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Abstract

Significant radiative transfer occurs outside of buildings, yet energy control systems are typically
signaled by internal air temperature thermostats. As façades essentially behave as flat plate
solar thermal collectors, windows permit rooms to behave as cavity collectors. It is believed
that buildings may perform at higher economic efficiency with external signals. An analysis
of measured irradiance for plane of array (POA) vertical surfaces was compared to modeled
irradiance data (TRNSYS) to evaluate residuals. The measured POA irradiance data integrates
all irradiance components for a given orientation, collected on minute intervals for half of the
year between the months of July and December. The data were available for the East, West,
and North surfaces of the Energy Efficient Buildings Hub’s Building 101 in the Philadelphia
Navy Yard. Modeled data was generated from global horizontal irradiance from a meteorological
station in Avondale, Pennsylvania, located thirty three miles from the Philadelphia Navy Yard.
Comparative analyses between irradiance data averaged over each hour and irradiance collected
from Avondale, PA resulted in occasional residuals on the order of hundreds of watts per meter
squared. To evaluate if the residuals between the measured and modeled data were considered
statistically different, a t-test was employed to compare each B101 sensors’ average irradiances
with Avondale’s average irradiances for each month from July to December. The results of the
t-tests proved with 95% confidence that between the months of August and December for the
North and East walls and during the month of July for the West wall, the measured irradiance
values were statistically different from the modeled irradiance values due mostly to surrounding
objects. As a result, the modeled data cannot represent the measured data during those months.
Use of local sensors that report actual shading conditions upon a building are actually more useful
in this case, as a shaded region will lead to reduced energy gains for entire zones of the building,
and require control response to maintain a comfortable indoor environment. Solar irradiance
varies significantly on a building’s many surfaces based on the environment and surrounding
objects. This case study shows how local plane of array irradiance data can be informative to a
building control system.
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Chapter 1
Introduction

1.1 Background

Significant radiative transfer occurs outside of buildings, yet energy control systems are typi-

cally signaled by internal air temperature thermostats. These reactionary energy control systems

inefficiently handle heating and cooling loads in residential and commercial sectors. In 2011,

approximately 41% of total energy consumption in the United States was from residential and

commercial buildings.[4] In 2003, commercial buildings (i.e. education facilities, health care fa-

cilities, and office buildings) consumed 659 trillion BTUs (∼18%) of electricity which provided

energy for space heating and cooling.[4]

To reduce heating and cooling energy consumption, buildings utilize passive systems to ab-

sorb, admit, emit, and reflect solar insolation (irradiance incident on a surface).[5] Overhangs

or shading devices and insulation are examples of passive systems to reduce building energy

consumption.[5] Building façades essentially behave as flat plate solar thermal collectors (ab-

sorbs/stores irradiance), while windows permit rooms to behave as cavity collectors (admits and

stores irradiance). Based on the thermal properties of a building, heating and cooling loads

increase to compensate for the storage of heat.

There is potential for buildings to perform at higher economic efficiencies with external sig-

nals. Accurate Plane of Array (POA) irradiance measurements collected by sensors are valuable

in the solar resource evaluation of a given site. Sometimes it can be advantageous to mount

sensors along the plane of array (at an angle or vertically). For example, sensors are mounted on

the same plane as photovoltaic arrays to simulate the amount of energy that would be incident

on those arrays. Vertical POA sensors are beneficial for measuring irradiance on vertical surfaces

such as building walls and façades. Vertical POA irradiance on building walls can play a role

in heat transfer in a building. The belief is that the information a set of vertical POA sensors
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provides is useful for efficient building controls responding to changes in the outside environment.

1.1.1 Energy Efficient Buildings Hub

Established by the United States Department of Energy (DOE) in the Philadelphia Navy Yard in

Philadelphia, Pennsylvania in 2011, the Energy Efficient Buildings Hub (EEB Hub) is lead by the

Pennsylvania State University. The EEB Hub is composed of 22 organizations including research

universities, DOE laboratories, industrial firms, economic development agencies, and community

and technical colleges.[6] The Hub seeks to develop energy efficient retrofits to existing buildings

in the Navy Yard as well as in the Greater Philadelphia region. It is a catalyst for improving

building energy efficiency with the goal of reducing commercial building energy use by 20% by

2020, and it also promotes economic growth and job creation in the Navy Yard.

Located in the Navy Yard as the headquarters of the EEB Hub, Building 101 (B101) is a highly

instrumented commercial building.[7] Figure 1.1 provides a birds-eye view of the Navy Yard and

B101. The sensor instruments and data loggers provide data points and measurements of airflow,

energy balances, and indoor air quality parameter baselines throughout the interior and exterior

of the building. The irradiance data values for the North, East, and West walls are collected by

LICOR LI200X silicon pyranometers pictured in Figure 1.2.[8] Based on simulation models of

these building systems, the impact of retrofit improvements are quantified. Forward models are

coordinated with the National Renewable Energy Laboratory (NREL) who are developing pre-

dictive models to estimate the load demand, energy utilization, indoor environment quality, and

lighting levels.[7] These predictive models will quantify the impact that building retrofits have

on the energy efficiency of a building, and it can be applied to other buildings in the Greater

Philadelphia region, as well.

Figure 1.1. Picture of (left) the Philadelphia Navy Yard with a box around the location of Building
101 and (right) a birds-eye view of Building 101.
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Figure 1.2. Installation apparatus for the LI200X pyranometer on the East Wall of B101.

1.1.2 National Oceanic and Atmospheric Administration

The National Oceanic and Atmospheric Administration’s (NOAA) National Climatic Data Cen-

ter (NCDC) maintains the world’s largest climate data archive. Data ranges include paleoclimatic

data all the way to data less than an hour old.[9] Within the NCDC is the United States Cli-

mate Reference Network (USCRN) which includes climate data from 221 locations in the United

States. Core measurements include air temperature, precipitation, solar radiation, and wind

speed. Choosing a USCRN site, especially to measure solar radiation, is based on a number of

factors including regional and spatial representation, climate consistency, long term site stability,

and proximity to other observing sites. Avondale, Pennsylvania was chosen for its consistent

climate and open, unobstructed landscape. In other words, there are no trees or other po-

tential shading objects nearby. Also, the Avondale location is located adjacent to the Stroud

Water Center. The USCRN measures solar resource because radiation data is needed to develop
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the relationship between local air temperature and air temperature from nearby data collection

sites. Solar radiation is also used to assess cloud types for agricultural and hydro-meteorological

models.[10]

Component-based irradiance data, such as beam and diffuse radiation, can be collected by a

pyrheliometer or a shadowband radiometer, but this data is relatively expensive and not read-

ily available for most locations.[11] Global irradiance data is more widely available and can be

used to calculate the irradiation components (beam and diffuse) by various methods such as

the Perez Model.[12] Pyranometers are a type of radiometer, which is a device used to measure

radiant flux. In the case of a pyranometer, it measures the radiation from the sun. There are

two different types of pyranometers: blackbody and silicon-cell. Blackbody pyranometers have

a spectral response of 280-2800 nm and cost anywhere between $1000 and $5000 while silicon

pyranometers are about 10% of that cost. Since most solar panels use silicon as the primary semi-

conductor, silicon pyranometers have a similar spectral response (300-1100 nm) as a solar panel.

As a result, silicon pyranometers provide a more accurate representation of the energy available

for conversion to electricity by a solar panel at a tenth of the cost of a blackbody pyranometer.[13]

The irradiance data was measured in Avondale using a Kipp & Zonen SP Lite silicon pyra-

nometer as shown in Figure 1.3. The SP Lite computes data by obtaining the voltage every two

seconds and averaging the voltages every 5 minutes. The twelve 5 minute periods are converted

to irradiance (W/m2) by using a linear regression calibration equation and then averaging those

values to obtain the global horizontal irradiance (GHI).[1]
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Figure 1.3. Picture of the Kipp & Zonen pyranometer in Avondale, PA.[1]

1.2 Literature Review

1.2.1 Types of Irradiance

The data values collected in Avondale and the Navy Yard are labeled as irradiance (units of

W/m2) which is the rate at which radiant energy is incident on a surface per unit area of that

surface.[12] For the purposes of this study, the Avondale irradiance data is labeled as “modeled”

while the Building 101 irradiance data is labeled as “measured”. Irradiance values are instanta-

neous values over a specified area as opposed to being over a specific time period. Total solar

irradiance, or more commonly global horizontal irradiance (GHI), is the sum of two components

of irradiance: beam irradiance and diffuse irradiance as shown in Equation 1.1.[5] Figure 1.4

shows the components of GHI. Beam irradiance (GB), or direct irradiance, is the solar irradiance

received from the sun without having been scattered by the atmosphere. On the other hand, ir-

radiance received from the sun that has its direction changed due to scattering in the atmosphere

is known as diffuse irradiance (GD).[12] In contrast to GHI is plane of array (POA) irradiance.

POA irradiance is incident on a surface at some angle from horizontal. In the case of Building

101, the sensors are mounted on the vertical plane of array.

G = GB +GD (1.1)
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Figure 1.4. Sky dome with beam irradiance, diffuse irradiance, and ground-reflected irradiance.[2]

Figure 1.5 shows the relationship between the beam irradiance component normal to a surface

and the tilted beam irradiance component. Therefore, the amount of irradiance on a tilted surface

is a sum of the beam (GB), diffuse (GD), and ground-reflected irradiance as shown in Equation

1.2[5], where GG is the ground-reflected irradiance component.

Gt = GBt +GDt +GGt (1.2)

β 

θ GBt 

GBn 

Figure 1.5. Relationship between the beam irradiance component normal to a surface and the tilted
beam irradiance component.
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1.2.2 History of Vertical Surface Irradiance Measurements

Due to the increase in solar energy usage to supplement conventional fuel sources, there is an in-

crease in demand for inexpensive, accurate solar resource data for a given location. Realistically,

solar panels are often mounted on an inclined surface, such as a roof, to maximize insolation, and

the majority of irradiance incident on a building hits the building’s vertical façade rather than a

horizontal plane. For years, however, irradiance was measured on horizontal surfaces rather than

on inclined or vertical surfaces.[14]

In 1986, a study was performed by Maxwell to compare irradiance measured from vertically-

mounted pyranometers to global irradiance on tilted surfaces that was converted from GHI at

the Solar Radiation Research Laboratory in Golden, CO. Vertical POA irradiance data was col-

lected concurrently with the GHI data 2 years prior over a 169-day period between the months of

July and December ending on December 31, 1984. Maxwell looked at isotropic, anisotropic, and

a combination of both situations for the diffuse and ground-reflected irradiance for the vertical

POA surfaces. Maxwell used five different transposition algorithms to convert the GHI to global

irradiance on tilted (vertical) surfaces for north-facing, south-facing, east-facing, and west-facing

sensors. Maxwell’s results showed that all five transposition models overestimated irradiance

by 18%-46.5% on the vertical, north-facing sensors. Four out of the five models predicted the

south-facing irradiance within ±5%. Finally, the east and west-facing irradiance values had er-

rors ranging between -3% and 23%. One of Maxwell’s transposition models, the Perez Model,

which was used as the conversion model in TRNSYS for Avondale, yielded important results.

The Perez Model overpredicted the irradiance on the north-facing, south-facing, and west-facing

vertical surfaces. The irradiance on the north-, south-, and west-facing surfaces were overpre-

dicted by 18.0%, 6.7%, and 10.6%, respectively. These results showed that there is a significant

deficiency in the diffuse sky irradiance component in the Perez Model as well as the other conver-

sion algorithms.[15] A similar study performed by Stoffel in 1987 viewed irradiance values during

the same year as Maxwell’s study (1984) but only looked at a 41 day period between July 22 and

September 4. Again, these results showed a large overestimation of north-facing surfaces but a

better approximation for south-facing surfaces.[16] Both studies stressed the need for deeper re-

search into vertical POA irradiance measurements. Both Maxwell and Stoffel believed that more

research into vertical POA irradiance would lead to a deeper understanding of the deficiency in

predicting diffuse sky irradiance.[15][16]

A similar study by Gueymard in 2009 compared irradiance values collected from south-facing

sensors mounted vertically and 40◦ from horizontal to predictions from ten tranposition models

of horizontal irradiance in Golden, CO. When only global horizontal irradiance is known, the

accuracy of predicting POA irradiance (in this case, vertical and 40◦) significantly degrades due

to inaccurate diffuse irradiance predictions. In addition, Gueymard points out that the vertical

sensor saw even greater prediction inaccuracies due to errors in the ground-reflected calculations.
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Just like Maxwell and Stoffel, Gueymard concluded that further research was needed to more ac-

curately predict POA irradiance from global horizontal irradiance. Also, Gueymard showed that

the prediction of irradiance on tilted surfaces is important to the effective, accurate measurement

of solar resource for a given site.[11]

1.2.3 Challenges of Attaining Accurate Solar Resource Data

The irradiance data collected by NOAA in Avondale is only global horizontal irradiance (GHI),

which is labeled by Gueymard as a suboptimal input in assessing the solar resource of a location.[11]

As a result, irradiance measured on tilted surfaces is more meaningful to assessing the solar re-

source of a given location.

Measuring GHI at a site is the most common method to assessing the solar resource. Only

one sensor is required which cuts costs compared to purchasing multiple sensors. However, accu-

racy in irradiance data is sacrificed by only considering GHI rather than incorporating specific

direct and diffuse irradiance. Consequently, NOAA’s Avondale site provides suboptimal input

GHI compared to B101’s multi-sensor arrangement. The pyranometers mounted on the East,

West, and North walls of B101 measure the total irradiance by including direct and diffuse irra-

diance. While the specific ground albedo is not known at B101, the irradiance data in the Navy

Yard is closer to an optimal input than the GHI data from Avondale. Maxwell, Stoffel, and

Gueymard proved that the large deficiency in predicting diffuse irradiance leads to inaccurate

predictions of tilted irradiance from GHI data.

To more accurately measure solar resource availability, data is typically measured at timesteps

of one minute or less.[11] However, most transposition models such as Hay[14], Perez[17], and

Reindl[18] were developed using hourly timesteps of irradiation data. More accurate solar re-

source availability is necessary for evaluating a potential site, especially a large-scale solar project.

Expensive, large-scale solar projects (commercial, utility-scale, etc.) are highly dependent on

profitability and may not allow for irradiance calculation tolerances larger than ±5%.[11] Large-

scale projects require large investments and require more accurate results to ensure long-term

profitability.

Due to geographical differences in two different locations, there are challenges with shading

effects from cloud cover and nearby buildings as well as reflective surfaces (ground albedo or

nearby object albedo). Incorrect calculation or observance of shading regions can lead to gross

overestimations or underestimations of irradiance at a given site. Unlike buildings which have

regular geometries and, as a result, predictable shading patterns, objects such as trees have

irregular geometries and make it difficult to develop shading profiles.[12] As well as irregular

shapes, deciduous trees provide different shading profiles based on the time of year, making

shading predictions even more difficult. Deciduous trees in the spring and summer provide sig-
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nificantly more shading than in the fall and winter due to increased foliage. Local climates and

landscapes also influence the measurement of irradiance and affect the solar resource availability.

The albedo, or reflectance, of Earth’s surface as well as surrounding objects heavily influence

the ground-reflected irradiance component. Large albedos (high surface reflectivity) can amplify

the irradiance measurements on tilted surfaces, and this phenomenon can lead to significant er-

ror in the estimation of irradiance on a plane of array surface.[19] Since the ground albedos of

Avondale and Building 101 are not known, the widely accepted value of 0.2 was used. In urban

environments, the albedo of surrounding building façades or streets depends on the material such

as concrete (0.29) or asphalt (0.08).[20].

In addition to shading from nearby objects, effects from cloud shading create challenges for

comparing two different locations. It is difficult to model and predict changes in cloud cover

between the Philadelphia Navy Yard and Avondale, PA which is located 33 miles west of the

Navy Yard.



Chapter 2
Methods

2.1 Data Processing and TRNSYS

2.1.1 Avondale Data Collection and Processing

The remote data source for correlation analysis was collected from the National Oceanic and

Atmospheric Administration (NOAA) meteorological station in Avondale, PA, located approxi-

mately 33 miles west of the Philadelphia Navy Yard. The data was adjusted for this geographic

difference, but short term differences created by scattered clouds or microclimatic difference are

not accounted for. Over timesteps of one hour, the impact of these differences is assumed to

be small. The GHI was downloaded from the Avondale weather station for use with model

correlations as a comma-separated values (CSV) file.[21] Due to the large quantity of irradiance

data, each month of the year was downloaded separately rather than as one large data set for

the entire year. The CSV file was imported into Microsoft Excel where a macro was run to

remove unnecessary data or to use interpolation to fill in missing data points. After the macro

was run, the CSV file was imported into TRNSYS using a data reader (Type 9c). The Avondale

data was converted to kJ/hr·m2 and run through a radiation processor (Type 16a), where some

geographical details and model assumptions were made. The radiation processor uses the Perez

model as the tilted surface mode to convert the GHI data to simulate the irradiance hitting a

vertical wall. The latitude and solar shift of Avondale with respect to the Navy Yard provided

the necessary geographical details. The output from the radiation processor was passed through

a unit conversion routine to convert the irradiance data back to W/m2 and finally through a

graphical output component.

2.1.2 Building 101 Data Collection and Processing

The measured POA (vertical) data from Building 101 must also be downloaded. The irradiance

values incident on the East, West, and North walls on minute intervals of Building 101 were
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downloaded from the EEB Hub’s website.[8] The irradiance data from the EEB Hub sensors are

in units of W/m2.

With the data in tabulated files, Microsoft Excel macros were developed to process the data

for easy import into TRNSYS. Both data sets were reviewed for gaps and corrected by interpo-

lation, typically occurring during the nights. In addition, the macros also converted the minute

data to hourly data by averaging all 60 data points over each hour. After the data sets were

corrected and converted to hourly data, the tabulated files were imported into TRNSYS. The

TRNSYS model for Building 101 employed a second data reader (Type 9c). The output from the

data reader was passed through the same graphical output component as the Avondale data. Fig-

ure 2.1 displays the TRNSYS simulation studio layout with the combined functions for Avondale

and Building 101.

Output
Type65a

Calculator for Radiation on Tilted (Vertical) Surfaces

Unit Conversion
Type57

Avondale Data Reader
Type9c

Bldg101 Data Reader
Type9c

Radiation Processor
Type16a

Figure 2.1. TRNSYS screen shot of the simulation studio for the Avondale and Building 101 data.

2.2 Error Calculation and Graphical Approach

The output from the TRNSYS model yields tabulated measured irradiance data from Building

101 and modeled data from Avondale, where the vertical surface irradiance is estimated by

component derivation from Avondale GHI. The differential irradiance and error between the

measured and modeled data for each wall was calculated using Equations 2.1 and 2.2, respectively.

Using the difference in irradiance, percent error, and global horizontal irradiance for each month,

data for each wall was combined into a single tabulated file. From that set, the lower quartile,

minimum, median, upper quartile, maximum, and mean at each hour for each wall was evaluated,

as well as GHI. Using Equation 2.3, weighted averages were calculated for each wall, where x

is the data set and w the weighted value. The weighting criterion was based off the mean

horizontal irradiances for each hour in Avondale. Weighting the residuals is important to highlight

significant irradiance residuals. In other words, the residuals are emphasized in the middle of the

day rather than in the early morning or late evening hours.
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Residual = Measured − Modeled (2.1)

%Residual =
Measured − Modeled

Modeled
(2.2)

x̄ =

∑n
i=1 xiwi∑n
i=1 wi

(2.3)

With the weighted averages for each wall, the mean irradiance was estimated on each wall and

summed. Using Equation 2.3 again, the weighted mean error and the weighted mean percent

error was also calculated. Box and whisker plots were generated for each wall to show the error

values, or residuals, during each hour of the day for each month analyzed, offering a new per-

spective on the hourly distributions of error.

The relationship between two variables is typically viewed through the lens of a dependent/ in-

dependent combination. The dependent variable is typically called the “criterion” variable while

the independent variable is typically called the “regressor” variable. However, the dependent

variable does not always imply a cause-and-effect relationship. In cases like this, a relationship

between two variables is termed a simple regression.[3] In the case of Avondale and Building 101,

Avondale irradiance is referred to as “modeled” data while Building 101 irradiance is referred to

as “measured” data. Despite being labeled as “modeled”, the irradiance values for Avondale are

still subject to various errors and assumptions that lead to imperfect data.

Rather than looking at the error between both sets of data (which assumes that one data set is

“perfect” data), the residual provides a greater mode of comparison between both data sets since

neither one contains “perfect data”. The residual is a departure or difference of an actual Yi from

a predicted Yi. In the case of comparing Avondale and Building 101 irradiance, the modeled data

(Avondale) is the predicted Yi while the measured data (Building 101) is the actual Yi.

To determine whether the difference between two values is significant, a simple t-test can be

used, commonly referred to as the “Student’s” t-test. Specifically, a “Student’s” t-test compares

two data sets to see if they are statistically different from one another. A “Student’s” t-test

assumes a normal distribution and determines the difference between a population mean and a

hypothesized mean, also known as the null hypothesis.[3] The Welch’s t-test is an approximation

of the “Student’s” t-test that compares two data sets that possibly have unequal variances, which

is the case of the Avondale and Building 101 data sets. The results of the Welch’s t-test yields

a “t-statistic” that can be compared with a table of probabilities to show the probability that

the difference between a population mean and a hypothesized mean is statistically significant.

In other words, the results of Welch’s t-test shows the probability that the irradiance values for

Avondale and Building 101 are statistically different. If the probability is high that both data

sets are statistically different, then the null hypothesis is rejected.[22]
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To calculate the t-statistic in a t-test, the variance (VAR) and the standard error of the mean

(SEM) need to be calculated as shown in Equations 2.4 and 2.5[3], where xi is a given irradiance,

x̄ is the mean irradiance value, and n is the number of data points in the entire set. Using the

population mean (x̄2), null hypothesis (x̄1), and SEM, the t-statistic can be calculated as shown

in Equation 2.7.[3] Comparing this t-statistic to the probability table shown in Figure A.1 will

yield the confidence interval that the result is statistically significant.

V AR =

∑
(xi − x̄)2

n
(2.4)

SEM =

√
V AR2

1

n1
+
V AR2

2

n2
(2.5)

ν =

(
V AR2

1

n1
+

V AR2
2

n2

)2
(

V AR2
1

n1

)2

n1−1 +

(
V AR2

2
n2

)2

n2−1

(2.6)

t =
x̄1 − x̄2
SEM

(2.7)



Chapter 3
Results and Discussion

Figure 3.1 demonstrates the daily residual errors between the modeled values and the measured

POA data. The top line of daily GHI is the source data from Avondale during a select clear sky

week. The residual differences between measured and modeled vertical surface irradiance for the

East, West, and North façades are represented below that primary GHI set. Repetitive errors of

a sinusoidal over/under prediction can be observed each morning in the East, each afternoon for

the West, and for both periods to the North.
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Figure 3.1. Building 101 errors assess for GHI and POA during the week of July 12-July 18, 2012

From detailed single-day inspections, the modeled vertical surface irradiation for Avondale was

found to be similar yet not equivalent to the measured Building 101 data. Figure 3.2 shows

a day’s comparison between measured POA data and modeled data from Avondale, using the

example of a sunny day in July. Figure 3.3 displays an example of an alternate cloudy day in

July.
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Figure 3.2. A sunny day on July 6, modeled data is dashed, measured data is solid.
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Figure 3.3. A cloudy day on July 20, modeled data is dashed, measured data is solid.

Figure 3.4 shows the transition time in October where the East sensor starts in full sun all morning

and ends the month shaded by a building wing during most of the morning. Hence, the East

sensor is completely shaded for the month of December and half of January, but is not shaded

by the building wing-wall from the beginning of March through early October. Phenomena such

as this were delivered strong biases and skewing of the error data analyses for different months

and times of the day.
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Figure 3.4. Building 101 East sensor data for select clear days during the month of October, showing
a transition from fully exposed to partially shaded.

Figures 3.5, 3.6, and 3.7 provide a detailed and highly informative perspective on the evolution

of hourly residuals among each of the three Building 101 vertical surfaces. The box and whisker

plots show the hourly spread of data for each month analyzed, from July 2012 through December

2012. In certain cases the maximum observed point was outside the bounds of the standardized

plots–the values were then labeled on the graphs.

Figure 3.5 shows residuals from the East sensor that increase in the morning in both magni-

tude and skew as time progresses from July to December. This is due to the significant shading

that obscures the East sensor during the 10am hour in October and most of the day in both

November and December. The East sensor is located in a transition shade region by building

wingwall interference located Southeast of the pyranometer as shown in Figure 3.8. The positive

residuals earlier in the day in July and August followed by negative residuals approaching noon

show a trend that could be due to surrounding objects that may reflect or absorb more or less

irradiance than is predicted by the correlation model.
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Figure 3.5. Monthly box and whisker plots of the residuals of hourly irradiance on the east sensor on
Building 101.
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Figure 3.6 shows residuals from the West sensor that are larger in the afternoon at specific times

(August) and seem to shift from positive to negative at different times throughout the year

without much of a trend. This is likely due to a large deciduous tree located to the West of the

building that obscures the West sensor at certain times of the day in November and December

as shown in Figure 3.8. Additionally, as the leaves fall off in the Autumn months and are not

present in November and December, the magnitude of the residuals is decreased.
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Figure 3.6. Monthly box and whisker plots of the residuals of hourly irradiance on the west sensor on
Building 101.
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Figure 3.7 shows residuals from the North sensor with a trend in July and August where the

residuals are negative in the morning and positive in the afternoon. Here, there is a tree located

near the Northeast corner of the building that sometimes obscures the North sensor as shown in

Figure 3.8. Due to the rotation of the building of 6 degrees West of North, in July and August

the correlation model anticipates the sensor to see some beam irradiation in the morning and be

shaded in the afternoon. However, because of the tree, the sensor is in shade in the morning,

and sees some reflection off of the tree in the afternoon. In the later months, August through

December, the residuals are negative showing that the tree is simply making it even darker on

the North side than the model is anticipating.
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Figure 3.7. Monthly box and whisker plots of the residuals of hourly irradiance on the north sensor on
Building 101.



22

N

Building 101

Sensors are located
below the three blue
dots on this image,
on the second
(middle) floor of the
building.

The building isThe building is
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West of North.

Figure 3.8. (Left) The pyranometers mounted on the East, West, and North walls are shown as blue
dots and (right) potential shading objects are highlighted in red.

To determine whether or not the residuals between the modeled and measured data is statistically

significant, Welch’s t-test was employed. After employing Equations 2.4, 2.5, and 2.7, the t-

statistic was calculated for each wall (East, West, and North) during each month of the year.

The t-statistic values are shown in Figure 3.9. The positive t-statistic values imply larger averages

for the modeled data versus the measured data while the negative values imply larger averages

for the measured data versus the modeled data. However, when comparing the t-statistic values

in Figure A.1, the absolute values of the t-statistics are used. As a result, there is no significance

to the positive and negative values for this particular study.

Figure 3.9. t-statistic values for the irradiance on the East, West, and North walls between the months
of July and December.
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In addition to calculating the t-statistic for each wall of each month, the degrees of freedom were

also calculated. The degrees of freedom are necessary for the comparison of the t-statistics in

the probability table. Employing Equation 2.6, the degrees of freedom were calculated for each

wall of each month as shown in Figure 3.10. Due to the similarity in the critical values of the t

distribution in the probability table when the degree of freedom values are so high (> 700), the

degree of freedom values as shown in Figure 3.10 were rounded down to their nearest value in

the table. As a result, the degrees of freedom considered were ν = 700 and ν = 1000. Looking at

a confidence interval of 95%, the critical t values are 1.963 and 1.962 for ν = 700 and ν = 1000,

respectively.

Figure 3.10. Degree of freedom values for the irradiance on the East, West, and North walls between
the months of July and December.

Comparing the t-statistics shown in Figure 3.9 with the critical t values shown in Figure 3.10

yielded results concerning the statistical significance of the irradiance values between the modeled

and measured data. For t-statistics greater than the critical t value at its corresponding degree

of freedom, the null hypothesis was rejected. Instances where the null hypothesis was rejected

were highlighted in red in Figure 3.11. This means that the measured irradiance values were

statistically different from the modeled irradiance values. If, on the other hand, the t-statistics

were less than the critical t value at its corresponding degree of freedom, then the null hypothesis

was accepted. Instances where the null hypothesis was accepted were highlighted in green in

Figure 3.11. This means that the measured irradiance values were not statistically different from

the modeled irradiance values. The results for the East, West, and North walls for the months

of July to December are shown in Figure 3.11.

Figure 3.11. Results of the t-test showing whether or not the null hypothesis was rejected.
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The results of the t-test are very telling when comparing the modeled and measured irradiance

data. For the East and North façades, it can be said with 95% confidence that the measured

irradiance values during the month of July are represented well enough by the modeled data from

Avondale. Due to the high solar altitude angle, there is no concern with shading from the South-

eastern wingwall on the East sensor. Also, the sun rises and sets in the Northern regions which

allows the North sensor on Building 101 to more closely resemble the North modeled irradiance

values in Avondale. However, between the months of August and December, the measured data

cannot be represented by the modeled data from Avondale. The solar altitude angle decreases

from August to December which led to less beam irradiance incident on the North façade of

Building 101 but larger diffuse component values. In addition, the tree to the Northeast was

providing additional shading as the sun dropped lower in the sky. As discussed earlier, the oc-

casional and eventual complete shading on the East sensor between the months of October and

December skewed the measured irradiance values and created much larger irradiance residuals

during that time period.

On the other hand, the West façade of Building 101 has the opposite effect as time progresses.

In July, the measured irradiance on the West wall was statistically different than the modeled

data, which is most likely due to the shading provided by the tree located to the Southwest of

the sensor. However, from August to December, it can be said with 95% confidence that the

irradiance values for the West wall were statistically similar or the same as the modeled data.

During the fall and winter months, when the Southwest tree lost all its foliage, there was very

little shading as a result of the tree’s location. This allowed for irradiance values to be more

representative of the irradiance values from Avondale.



Chapter 4
Conclusion

Measured irradiance on the plane of array for building surfaces offers different results than are

obtained by modeled correlations from global horizontal irradiance. Trends and biases in the

errors show certain objects near to the building that both increase and decrease incident irradi-

ance depending on the time of year and the time of day. For example, the East wall experiences

positive residuals during the morning but negative residuals in the afternoon in July and August

which is likely due to surrounding objects either reflecting or absorbing more or less irradiance

than is predicted by the Avondale correlation model. Also, the decreases in the residuals for

the West wall between the months of October and December are likely a result of the deciduous

tree losing its foliage. During the summer months, rather than the North sensor seeing increased

beam irradiance in the morning, the nearby tree instead provides shading during the morning.

The results of a t-test proved with 95% confidence these phenomena. Between the months of

August and December for the North and East walls and during the month of July for the West

wall, the measured irradiance values were statistically different from the modeled irradiance val-

ues due mostly to surrounding objects. As a result, the modeled data cannot represent the

measured data during the months. Some of the more significant errors can be accounted for in

future work through more accurate modeling that includes the surrounding objects (e.g. trees)

and their material properties. However, without an advanced energy model accounting for ac-

curate surroundings, residuals on the order of hundreds of watts per meter squared were observed.

Such detailed energy models are atypical, far outside of the normal commissioning, operation,

and maintenance of a commercial building due to expense. Use of local sensors that report actual

shading conditions upon a building are actually more useful in this case, as a shaded region will

lead to reduced energy gains for entire zones of the building, and require control response to

maintain a comfortable indoor environment. Solar irradiance varies significantly on a building’s

many surfaces based on the environment and surrounding objects. This case study shows how

local plane of array irradiance data can be informative to a building control system.



Appendix A

Figure A.1. Probability table used to compare the t-statistics to the critical t values to determine the
statistical significance between the modeled and measured irradiance values.[3]
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