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Executive Summary 
Accurately modeling the performance of a photovoltaic (PV) system is crucial for both identifying 

problems arising in an existing system, as well as for quantifying the expectations and assessing the 

economic viability of a proposed system. Confidence in the validity of one’s modeling tool, an 

understanding of the factors that influence modeling accuracy, and quantifiable insight into the 

variability of real-world PV system performance are all essential to a financial institution’s willingness to 

fund new solar projects.   There has thus far been a notable lack of extensive validation of any of the 

currently available PV modeling tools using a large set of real-world data from a diverse set of systems. 

Collaboration between NREL and Locus Energy provided the perfect means for such validation.  The 

National Renewable Energy Laboratory (NREL) System Advisor Model (SAM) is a free software tool that 

implements a broad and robust set of models and frameworks for performing detailed analysis of both 

system performance and system financing.  Locus Energy is a PV monitoring enterprise with some of the 

most voluminous PV performance data of anyone in the industry. 

In order to characterize and quantify SAM modeling accuracy, this report analyzes and compares SAM 

modeled energy with measured energy from 100 real-world systems from the Locus platform. Diversity 

of geography, size, age, and configurations of systems was sought for this sample.  The analysis was 

conducted over a one-year period, from 06/01/2012 to 06/01/2013. Error metrics were calculated on 

time granularities of hourly, daily, monthly, and annually. The three main causes for differences 

between modeled and measured energy in this case are: uncertainty in irradiance and meteorological 

data, misspecification of losses, and SAM modeling error.  The latter being the quantity of interest, steps 

were taken aiming to disaggregate the drivers of observed differences.  Key take-aways from this report 

include: 

 Average total annual errors for the entire 100 systems in this study showed mean bias error 

(MBE) of -0.8% and mean absolute error (MAE) of 13.7%, which included errors for irradiance 

data, derates and the SAM modeling engine. 

 Comparing bias in irradiance data with SAM modeling error indicates that the SAM model was 

biased to underestimate PV performance by several percentage points. This is most likely due to 

default model derates not matching the as-built reality. 

 Seasonal trends in magnitude of errors were seen in both irradiance data and energy data.  This 

is likely due to complications of snow cover. 

 Combined trends in seasonality, geography, and hour-of-day indicate positive SAM bias 

(overestimating actual output) during winter months at northern sites, especially in the 

morning. This is may be due to snow coverage reducing installation output. 

 A trend toward negative SAM bias (underestimating actual output) was observed in the midday 

and afternoon hours at southern sites, especially in the summer months.  

 System size did not appear to affect the size of relative error in the SAM model 
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Further work is needed to more fully isolate the error of the modeling system. A reliable method to 

remove data during times of partial snow cover would improve the understanding of seasonal trends in 

irradiance and PV system modeling. Additionally, using measured irradiance data rather than satellite-

modeled data could provide more accurate irradiance data as input into SAM, removing uncertainty 

around data input. 
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Input Data 

Site Metadata 
The metadata required as input for modeling each system were as follows: 

a) Latitude and Longitude 

b) Tilt and azimuth of the PV Arrays 

c) Original equipment manufacturer (OEM) and model name of the PV modules which provide the 

California Energy Commission (CEC) modeling parameters 

d) OEM and model name of the inverter which provide the SANDIA inverter model parameters 

e) Modules per string and number of strings in parallel information of the PV Arrays (which also 

determines system size) 

These metadata were also used to investigate factors of potential influence on model accuracy and 

performance variability. Exact system size, location, and date of installation are not at this time able to 

be published due to contract terms of privacy. System sizes were bucketed into the following categories: 

0 – 5 kW, 5 – 10 kW, 10 – 75 kW, and 75-125 kW. System location is designated by state, and system age 

is designated by the years since installation. The possible system types are fixed tilt, one-axis tracking or 

two-axis tracking. Due to the systems available for this study, only fixed-tilt type are included. Available 

panel technologies include Multi-c-Si (Multi crystalline silicon), Mono-c-Si (Mono crystalline silicon), CIGS 

(Copper Indium Gallium Selenide), Amorphous and CdTe (Cadmium Telluride). Mono-c-Si is by far the 

most common technology seen in this sample. 

These metadata are available in Table 8 of Appendix A. 

The following charts demonstrate the spread and frequency of the characteristics of systems analyzed in 

this study. 
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Figure 1: Locations and numbers of sites analyzed 

 

Figure 2: Distribution of age, size, and panel-type of systems analyzed 
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Geographic Diversity 

The geographic distribution of sites, shown in Figure 1, is representative of Locus Energy’s monitored 

fleet and, in general, PV systems in the USA. California has the highest representation, followed by 

Arizona, New Jersey and Maryland. 

Range of System Ages 

Because the boom in PV installations is a relatively recent phenomenon, the systems in the sample are 

relatively young at three years and less. Figure 2A shows the distribution of ages. 

Range of System Sizes 

Locus Energy monitors a wide variety of system sizes, from small residential (0 – 10 kW) to small utility 

(5 MW). However, many of the larger sites in Locus’ fleet do not have the site configuration to easily 

model within SAM. For example, the SAM model requires each site to have only one type of inverter.  

Because of this, a large number of smaller sites were chosen as the sample of 100 sites. Figure 2B shows 

the distribution of sizes.  

Range of Technology Types 

As shown in Figure 2C, the sample is heavily skewed towards mono-crystalline silicon panels. This lack of 

technology diversity limits the effectiveness of this analysis because it does not provide insight into how 

well SAM models different technology types, particularly thin film panels. Future iterations of this 

analysis could attempt to include other technology types. 

 

Modeling Parameters 
The derates, model options and default values selected to run the pvsamv1 SDK module are listed in 

Table 1. These values were selected to be consistent with the defaults of the SAM desktop application. 

The SAM Software Development Kit (SDK) is a collection of developer tools for creating applications 

which model renewable energy systems using the SAM Simulation Core (SSC) library.  The SAM desktop 

application provides a user-friendly front-end for such modeling. 
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Table 1: Modeling parameters selected in pvsamv1 module 

Parameter Description Value 

use_wf_albedo Use albedo in weather file if provided (0/1) 1 

albedo User specified ground albedo 0.2 

irrad_mode Irradiance input translation mode;  
0 = beam & diffuse, 1 = total & beam 

0 

sky_model Diffuse sky model; 
0 = isotropic, 1 = hkdr, 2 = perez 

2 

array_derate Sub-array DC power derate 0..1 0.950796 

array_soiling Sub-array soiling derate 0..1 0.95 

module_model Photovoltaic module model specifier; 
0 = spe, 1 = cec, 2 = 6par_user, 3 = snl 

1 (CEC) 

enable_mismatch_vmax_calc Enable mismatched subarray Vmax calculation 0 

acderate Interconnection AC derate 0.99 

inverter_model Inverter model specifier; 
0=cec, 1=datasheet (SANDIA), 2 = partload 

1 (SANDIA) 

cec_temp_corr_mode Cell temperature model selection;  
0 = noct, 1 = mc 

0 

cec_standoff Standoff mode; 
0=bipv, 1=>3.5in, 2=2.5-3.5in, 3=1.5-2.5in, 4=0.5-1.5in, 5=<0.5in, 
6=ground/rack 

6 

cec_height Array mounting height; 
0=one story, 1= two story 

0 

cec_mounting_config Mounting configuration; 
0=rack, 1=flush, 2=integrated, 3=gap 

0 

cec_heat_transfer Heat transfer dimensions; 
0=module, 1=array 

0 

cec_mounting_orientation Mounting structure orientation; 
0=do not impede flow, 1=vertical supports, 2= horizontal 
supports 

0 

use_wf_albedo Use albedo in weather file if provided (0/1) 1 

albedo User specified ground albedo 0.2 

Error Calculations 
Two error metrics, mean bias error (MBE) and mean absolute error (MAE), were calculated to quantify 

the accuracy of the SAM modeled values as compared with the measured values. 

Each of these metrics can be calculated for various time granularities. In this analysis, we examine 

hourly, daily, monthly, and annual errors across the full year of data at each site. It is useful to look at 

the error over different time periods to help characterize the errors for different contexts. For many 

modeling applications, the most important prediction is the total annual energy production. SAM is 

often used to generate yearly energy expectations, and understanding yearly error provides insight into 

the accuracy of those energy expectations. Monthly error metrics provide clues regarding possible 

seasonal trends in error. Hourly error helps identify potential issues at the model’s simulation time step. 
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Note that each error metric has been normalized by dividing by the mean measured energy at each site 

(for each time period) so that errors may be compared across sites. Errors should only be compared 

across sites at equal temporal granularity.  

In the equations below, the following constant conventions are used: 

 H = total number of hourly observations in the dataset after filtering 

 Hm = total number of hourly observations for a given month, after filtering, where month == m 

 m = month (1-12) 

 Hd = total number of hourly observations for a  given day, after filtering, where day == d 

 d = day of the year (1-365) 

 

Mean Absolute Error 
The Mean Absolute Error (MAE) metric captures the typical magnitude of error seen at a given temporal 

granularity.  It does not detect directional bias, but the value of MAE gives insight into the magnitude of 

errors that can be expected. 

In general, MAE is defined as: 
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Mean Bias Error 
The Mean Bias Error (MBE) metric helps in quantifying whether the model consistently over- or under-

predicts expected energy values. If MBE is exactly zero, no conclusions can be drawn about the 

magnitude of any of the errors, but it indicates that the model exhibits no bias: on the whole, the model 

is just as likely to be under-predicting as over-predicting. 

In general, MBE is defined as: 
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For this report, MBE is defined as follows: 
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Data Filtering 
Monitored PV system data is inherently noisy due to system downtime. Because SAM does not intend to 

model downtime directly (though derates can be used to address this on a yearly basis), several filters 

were applied to the data in order to focus on the errors of interest.  The following two filters were 

applied to both irradiance sensor data and energy production data. 

Missing Values 

If measured and/or modeled values were missing for a given hourly observation, that hour of data was 

excluded from the analysis because there is no good way to calculate error in such cases. Removing 

observations from the analysis simply means that the denominator in the hourly error calculations will 

be reduced (i.e. “H” in the previous section on Error Calculations). Drawing conclusions based on a 

slightly smaller dataset is better than drawing conclusions based on faulty data, thus all observations 

where measured energy was missing were removed from the analysis. 

Values Less than or Equal to Zero 

It is standard practice to exclude nighttime values from any analysis of PV performance modeling, so 

anytime measured or modeled values were less than or equal to zero, the data was excluded from the 

analysis. Including nighttime values in the analysis would artificially decrease error measurements 

because nighttime values are trivial to model. Non-positive measured energy values during the day are 

indicative of a problem with the PV system: either the meter is falsely reporting zeroes, or there is a 

failure in one of the modules or inverter, or perhaps the panels are covered in snow. Daytime non-

positive modeled irradiance values (which directly affect modeled energy values) are indicative of 

satellite data issues.  In order to better understand the accuracy of the model, it is helpful to remove all 
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faulty data and compare this to a SAM model with standard derates as described in Table 1 (which does 

not include any allowance for equipment downtime). Thus, any data points for which either measured 

or modeled energy or irradiance values were less than or equal to zero were removed from this analysis. 

Irradiance Data 
Modeling of any PV system to calculate expected energy values requires irradiance input. Because 

irradiance sensors are expensive to obtain and to maintain, most residential and smaller commercial 

sites do not have an on-site irradiance sensor. Irradiance sensors on larger commercial sites are 

sometimes poorly installed and maintained, introducing unknown measurement errors. For the purpose 

of this analysis, it was decided that satellite-derived irradiance measurements would be used as inputs 

to the SAM model, thus avoiding some of the pitfalls of on-site sensors. The irradiance and 

meteorological data used in this study is the concurrent data obtained from Clean Power Research’s 

SolarAnywhere product, Version 2.2.  This version uses period-centered timestamps, whereas the SAM 

model requires hour-ending timestamps for its irradiance inputs, so a 30-minute period shift was 

applied to make all hourly measurements hour-ending. 
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Analysis and Results 
Differences between the measured energy and modeled energy can generally be attributed to three 

different sources of error: uncertainty in irradiance data; SAM modeling error; or derate mismatch 

between as-built systems and modeling defaults, e.g. SAM assumes soiling losses of 5%, whereas maybe 

only a 2% drop in energy output was observed due to soiling. This analysis of SAM accuracy attempts to 

disaggregate these three sources of error in order to isolate the SAM modeling error. 

Irradiance Data Error 
To better understand uncertainty in the irradiance data input, a set of 128 high-quality, government-

maintained sensors from ISIS (Integrated Surface Irradiance Study)1, SURFRAD (Surface Radiation 

Network)2, and CRN (Climate Reference Network)3 were used. These sensors provide varying 

granularities of irradiance measurements, but all provide at least hourly granularity. These sensor 

networks employ varying classes of instruments, error specifications for which can be found on their 

respective websites[1, 2, 3].  Measurement error at each of the sensor locations is subject to both this 

intrinsic instrumentation precision error as well as externally induced error such as soiling or human 

maintenance error (for details see [4]). Average irradiance values over the preceding hour were used 

and compared with the hourly SolarAnywhere values at each of these locations. Resulting error metrics 

will include uncertainty in both the satellite model as well as ground sensors.  Locations with greater 

than 39% hourly MBE were excluded as outliers, with human maintenance error of the ground sensors 

as the likely cause of such great deviations. Three of the 131 original sites were excluded as a result of 

this quality control. 

Annual Analysis 

The annual analysis shown in Table 2 shows a summary of errors observed in the irradiance data. As can 

be expected, MAE decreases as the interval of time granularity increases: the errors balance out over 

time.  However, MBE still averages 2.5% across all 128 sites. The first quartile value is close to zero, 

indicating that nearly three quarters of all sites were using an irradiance model which over-predicted 

measured irradiance. Also notable is the magnitude of hourly errors in irradiance data observed (16.8% 

on average).  The satellite-derived irradiance data gives a reasonable estimate of insolation over the 

course of the day, but momentary estimates are less certain.  This will increase observed SAM modeling 

errors, especially at shorter time granularities. 

                                                           
1
 NOAA. "Index of Data." Integrated Surface Irradiance Study. http://www.esrl.noaa.gov/gmd/grad/isis/ (accessed 

October 21, 2013). 
2
 NOAA. "Index of Data." Surface Radiation Network. http://www.esrl.noaa.gov/gmd/grad/surfrad/ (accessed 

October 21, 2013). 
3
 NOAA. "Quality Controlled Datasets." US Climate Reference Network. https://www.ncdc.noaa.gov/crn/ (accessed 

October 21, 2013). 
4
 Reda, I. “Method to Calculate Uncertainties in Measuring Shortwave Solar Irradiance Using Thermopile and 

Semiconductor Solar Radiometers.” National Renewable Energy Laboratory, July 2011: 
http://www.nrel.gov/docs/fy11osti/52194.pdf 

http://www.nrel.gov/docs/fy11osti/52194.pdf
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Table 2: Irradiance error metrics averaged across 130 government weather stations during the full year of analysis. 

 Hourly MAE (%) Daily MAE (%) Monthly MAE (%) Total MAE (%) Total MBE (%) 

ave. 16.8 9.6 5.7 4.3 2.5 
std.dev. 5.2 3.7 3.5 3.8 5.2 

Geographic Sensitivity Analysis 

Figure 3 presents the geographic distribution of error as a heat map. The shapes of the points indicate 

the station type.  All three station-types appear to be of comparable accuracy.  We can see the impact of 

the Rocky Mountain region on accuracy is noticeable, with higher errors observed in that region.  The 

Rockies experience some of the most prolonged snow-cover of anywhere in the US.  This indicates that 

snow is likely to increase the differences seen between measured and modeled irradiance; however it is 

unclear if this is due to snow accumulating on the physical sensors, or due to satellite model errors in 

distinguishing between clouds and snow cover.  Along these lines, northern sites tend to have higher 

hourly errors on average than southern sites, likely due to the fact that southern sites experience little 

to no snow. Differences between northern and southern sites will be further investigated in following 

sections. 

 

Figure 3: Map of irradiance station locations colored by hourly MAE and with shapes indicating station type 

 

Monthly Analysis 

Monthly analysis is useful for identifying seasonal trends in accuracy. Table 3 and Figure 4 below show 

how error tends to be highest in the winter and lowest in the summer months. As with the effect of 

geographic location, the primary suspect to drive this error is snow. Note that low irradiance values in 

the winter tend to overstate relative errors on an annual basis because of the lower monthly irradiance 
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in the winter, which is why the average of the monthly values in Table 3 is larger than the annual error in 

Table 2. 

Table 3: Irradiance hourly MAE for each month across all stations 

 Jan (%) Feb (%) Mar (%) Apr (%) May (%) Jun (%) Jul (%) Aug (%) Sep (%) Oct (%) Nov (%) Dec (%) 

MAE 26.9 24.0 21.0 17.3 15.9 12.9 15.6 14.6 13.7 16.8 20.8 33.6 
MBE 2.6 -0.8 0.3 3.3 2.4 2.5 3.9 3.3 2.0 2.4 4.9 7.7 

 

 

 

Figure 4: Irradiance hourly MBE over the course of each month at each site.  Each line represents a single site. 

Breaking this chart apart by separating northern and southern sites (with “northern” defined as falling 

above latitude 39°N) provides further evidence for the theory that snow is driving the rise in errors in 

winter months.  Sites that never experience snow do not show this trend.  See Figure 5. 
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Figure 5: Irradiance hourly MBE by month at each site.  “Northern” defined as latitude above 39°N. 

Hour of Day and Month of Year Analysis 

The previous section examined hourly errors averaged across all hours each month. In this section we 

will break that down further by finding the error for each hour of the day, within each month of the 

year, averaged across all days in that month (for example, one would be able to view the average error 

at 2pm during the month of October). Tabular format of this data gets unwieldy, so we will inspect 

visually for trends.  Figure 6 indicates a weak trend of negative bias in the middle of the day in the late 

winter months.  This trend becomes much stronger when you look only at sites above 39°N, and virtually 

disappears when you look at more southern sites (Figure 7).  This would suggest that this discrepancy in 

irradiance measurements is caused by snow.  Previously, it was unclear whether the snow errors were 

due to physical sensors being covered in snow, or satellite models unable to distinguish between clouds 

and snow because bias was both positive and negative in winter months.  However, the fact that the 

errors average out to be quite negative at northern sites in the middle of the day during winter months 

suggests that the error is in the satellite model, not the physical sensors.  Strangely, the errors at 

northern sites tend to show a slight positive bias in the morning and afternoon (around 9-10 am and 4-

7pm) all year round.  The magnitude of errors at southern sites seem to be fairly small, and the direction 

of bias fairly neutral throughout the day and throughout the year. 
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Figure 6: Hour of day and month of year irradiance error analysis. Each dot represents the average error for that hour and 
month across all sites.  More green corresponds to hours when measured irradiance exceeded modeled irradiance on average. 

 

Figure 7: Hour of day and month of year irradiance error analysis similar to the previous figure, but with sites divided into two 
groups based on the side of 39°N latitude on which they fall. 

 

Energy Modeling Error 
For each of the 100 sites in the sample, measured energy was compared with modeled energy to 

calculate the error metrics introduced earlier in the report. These error metrics include all types of error 

sources, including irradiance data, SAM modeling, and inaccurate derate assumptions. 

Annual Analysis 

Calculation of the error metrics on an annual basis helps one to determine any variations in error on a 

per site basis while the seasonal variations are removed because of aggregation over all months. Results 

are shown in Table 4.  
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As expected, error decreases as the time period increases; however, even when aggregating over the 

whole year, errors are non-negligible (12-14%). There is a fairly wide range of modeling accuracies at the 

various sites, as evidenced by the standard deviations and minimums/maximums provided in Table 5 

and Table 6. The range of the 1st to 3rd quartiles indicates the range that includes the middle 50% of 

sites’ errors.  Note, however, that the average and median MBE errors are fairly small, -0.8% and -0.9% 

respectively.  This indicates that the default SAM model parameters perform well for their primary use 

case of modeling annual energy with TMY data files. 

 

Table 4: Summary of energy error metrics across all sites during the full year of analysis 

 Hourly MAE (%) Daily MAE (%) Monthly MAE (%) Total MAE (%) Total MBE (%) 

ave 47.0 34.6 17.5 13.7 -0.8 
stddev 9.3 8.0 6.8 9.0 16.4 
min 33.1 20.8 5.1 0.0 -27.9 
Q1 39.8 30.3 12.1 5.9 -14.5 
med 45.5 33.2 17.6 12.4 -0.9 
Q3 51.9 37.8 22.3 21.4 10.5 
max 75.0 63.5 36.3 34.5 34.5 

 

System Age Sensitivity Analysis 

Figure 8 indicates that system age has very little impact on model error. There is no observable trend 

between Percent Error (at any granularity) and System Install Date. However, because the oldest system 

in the sample is less than 3 years old, it would be worthwhile to repeat this analysis with sites that are 5, 

10, 15 and 20 years old. 
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Figure 8: Energy error sensitivity to system age 

System Size Sensitivity Analysis 

Figure 9 shows the various error metrics calculated for each system by size. As the figure shows, there is 

no clear trend between system size and error. 

 

Figure 9: Energy error sensitivity to system size 
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Because the sample size is concentrated around smaller systems under 10 kW, Figure 10 shows system 

size scaled logarithmically to better distribute the chart for trend identification. Again, no trends are 

discernible. 

 

Figure 10: Energy error sensitivity to system size, with system size scaled logarithmically 

It is important to note that the largest system in the sample is around 125 kW. This study can only 

comment on the uniformity errors across systems in the 0-125kW range. A previous NREL study5 

analyzing SAM modeling error at 10 large systems (commercial and utility scale) also found no 

relationship between the size of relative error and the size of the PV system.  Together, these two 

studies support the proposition that the SAM model is broadly applicable across a wide variety of 

system sizes.  

Geographic Sensitivity Analysis 

Figure 11 shows the relationship between longitude and modeling error. After taking difference in 

sample sizes into account, no relationship between longitude and model accuracy is evident. 

                                                           
5
 Freeman, J., Whitmore, J., Kaffine, L., Blair, N., Dobos, A.. (2013). System Advisor Model: Flat Plate Photovoltaic 

Performance Modeling Validation Report. National Renewable Energy Laboratory, NREL/TP-6A20-60204. (PDF) 

http://www.nrel.gov/docs/fy14osti/60204.pdf
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Figure 11: Energy error sensitivity to longitude 

 

Figure 12 demonstrates a weak trend indicating increasing model error with increasing latitude of the PV 

system, particularly at shorter time granularities, e.g. hourly vs. monthly. This could be due to the 

impact of snow, which will be investigated further. 

 

Figure 12: Energy error sensitivity to latitude 
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Monthly Analysis 

In order to more closely examine the seasonal variations, the error metrics were also calculated on a 

monthly basis. As with monthly analysis of irradiance data, the magnitudes of the errors tend to increase 

in the winter months, likely due to snow cover.  Unlike in the analysis of the irradiance data, we observe 

that the bias of the errors is significantly skewed toward the positive (i.e. measured values falling short 

of modeled values), especially in the winter months.  This is likely due to the fact that default derates in 

the SAM model do not account for snowfall. 

Table 5: Energy hourly MAE for each month across all sites 

 Jan (%) Feb (%) Mar (%) Apr (%) May (%) Jun (%) Jul (%) Aug (%) Sep (%) Oct (%) Nov (%) Dec (%) 

ave 81.0 66.4 54.3 43.3 44.7 33.9 37.2 36.1 38.9 55.8 57.8 80.0 
stdev 42.4 28.3 14.7 9.0 9.0 19.0 7.6 6.1 10.4 19.9 32.2 40.0 
min 37.0 29.8 32.4 27.9 31.1 10.3 19.8 23.2 20.2 26.7 22.0 31.4 
Q1 47.8 41.9 41.0 37.1 36.5 27.7 34.1 33.1 33.6 42.6 38.7 55.8 
med 78.7 64.0 53.0 42.1 44.2 31.5 37.6 35.6 37.5 54.5 50.1 71.8 
Q3 94.7 82.4 64.4 48.5 52.1 36.1 41.2 38.6 43.0 62.1 64.0 94.4 
max 349.5 179.6 99.1 67.8 72.9 197.2 56.3 56.4 75.4 165.5 249.1 318.4 

 

Table 6: Energy hourly MBE for each month across all sites 

 Jan (%) Feb (%) Mar (%) Apr (%) May (%) Jun (%) Jul (%) Aug (%) Sep (%) Oct (%) Nov (%) Dec (%) 

ave 31.3 22.1 8.4 -2.9 -10.4 -4.1 -10.4 -10.7 -4.6 -2.3 19.3 26.5 
stdev 50.4 36.2 18.1 12.8 12.5 22.9 14.6 14.3 17.3 30.0 37.9 48.8 
min -37.3 -29.1 -21.5 -24.1 -30.8 -27.7 -31.2 -31.8 -29.0 -45.3 -29.9 -42.2 
Q1 -7.8 -6.4 -5.8 -10.8 -19.8 -16.9 -21.0 -21.6 -17.9 -25.6 -0.8 -1.3 
med 28.2 24.7 8.4 -2.6 -10.0 -6.5 -13.3 -13.5 -7.4 -0.4 12.3 19.5 
Q3 53.3 44.9 21.4 3.6 -1.8 1.0 -2.0 -2.3 3.6 12.0 33.5 48.3 
max 341.1 162.4 61.5 31.3 28.2 168.5 44.2 48.5 44.1 133.6 238.0 296.0 
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Figure 13: Energy hourly MBE by month for each site. "Northern" sites defined as above 39°N. 

Hour of Day and Month of Year Analysis 

The previous section examined hourly errors averaged across all hours each month. In this section we 

will break that down further by finding the error for each hour of the day, within each month of the 

year, averaged across all days in that month.  Tabular format of these data gets unwieldy, so we will 

inspect visually for trends. Figure 14 indicates a weak trend of slight negative bias in the middle of the 

day in the summer months and slight positive bias in the mornings, especially in the winter months.  

When we divide these averages up by the 39° latitude (Figure 15), we see that northern sites tend to be 

somewhat positively biased (measured values falling short of modeled values) all winter long, with 

strongest bias in the morning.  This could again be due to snowfall, and the extra error in the mornings 

could be due to the fact that light snow tends to melt off the panels by midday.  Further investigation is 

needed to fully understand the morning bias though, especially because it is present (to a small extent) 

all year round at both southern and northern sites.  There may be a true discrepancy between the way 

SAM expects panels to perform in the morning, and the way they actually perform in the field.  Further 

research could help shed some light on the issue.  Another observation that warrants further 

investigation is the fact that SAM tends to under-predict measured power during the midday and 

afternoon hours at southern sites, especially in the summer months.  Perhaps temperature is not 

decreasing efficiency as much as the SAM model would predict?  Again, there are many possible 

explanations and further investigation is necessary.  It is important to note that these patterns do not 

align with the patterns in seasonal and hourly errors observed in the irradiance data, so the root of 
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these trends is likely unrelated to irradiance model errors.  The magnitude and direction of errors at 

higher aggregations, however, could be influenced by irradiance model error. 

 

Figure 14: Hour of day and month of year energy error analysis. Each dot represents the average error for that hour and month 
across all sites.  More green corresponds to hours when measured energy exceeded modeled energy on average. 

 

Figure 15: Hour of day and month of year energy error analysis similar to the previous figure, but with sites divided into two 
groups based on the side of 39°N latitude on which they fall. 

 

Disaggregating Error 
The annual modeling errors of irradiance and energy are summarized in Table 7 below. As should be 

expected, the energy errors are almost always greater than the irradiance errors, and they have greater 

variance as well. The modeled energy values are dependent on the irradiance values, so any error 
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introduced by the irradiance model will be incorporated into energy modeling error, thus increasing the 

magnitude and variance of error. 

Interestingly, the results of SAM modeling exhibited less bias than the irradiance data. The total average 

SAM model bias was small and slightly negative (-0.8%), whereas the irradiance bias was positive on 

average, and a bit larger in magnitude (2.5%). This would suggest that the SAM model would show 

somewhat greater tendency to under-predict actual output than what is demonstrated in these results, 

since the bias is obscured by the irradiance data bias. Adjusting derates to be slightly less conservative 

could alleviate some of this bias.  Monthly analysis showed that the SAM model tended to be positively 

biased in winter months, likely due to snow covering the panels. In order to further investigate this 

hypothesis, it is recommended that future validation work should include an additional filtering step to 

remove data points affected by snow. 

Table 7: Comparison of irradiance and energy annual errors. 

  Hourly MAE (%) Daily MAE (%) Monthly MAE (%) Total MAE (%) Total MBE (%) 

ave 
Irradiance 16.8 9.6 5.7 4.3 2.5 
Energy 47.0 34.6 17.5 13.7 -0.8 

std 
dev 

Irradiance 5.2 3.7 3.5 3.8 5.2 
Energy 9.3 8.0 6.8 9.0 16.4 

 

Conclusion 
100 monitored sites were chosen to validate the results of SAM energy modeling. These sites represent 

Locus Energy’s installed base in terms of geography, age and system size, and meet the modeling 

requirements of SAM. 

In order to reasonably compare the results of measured and modeled values, filtering was used to 

discard missing, negative and zero values. 

Satellite-modeled irradiance data was used as input to the SAM model, and thus irradiance errors were 

analyzed separately prior to examining SAM modeling errors. Overall positive bias was observed in the 

irradiance data, while overall negative bias emerged in the resulting SAM data. This would suggest 

greater than 0.8% negative bias in the SAM model. Both irradiance data and modeled energy data 

showed greater errors in the winter months than in the summer months, likely due to snow-cover. 

Hour-of-day analyses showed very different patterns in error over the course of the day in the irradiance 

data as compared with the SAM values. This would suggest that, although irradiance input uncertainty 

likely contributed significantly to the overall magnitude of SAM errors, the patterns that emerged in the 

SAM modeling errors were likely unrelated to the errors inherent in the irradiance input.  

Comparing SAM modeled energy with measured energy at the 100 sample sites showed that northern 

sites experienced positive bias in the winter months, especially in the morning.  This is likely due to snow 

covering the panels and merits further investigation.  Southern sites showed negative bias during the 
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midday and afternoon hours, especially during the summer months. This could be due to SAM modeling 

engine issues and merits further investigation.   

On an annual basis, the bias of the SAM model (even after accounting for the masking effect of the 

irradiance data bias) would likely be fairly small, averaging somewhere around the ±3% range that was 

observed in the previous SAM validation effort conducted by NREL in 20135. This makes SAM a reliable 

prospecting tool for predicting annual energy output using TMY files, which is a primary use-case for 

SAM. The direction of the bias observed in the preliminary NREL study was also negative (matching the 

findings of this report), and both reports observed errors to be greater in winter months. The magnitude 

of monthly and hourly errors were found to be greater in this report than in the preliminary NREL study, 

but this is likely due to the added uncertainty of the satellite-modeled irradiance used as input in this 

case. 

An important finding of this study is that there was no discernable relationship between the magnitude 

of SAM modeling error and the size or age of the system being modeled. This would indicate that SAM is 

equally accurate for modeling a variety of systems. 

Future Work 
As mentioned throughout this report, further analysis of the effect of snow on irradiance data and SAM 

modeling is needed. A new filtering step is proposed which will remove data points for times when the 

ground is suspected to have any snow. Public weather files are available with the necessary information 

for this filter. 

  

Using the MBE as an indicator of derate accuracy, SAM modeling derates could be adjusted to match the 

as-built system and reduce bias error. By reducing the errors due to irradiance data and derates, the 

remaining error would be most likely attributed to the SAM modeling engine. 

Appendix A 
 

Table 8: Site metadata 

Size State Age System Type Panel Technology 

5 - 10 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW AZ 3 fixed tilt Mono-c-Si 

5 - 10 kW AZ 3 fixed tilt Mono-c-Si 

5 - 10 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW AZ 2 fixed tilt Mono-c-Si 
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Size State Age System Type Panel Technology 

0 - 5 kW AZ 2 fixed tilt Mono-c-Si 

0 - 5 kW AZ 3 fixed tilt Mono-c-Si 

5 - 10 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW AZ 2 fixed tilt Mono-c-Si 

0 - 5 kW AZ 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

10 - 75 kW CA 2 fixed tilt Mono-c-Si 

0 - 5 kW CA 2 fixed tilt Mono-c-Si 

5 - 10 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CA 1 fixed tilt Mono-c-Si 

0 - 5 kW CA 1 fixed tilt Mono-c-Si 

5 - 10 kW CA 2 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CA 2 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

0 - 5 kW CA 2 fixed tilt Mono-c-Si 

0 - 5 kW CA 3 fixed tilt Mono-c-Si 

5 - 10 kW CO 2 fixed tilt Mono-c-Si 

5 - 10 kW CO 2 fixed tilt Mono-c-Si 

5 - 10 kW CO 2 fixed tilt Multi-c-Si 

5 - 10 kW CO 2 fixed tilt Mono-c-Si 
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Size State Age System Type Panel Technology 

0 - 5 kW CO 3 fixed tilt Mono-c-Si 

0 - 5 kW CO 2 fixed tilt Mono-c-Si 

5 - 10 kW CO 2 fixed tilt Mono-c-Si 

0 - 5 kW CO 2 fixed tilt Mono-c-Si 

5 - 10 kW CO 3 fixed tilt Mono-c-Si 

0 - 5 kW CO 2 fixed tilt Mono-c-Si 

0 - 5 kW CO 2 fixed tilt Mono-c-Si 

0 - 5 kW DC 2 fixed tilt Multi-c-Si 

0 - 5 kW DC 2 fixed tilt Multi-c-Si 

5 - 10 kW DC 2 fixed tilt Multi-c-Si 

0 - 5 kW DC 1 fixed tilt Multi-c-Si 

0 - 5 kW DC 2 fixed tilt Multi-c-Si 

0 - 5 kW DC 2 fixed tilt Multi-c-Si 

5 - 10 kW DC 2 fixed tilt Mono-c-Si 

0 - 5 kW DC 1 fixed tilt Multi-c-Si 

0 - 5 kW DC 1 fixed tilt Multi-c-Si 

0 - 5 kW DC 1 fixed tilt Multi-c-Si 

5 - 10 kW DE 2 fixed tilt Mono-c-Si 

5 - 10 kW DE 2 fixed tilt Mono-c-Si 

5 - 10 kW DE 2 fixed tilt Mono-c-Si 

5 - 10 kW DE 2 fixed tilt Mono-c-Si 

0 - 5 kW DE 2 fixed tilt Multi-c-Si 

0 - 5 kW MA 2 fixed tilt Mono-c-Si 

0 - 5 kW MA 2 fixed tilt Mono-c-Si 

0 - 5 kW MA 2 fixed tilt Mono-c-Si 

5 - 10 kW MA 2 fixed tilt Mono-c-Si 

5 - 10 kW MA 2 fixed tilt Mono-c-Si 

0 - 5 kW MA 2 fixed tilt Mono-c-Si 

0 - 5 kW MA 2 fixed tilt Mono-c-Si 

5 - 10 kW MA 2 fixed tilt Mono-c-Si 

5 - 10 kW MA 2 fixed tilt Mono-c-Si 

0 - 5 kW MD 2 fixed tilt Mono-c-Si 

0 - 5 kW MD 2 fixed tilt Mono-c-Si 

0 - 5 kW MD 1 fixed tilt Multi-c-Si 

5 - 10 kW MD 1 fixed tilt Mono-c-Si 

0 - 5 kW MD 1 fixed tilt Mono-c-Si 

0 - 5 kW MD 1 fixed tilt Mono-c-Si 

5 - 10 kW MD 1 fixed tilt Mono-c-Si 

0 - 5 kW MD 1 fixed tilt Mono-c-Si 
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Size State Age System Type Panel Technology 

5 - 10 kW MD 1 fixed tilt Multi-c-Si 

0 - 5 kW MD 1 fixed tilt Mono-c-Si 

0 - 5 kW NJ 1 fixed tilt Mono-c-Si 

10 - 75 kW NJ 2 fixed tilt Mono-c-Si 

10 - 75 kW NJ 2 fixed tilt Mono-c-Si 

75+ kW NJ 2 fixed tilt Mono-c-Si 

75+ kW NJ 2 fixed tilt Mono-c-Si 

10 - 75 kW NJ 2 fixed tilt Multi-c-Si 

10 - 75 kW NJ 2 fixed tilt Mono-c-Si 

75+ kW NJ 2 fixed tilt Mono-c-Si 

75+ kW NJ 2 fixed tilt Mono-c-Si 

75+ kW NJ 2 fixed tilt Mono-c-Si 

75+ kW NY 2 fixed tilt Mono-c-Si 

75+ kW NY 2 fixed tilt Mono-c-Si 

 

 


