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Personal Statement 

“A measurement will have no 
significance without an 

uncertainty statement with 
respect to the International 

System of Units (SI) or a 
consensus reference” 
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BORCAL Overview 
• Has been developed to calibrate NREL radiometers since the late 

1970s 
• Continuous improvement in reporting the calibration results and 

reducing the calibration uncertainty 
• State of the art automated data acquisition system and software 
• Hundreds of radiometers might be calibrated per calibration event 
• From ~sunrise to ~sundown calibration for shortwave radiometers. 

Calibration results are reported versus zenith. Nighttime calibration 
for longwave radiometers 

• Historical calibration results are maintained and reported for trend 
analysis (exposure, aging, research, etc.) 

• Built-in data quality and rejection 
• ISO-17025 accredited calibration procedure for shortwave 

radiometers. 
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BORCAL-LW: Pyrgeometer Calibration (Longwave) 
Traceability: Interim World Infrared Standard Group (WISG) at PMOD in Davos,Switzerland 

Collaboration between NREL and PMOD to establish a world reference with traceability to SI 
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BORCAL-LW: Collaboration between NREL & PMOD 
Two absolute radiometers: ACP and IRIS for SI traceability instead of pyrgeometers with domes 
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ACP & IRIS nighttime comparisons at PMOD; difference is within 2 Wm-2 in two comparisons 
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BORCAL-LW Calibration Procedure 
● Calibration is performed outdoors using a group of 
reference pyrgeometers with traceability to 
consensus reference, interim-WISG 
● Measurement Equation: 

Wdownwelling = K0 + K1.Vtp + K2.Wr + K3.(Wdome – Wr) 
Where: 
- Wdownwelling is the incoming irradiance (W/m2). 
- K0, K1, K2, and K3 are the calibration coefficients.  
- Vtp is the thermopile output voltage (µV). 
- Wr is the receiver outgoing irradiance (W/m2), 
 

● Linear Regression to calculate the calibration coefficients using outdoor data under all sky 
conditions, where the reference downwelling irradiance is measured by reference 
pyrgeometer/s , traceable to WISG. 
 
Reda et al., (2002). Pyrgeometer Calibration at the National Renewable Energy Laboratory (NREL).Journal of Atmospheric and Solar-Terrestrial 
Physics. Vol. 64(15), 2002; pp. 1623-1629. 

  = σ * Tr 4 = σ * (Tc + 0.0007044 * V)4, where  Tr & Tc are the receiver & case temperatures (K). 
  - Wd is the dome irradiance (W/m2).  
   = σ * Td 4, where Td is the dome temperature (K). 



7 

Using Blackbody calibration coefficients 
Two graphs to show why blackbody calibrations are not suitable for outdoor measurement 

 
Residuals = difference between the reference irradiance and the irradiance calculated using  

Albert&Cox equation for a CG4, and a PIR with dome coefficient = 4 

CG4 PIR 
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Results of BORCAL-LW from NREL calibration certificate 

CG4 PIR 

Wdownwelling = K0 + K1.Vtp + K2.Wr + K3.(Wdome – Wr) 
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Results of BORCAL-LW- Cont. 

Two graphs to show the residuals after the outdoor calibration 
Residuals = difference between the reference irradiance and the irradiance calculated using  

NREL equation and the outdoor calibration coefficients 

CG4 PIR 
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BORCAL-SW: Pyranometer & Pyrheliometer Calibration (Shortwave) 

Traceability: SI through WRR from IPC (quinquennial in Davos, Switzerland) and/or NPC (yearly in NREL) 

Pyrheliometer 
Traceable through 

cavity 

Reference Diffuse 
Traceable through 

Cavity using 
Shade/Unshade method 

Pyranometer 
Traceable through 

Cavity & Ref. Diffuse 
Using component sum method 
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Establishing diffuse reference: Shade/Unshade 
Established yearly before calibration season starts 

Reda, I; Myers, D. (1999). Calculating the Diffuse Responsivity of Solar Pyranometers. 15 pp.; NREL Report No. TP-560-26483.  

http://nrelpubs.nrel.gov/WebtopSecure/ws/nich/int/nrel/Record?rpp=25&upp=0&m=56&w=NATIVE('AUTHOR+ph+words+''reda''')&order=native('pubyear/Descend')
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BORCAL-SW calibration procedure 
● Calibration is performed outdoors using an Absolute Cavity Radiometer and diffuse reference 
pyranometer 
● Measurement Equation: 
1. Pyrheliometer: 

𝑅𝑅𝑅𝑅 =  
𝑉𝑉
𝑁𝑁

 

where, 
- RS = Responsivity [µV/(W/m2)] 
- V = Thermopile output voltage (µV) 
- N = Direct normal irradiance measured by the cavity (W/m2). 

2. Pyranometer: 

𝑅𝑅𝑅𝑅 =  
𝑉𝑉 − 𝑅𝑅𝑅𝑅

 𝐼𝐼𝐼𝐼, 𝑁𝑁𝑁𝑁𝑁𝑁 ∗
𝑊𝑊𝐼𝐼𝐼𝐼, 𝑁𝑁𝑁𝑁𝑁𝑁 

𝑁𝑁 ∗ 𝐶𝐶𝐶𝐶𝐶𝐶 Θ + 𝐷𝐷
 

where, 
- RSIR, NET = Infrared Net Responsivity of pyranometer under test [µV/(W/m2)] 
- WIR, NET = Infrared net irradiance measured by collocated pyrgeometer (W/m2) 
- Θ = Solar zenith angle (°), calculated using SPA 
- D = Diffuse irradiance (W/m2). 

Reda et al., (2005). Using a Blackbody to Calculate Net Longwave Responsivity of Shortwave Solar Pyranometers to Correct for Their 
Thermal Offset Error During Outdoor Calibration Using the Component Sum Method. Journal of Atmospheric and Oceanic Technology 2005 
pp. 1531-1540. 
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Pyranometer responsivity from NREL calibration certificate 

Calibration is performed outdoors from sunrise to sunset under clear sky conditions 
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Pyranometer responsivity vs even-zenith angle-Table from Certificate 



15 15 

Results from certificate 
Residuals from Piecewise (Spline) Interpolation 

Uncertainty Table 
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Responsivity at zenith angle = 45° (most users !!) 

+U(off) 

-U(off) 



17 

Advantage of Being ISO-17025 Accredited 

• Maintain high quality results  
• Use peer reviewed quality/calibration procedure 
• Provide Nationally/Internationally accepted 

calibration 
• Use controlled process for continuous  improvement 

and early detection of problems/solutions 
• Provide consistent reporting of calibration results  and 

associated uncertainties 
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