atmosSpheric eXtiNCLION . . ... ...ttt ettt e e e e et ettt e e e 00
3.1.  State of the art: existing methods and eXPerimentS. . . ... ...ttt ettt et ettt ettt 00
3.1.1.  Swaihan experiment of Tahboub et al. (2012) . ...ttt e et e e e et e et et e 00

3.1.2. Jebel Hafeet experiment of Tahboub et al. (20713 ...ttt ittt e e et et et et et ettt et et 00

3.1.3. Approach of Elias et al. (20716). .. vttt ettt ettt et e e e e e et et e e e e e e e 00

3.1.4.  Approach of Ballestrin et al. (20716). .. v v vttt ettt et e e e e e e et e e e e e e e e e 00

3.1.5.  Scatterometer approach of Hanrieder et al. (2015D) .. v . vttt ittt e e e et et et et e e 00

* Corresponding author.
E-mail address: Natalie.Hanrieder@dlr.de (N. Hanrieder).

http://dx.doi.org/10.1016/j.solener.2017.01.013
0038-092X/© 2017 Elsevier Ltd. All rights reserved.

Please cite this article in press as: Hanrieder, N., et al. Atmospheric extinction in solar tower plants - A review. Sol. Energy (2017), http://dx.doi.org/
10.1016/j.solener.2017.01.013



http://dx.doi.org/10.1016/j.solener.2017.01.013
mailto:Natalie.Hanrieder@dlr.de
http://dx.doi.org/10.1016/j.solener.2017.01.013
http://www.sciencedirect.com/science/journal/0038092X
http://www.elsevier.com/locate/solener
http://dx.doi.org/10.1016/j.solener.2017.01.013
http://dx.doi.org/10.1016/j.solener.2017.01.013

2 N. Hanrieder et al./Solar Energy xxx (2017) xXx-xXX

Acronyms
ABC absorption and broadband correction MODTRAN MODerate resolution atmospheric TRANsmission
AERONET Aerosol Optical Network computer code
AOD aerosol optical depth MOR meteorological optical range
bp barometric pressure NREL National Renewable Energy Laboratory
BLH boundary layer height oD optical depth
CESA1  tower facility at PSA PSA Plataforma Solar de Almeria
CSp concentrated solar power RH relative humidity
DELSOL3 computer code of SANDIA for calculating the optical RMSE  root mean square error
performance and optimal system design for solar ther- SAM System Advisor Model
mal central receiver plants SANDIA SANDIA National Laboratories
DNI direct normal irradiance SoFiA simulation tool for Central Receiver Systems
DLR German Aerospace Center, Deutsches Zentrum fiir Luft- SoITRACE ray-tracing Code for Complex Solar Optical Systems by
und Raumfahrt NREL
ECMWF European Centre for Medium-Range Weather Forecasts SPRAY  ray-tracing software developed by DLR
GREENIUS software tool developed by DLR STRAL  ray-tracing software developed by DLR
HELIOS Computer Program for Modeling the Optical Behavior of SVR standard visual range
Reflecting Solar Concentrators Tamb ambient temperature
HFLCAL Heliostat Field Layout CALculation developed by DLR Ty transmittance per traveled distance x
HITRAN high-resolution transmission molecular absorption da- Tikm transmittance for a slant range of 1 km
tabase Tesoom transmittance for a slant range of 600 m
LOWTRAN2 Fortran computer program for atmospheric trans- Tesom transmittance for a slant range of 680 m
mittance from 0.25 to 28.5 pm Tonatiuh open source, Monte-Carlo ray tracer
LOWTRAN3 Fortran computer program for atmospheric trans- UAE United Arab Emirates
mittance from 0.25 to 28.5 um UTC Coordinated Universal Time
MENA  Middle-East and Northern African WinDELSOL1.0 DELSOL3 in a Windows environment
MIRVAL Monte Carlo program developed by SANDIA National Bext extinction coefficient
Laboratories
3.1.6. Transmissometer approach of Hanrieder et al. (2015D). . ..ttt ittt e e e ettt et e et ettt 00
3.1.7. Sun photometer approach of Hanrieder et al. (2015D). .. ..ottt ittt e et et e e s 00
3.1.8.  Particle counter approach of Hanrieder (2016) . ... v vttt ettt ettt e e e et ettt e e 00
3.1.9. P&V model of Pitman and Vant-Hull (1982). . . ... ittt ettt et et e et et et et ettt et ettt e 00
3.1.10. DNI based transmittance model of Hanrieder et al. (2016) and Sengupta and Wagner (2011) ... innnnen... 00
3.1.11.  AOD model of POI0 et al. (20716) ..t u vttt ettt et e e e e ettt e e e e e e e 00
3.2. Conclusion about existing methods to determine atmospheric exXtinCtion . . ....... ...ttt ittt et ei e 00
4, Effect of atmospheric eXtinction in tOWeT PIANL. . . . ... .. ittt et e ettt et e e 00
4.1. State of the art: plant simulations and effect of atmospheric extinction . ........... ... . ittt 00
4.1.1.  Study of Weinrebe (2000) . ... v ittt ettt ettt e e e e e e e e e e e e e e e e e e 00
4.1.2. Study of Sanchez and ROMET0 (2006) . . . v v vttt ettt ettt et et e e e ettt et et e et e et e e e e 00
4.1.3.  Study Of SCHMILZ (2007 ). o v vt et et ettt e e e e et e e e e e e e e e e e e e e e e e e 00
4.1.4.  Study of Goebel et al. (20T 1) . .ttt ettt e et e e e e e e e 00
4.1.5.  Study of Mustafa et al. (2072 . .ottt ettt et e e e e e e e 00
4.1.6.  Study of Zhang et al. (207 2) ..ttt ettt e e e e e e e e e e e 00
4.1.7. Study of Cardemil et al. (2003 ) ..ttt ettt et e e e e e e e e e e e e 00
4.1.8.  Study of Gertig et al. (20713 L.ttt ettt e e e e e e e e e e e e e e 00
4.1.9.  Study of LiedKke et al. (2015 o vttt ettt ettt e e e e e e e e e e 00
4.1.10.  Study of POl et al. (20716 . vttt it ettt e et e e e e e e e e e 00
4111, Study of Hanmieder (2076 . ..ttt ettt et et e e e e e e e e e e e e e 00
4.2. Conclusion of the effect of atmospheric extinction in tOWer Plants .. ... ...ttt ittt ittt ettt et e eeeiannns 00
ST €3 e 11 T ) o P PP 00
el 01T (L Fo S v 3 1< o 00
L 2 (S 4 Lol PP 00
1. Introduction seen that a part of the solar radiation is attenuated by the atmo-
sphere dependent on the prevailing atmospheric condition.
Solar radiation in solar tower plants is attenuated between the To estimate the yield of a CSP plant, usually assumptions about
heliostat field and the receiver due to atmospheric extinction. atmospheric extinction are made and in most ray-tracing tools it is

Atmospheric extinction is caused mainly by aerosol particles and only possible to decide between a constant standard clear or a hazy
water vapor which scatter and absorb solar radiation. This process atmospheric condition. Especially in arid environments, e.g. in the
is variable with site and time. Fig. 1 displays two exemplary situa- Middle-East and Northern African (MENA) region, which are of
tions at the CSP tower facility CESA1 at Plataforma Solar de Almeria special interest for CSP due to the high solar radiation potential,
(PSA): one clear (left) and one rather hazy day (right). It can be this differentiation might not be sufficiently accurate. Recently,
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