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Abstract David Auslender and Bahram Emami . . . . .
The capacity test is a widely accepted method for evaluating whether a system, during or after its commissioning phase, is ngh Uncel‘talnty Ca paCIty Test Low Uncertalnty Ca paCIty Test

capable of delivering the energy it was designed to produce. Mccarthy Bu"'dlng Companles’ InC' | Renewables Unstable Conditions Stable Conditions

It involves comparing the system's measured production—as a function of plane of array (POA) irradiance, air temperature,
and wind speed—with the target production, which is also modeled based on those same inputs. The calculation uses a linear Ta rget Ca pacity Measured Ca pacrty (V\
regression with four coefficients (a1-a4) and is referenced to a set of reporting conditions for POA irradiance, air temperature, . . . . f m
and wind speed. Combined Standard Uncertainty: Combined Standard Uncertainty: -] | / «
However, both the measured and target capacity values are estimates of system capacity under reporting conditions. Because Step 1: define ‘Measurement function’: Step 1: define ‘Measurement function’:
these are estimates, there is always some level of uncertainty involved. P =E(a; + azE + a3T + a,WS) P = E(a; + a;E + a3T + a,WS) | h
According to the ASTM E2848-13 standard, the typical uncertainty of a capacity test ranges between 3.5% and 7.5%, though this Step 2: calculate estimate x,...x,, : Step 2: calculate estimate x,...x,, :
can vary depending on the test conditions—particularly the POA irradiance levels. Erc — Tre — WSkc Erc — Tre — Wkc
ai -0y -03 -0y a1-Aaz-0Aa3 -0y
In general, higher irradiance and more stable weather conditions during the test, along with having sufficient data points _
under such conditions, result in lower uncertainty. Conversely, low irradiance and/or unstable conditions in the test dataset Step3:  NotApplicable Step 3: CalCUla;edSta”dard uncertainties: ™ \/
st €V acCross sensors
will lead to higher uncertainty in the estimated capacity. . Rel, = TY > 1 J
& Y P Y Step 4-5: Not Applicable St mean across sensors @ ) o L
In our experience, we have observed uncertainty values ranging from approximately 1% to 30%. Capacity test results with high standard deviati i : = \ e e N N
f taint 1 t ded f . t : Step 6: calculate the standard uncertainty: Relt _ >tanaard aevidtion over time QTY = 1 POA Irradiance Measurements — Capacity Test — Unstable Condition POA Irradiance Measurements — Capacity Test — Stable Condition
or out-of-range uncertainty values are not recommended for assessing system performance. U(Y) = Uregression (Standard Error) ~ vn — \ |
n u(x;) = mean Rel; X x;,,. v
Uncerta"“ty: RSS = z(y )2 u(P) = Measured Capacity X Revenue Meter Uncertainty 1Al -
= i~ Vi AN ‘
, , . . . . - . L i=1 . - " = T
Since capacity test results are based on an estimation of system capacity under reporting conditions, there is inherent uncertainty in the l RSS Step 4-5: generate partial derivatives of model : 7 ERIA
. / dP |\
calculation. Uregression = S = —— Cp = yiin a; + 2a,E + asT + a,WS / \ | |
The main contributors to this uncertainty are: n : Number of Data Points o = ar — a.E ) | LAY
m: 4 (Number of fitted parameters) T dar 3% T | \“ g
. Variability in POA irradiance, air temperature, and wind speed across the site — affects the measured dataset. P ar W E 3 1 “ \ 3
ws Jire — Wb, )
. . . . . . dws | |
. Uncertainty in the linear regression model — affects both the measured and target capacity estimates. Step 7: estimate y : estimate Target Capacity at reporting condition = ar _ ‘U
L : : . dp
Uncertainty is typically categorized into Type A and Type B: _ n
Step 8: Not Applicable . _ lz . ®
. Type A uncertainty is evaluated through statistical analysis of repeated observations. ETLWS = L ET.WS
) ' _ . _ ' - - ' Step 9: determine coverage probability: a
. Type B uncertainty is evaluated by other means, such as instrument specifications, calibration certificates, or prior knowledge. Pos: @ = 0.05 Step 6: calculate the standard uncertainty: | | |
. Standard Uncertainty: Step 10: determine the effective degrees of freedom: u(y) POA Irradiance Measurement — One Period Passed All Filtering POA Irradiance Measurement — One Period Passed All Filtering
. . . .. . . L. : : — 2 2 2 2
The result of evaluating uncertainty from either Type A (statistical analysis) and/or Type B (non-statistical sources), expressed as a standard Vepf =N —m = V(e x u(E))? + (cr X w(1)? + (cws X u(WS))? + (u(P)) v roR e
deviation. n: Number of Data Points
m: 4 (Number of fitted parameters) ) ) . ]
. Combined Standard Uncertainty: Step 7: estimate y : estimate Measured Capacity at reporting
) . : . condition
The overall uncertainty obtained by combining all individual Type A and Type B standard uncertainties using the root-sum-square method. Step 1k1. dftermme Co;’erage factor k:
= a =
It represents the total uncertainty associated with a measurement result before applying any coverage factor. 1= verr 0975 Veff Step 8: determine degrees of freedom v,...vy:
. . . . . . . X . v; = Number of Data Points —1 (i: POA,WS,T) —
. Expanded Uncertainty: Expanded uncertainty is the quantity that defines an interval around a measurement result, within which a large Step 12: calculate the expanded uncertainty:

portion of the distribution of values reasonably attributable to the measurand is expected to lie. Ugs = k xu(y) Vp=®

Step 9: determine coverage probability:

Error VS. Uncertainty Step 13: calculate the coverage interval: Pos: @ = 0.05

Estimated Target Capacity + Uy

These are distinct concepts and should not be used interchangeably: Step 10: determine the effective degrees of freedom: JRpp——
. . Welch-Satterthwaite - h
. Erroristhe difference between a measured value and the true value. u(y)* P / \
. . . Verf = 7 i~ |
. Uncertainty represents the doubt about how close a measurement or an estimate is to the true value. 3 (ciX u(xy)) : 7 N ' |
Ui POA Irradiance Measurements — One Period Passed All Filtering POA Irradiance Measurements — One Period Passed All Filtering

Uncertainty Estimation Methods

Uncertainty in an estimated value can be evaluated using one of the following methods: ke = tl—%,veff = Lo.975veff o Fonl

Step 11: determine coverage factor k:

1000

. GUM Framework (Guide to the Expression of Uncertainty in Measurement): Provides an approximate combined uncertainty using Step 12: calculate the expanded uncertainty:
sensitivity coefficients and standard uncertainties. Ugs = k X u(y)
. Analytical Method: Provides exact expressions for uncertainty when the mathematical model allows it. Step 13: calculate the coverage interval:

Estimated Measured Capacity + Uy

. Monte Carlo Method: Uses random sampling to simulate uncertainty with a controllable level of numerical accuracy.
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In this poster, the GUM uncertainty framework has been applied.

BOG - I
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Total Combined Standard Uncertainty

Types of Errors

« Random Error:

u,(y) = /(Target_Uncertainty)? + (Measured_Uncertainty)?
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Caused by unpredictable changes over time or location. These errors lead to variations in repeated measurements but tend to cancel out ]
Expanded Uncertainty

Measured_Capacity
. Systematic Error: U95 =

when averaged over many observations.

* u,(y)
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Caused by consistent, repeatable influences that bias the result in a particular direction. If known, these effects can be corrected using Target_Capaczty

appropriate correction factors. After correction, the remaining systematic error is assumed to have zero mean. Conclusion

+  Classification of Uncertainty Components: * Evaluating the uncertainty in capacity calculations offers a robust method to validate result accuracy. Relying

' ) . . . . solely on the POAvs. P graph can be deceptive.
labeling can be ambiguous. A component considered "random" in one context may behave as a "systematic" component in another—for - The primary driver of test uncertainty is weather—especially plane-of-array (POA) irradiance. Heatmap of Irradiance for Measured site at time 13:50 Heatmap of Irradiance for Measured site at time 13:00

example, when a previous measurement is reused as an input in another calculation.

Uncertainty components are sometimes labeled as "random" or "systematic," based on the type of error they originate from. However, this

* Sinceitisn’t always possible to run tests under perfectly stable conditions, quantifying uncertainty provides a

. _ reliable way to ensure results remain within an acceptable uncertainty range.
Uncertalnty Ta rget Dataset * While uncertainties below 3.5% are ideal, a maximum measured uncertainty of up to 7.5% can still be used to Target Capacity Estimate Uncertainty (%): Target Capacity Estimate Uncertainty (%):

Main Contributor: confirm that a test was performed under acceptable conditions. Test Uncertainty (%): Test Uncertainty (%):

Measured Capacity Estimate Uncertainty (%): Measured Capacity Estimate Uncertainty (%):

. Uncertainty from linear regression: Total Uncertainty of the Test Total Uncertainty of the Test

Since the target capacity is derived using regression coefficients and a defined set of reporting conditions, the primary uncertainty arises Recommendat|0ns

from the uncertainty of the regression model itself.  The bestway to runthe capacity test is to follow ASTM E2848-13.

* Additional filtering—such as a minimum irradiance threshold or the optionalfilters outlined in the
standard—can make testing more challenging, especially for systems with high DC:AC ratios.

 Reportthe Expanded Uncertainty per the ASTM E2848 in the Capacity Test Report.

* Werecommend applying these additional filters only if testing per the standard without them results in an
uncertainty above 7.5%.

Uncertainty - Measured Dataset Citations

 |SO/IEC Guide 98-1:2009(E), Uncertainty of measurement — Part 1: Introduction to the expression of uncertainty in
measurement, International Organization for Standardization and International Electrotechnical Commission, Geneva,

. Measurement uncertainty: Switzerland, 2009. ISOBSI

* |SO/IEC Guide 98-3:2008(E), Uncertainty of measurement — Part 3: Guide to the expression of uncertainty in
measurement (GUM:1995), International Organization for Standardization and International Electrotechnical
Commission, Geneva, Switzerland, 2008. ISOBSI

Note:

There is no measurement uncertainty in the target dataset, as it is generated by an energy model rather than physical measurements.
Additionally, the input conditions (POA irradiance, air temperature, and wind speed) are assumed uniform across the site, so no spatial
variability is introduced.

Main Contributors:

Arises from instrument accuracy, calibration, and environmental factors affecting the sensors (e.g., POA irradiance, air temperature, and

) POA Vs. P — All Data Points Passed Primary and Secondary Filtering — Measured and Target Datasets
wind speed). :

. Variability between multiple measurements: « ASTM E2848-13, Standard Test Method for Reporting Photovoltaic Non-Concentrator System Performance, ASTM e e 3 ¥ {1l s £ T ) S O L ™M A MM
If multiple sensors are used (e.g., multiple irradiance sensors or weather stations), their differences introduce additional uncertainty due to International, West Conshohocken, PA, 2013
spatial variation across the site. * F E. Satterthwaite, “An Approximate Distribution of Estimates of Variance Components,” Biometrics Bulletin, vol. 2(6), pp.
110-114, 1946. doi:10.2307/3002019
« Uncertainty from linear regression: « B.L.Welch, “The Generalization of ‘Student’s’ Problem when Several Different Population Variances Are Involved,”
The process of fitting the measured data to the regression model introduces uncertainty in the estimated capacity under reporting Biometrika, vol. 34(1/2), pp. 28-35, 1947. doi:10.2307/2332510
conditions. * Joint Committee for Guides in Metrology, Evaluation of measurement data—Guide to the expression of uncertainty in

measurement, JCGM 100:2008, 86.3.2.2.
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