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1. Why is atmospheric extinction interesting for CSP? 
 Motivation 

 
2. State of the art: 

• How is extinction estimated in selected ray-tracing and plant optimization 
tools? 

• What methods have been developed to determine extinction for tower 
plant? 
 

3. How large is the annual plant yield loss due to atmospheric extinction? 
 Results of an exemplary plant yield simulation with on-site extinction 

measurements 
 

4. Conclusion and future research needs 

Outline 
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• Solar radiation is lost in lower atmospheric layer 
 

• Atmospheric extinction of solar radiation between heliostat and receiver in solar tower plants 
can vary strongly with site and time 
 

• Important parameter:  transmittance dependent on slant range x    𝑻𝑻𝒙𝒙= 𝑫𝑫𝑫𝑫𝑫𝑫𝒓𝒓𝒓𝒓𝒓𝒓
𝑫𝑫𝑫𝑫𝑫𝑫𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉𝒉

= 𝒆𝒆−β𝒆𝒆𝒆𝒆𝒆𝒆∙𝒙𝒙 
 

• This effect reduces the plant yield and cannot be neglected 
 

 
 

Aerosol 
particles 

Water vapor 
x 

Why is atmospheric extinction interesting for 
CSP? 
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Bouguer law 
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coefficient 
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State of the art: Extinction in Simulation Tools 

polynomial 3. order 

𝑻𝑻𝒙𝒙 = 𝒆𝒆−β𝒆𝒆𝒆𝒆𝒆𝒆∙𝒙𝒙 temporally 
variable 

extinction  
coefficient 

temporally 
constant 

State of the art: 
Select between clear or hazy conditions in simulation tools 
The same selected condition is used for the whole simulation time series 
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Transmittance for a slant range of 1 km from June 29-30, 2013 

State of the art: Extinction in Simulation Tools 

standard clear 
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Transmittance dependent on slant range 

State of the art: Extinction in Simulation Tools 

Best fit for reference 
data set  for June 29, 
2013, 12:30 UTC at 
PSA 

for June 29, 2013, 
12:30 UTC  at PSA 
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variable models for one 
distinct time stamp 

 Temporally constant models do not present diurnal, monthly or annual variations 
 Although T1km = 0.9 is suitable for PSA, this might not be the case for other site 
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Swaihan experiment of Tahboub et al. (2012, 2013): 
Several pyrheliometer in different distances to a heliostat  Output: extinction coefficient 
 

Jebel Hafeet experiment of Tahboub et al. (2012, 2013): 
Several pyrheliometer located at different elevations at  
Jebel Hafeet Mountain  Output: extinction height profile 
 

Digital camera approach of Ballestrín et al. (2015): 
Based on images of white target from different distances. Different brightness of target 
 Output: extinction coefficient 

 

Simulation approach of Elias et al. (2015): 
Based on aerosol optical depth and boundary layer height data provided by AERONET and 
ECMWF  Output: extinction coefficient 
 

 

 not validated 
or not applicable to generate long time series 

or under development 
 

 

Existing methods to determine extinction 
from literature 

Pyrheliometer 
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Pitman & Vant-Hull model (1982): 
• Scatter coefficient measurements necessary (e.g. from scattero- or transmissometer) 

Output: transmittance for several x 
• Assumption: scatter coefficient at 550nm represents solar spectrum perfectly 
 Source for scatter coefficient has to be chosen carefully (most instruments measure 

almost monochromatically) 
 diurnal spectral variations of solar spectrum are not considered 

 
Scatterometer approach of Hanrieder et al. (2015): 
• Absorption and broadband correction (ABC) of Vaisala FS11 scatterometer data (β875nm) 
       Output: broadband transmittance for several x 
• Homogeneous extinction height profile up to tower height (according experiments at PSA 

conducted) 
• Absolute uncertainty for T1km = 0.9: ~ 0.04 (10 min. resolution), ~0.02 (for yearly averages) 
• Low maintenance demand  suitable sensor for remote sites 
• Resource assessment  selection of CSP technology + design tower plants (mirror no. + 

position…) 
 

 

Further validated methods to determine 
extinction 
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Transmissometer approach of Hanrieder et al. (2015): 
• ABC for Optec LPV4 transmissometer data (β532nm)  Output: broadband transmittance for several x 
• Absolute uncertainty for T1km = 0.9: ~ 0.07 (10 min. resolution). ~0.05 (for yearly averages)  
• Measurements along slant path possible, higher accuracy for larger operation paths 
• Much smaller ABC correction than for the scatterometer 
• High maintenance demand  complicates application on remote sites and resource assessment  
• But: Suitable sensor during plant operation  aim point + defocusing dependent on extinction 
 

DNI based model of Sengupta & Wagner (2011, 2012) and Hanrieder et al. (2016): 
• DLR & NREL cooperation to enhance version of Sengupta & Wagner (2011, 2012) 
• DNI, temperature, pressure, rel. humidity, site elevation based model  Output: broadband extinction 

coefficient 
• Compare clear sky DNI measurement with modelled DNI for aerosol free atmosphere + assumption about 

aerosol height profile 
• Measurements usually available at prospective CSP sites  interesting for resource assessment 
• Validation at hazy site has to be performed, so far only at PSA 
• Estimated absolute uncertainty for T1km = 0.9: ~ 0.04 (1 minutes temporal resolution) 
Application at remote sites possible, adaption to site elevation necessary 

Further validated methods to determine 
extinction 
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Annual plant yield simulations 
Ray-tracing simulations with SPRAY May 2013-May 2014 
Input of on-site DNI measurements 
Exemplary plant at PSA: 
• north-orientated heliostat field 
• cavity receiver, molten salt as heat transfer fluid 
• 162 MWth, 27 MWel design power 

 
 

Four simulations with different extinction assumptions: 
1. exponential model of SPRAY: 𝑻𝑻𝒙𝒙 = 𝒆𝒆−β𝒆𝒆𝒆𝒆𝒆𝒆∙𝒙𝒙 

using atmospheric extinction time series of PSA 
(scatterometer approach of Hanrieder et al. (2015)) 

2. atmospheric extinction neglected 
3. standard clear model of SPRAY 
4. standard hazy model of DELSOL 

 

Effect of atmospheric extinction on plant yield 
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Results of simulations 
Operation strategy. Overload dumping, if: 
1. net thermal power at receiver exceeds more than 15% of receiver  

design power 
2. storage capacity of 12 hours is exceeded 

 

Conclusions for PSA: 
1. Overload dumping has to be 

considered when examining the 
effect of extinction 
 

2. Standard hazy model  
significant underestimations of 
the annual plant yield 
 

3. Standard clear model only  
~ sufficiently accurate in the 
annual mean 
Annual variations in extinction 
not covered (hazy summer, 
clear winter) 

 
 On-site extinction time series 

important for yield calculations 
and plant optimization 

Effect of atmospheric extinction on plant yield 
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• At hazy sites, annual plant yield loss due to extinction can account for several 
percent. 
 

• Several methods and experiments to determine extinction have been investigated, 
four are validated. 
 

• Recommendation for tower plant projects: Consideration of extinction time 
series instead of standard model equations during plant optimization and yield 
analysis. 

• To identify a clear site, the model approach of Hanrieder et al. (2016) based 
on DNI measurements could be sufficient. 

• For a detailed examination of extinction especially at possibly hazy sites, 
the scatterometer and transmissometer approaches of Hanrieder et al. (2015) 
can be applied 
 Only scatterometers recommended for remote sites with non-daily 

maintenance 
 Correction for spectral errors required, especially for scatterometers 

Conclusion and future research needs 
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• Further research needs for resource assessment: 
• Geographical maps of extinction (time series and long-term averages) 
 Measurements at several locations for validation 

• Further investigation of extinction height profiles at other sites than PSA 
 

 
 

Global extinction data sets will reduce CSP yield uncertainty 
 lower risk margins and optimal site specific plant layouts 

 lower costs of tower plant projects ! 

Conclusion and future research needs 
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Thank you for your attention! 

For questions and more  
details please contact: 
Natalie.Hanrieder@dlr.de 
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