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Solar Potential on the Middlebury College Campus using the ESRI Solar Analyst Tool

Questions

1) How do insolation models created by the Solar Analyst tool in ArcGIS 9.2 compare to actual pyranometer data compiled from readings of building rooftops on campus?
2) What is the solar potential of building rooftops on the Middlebury College Campus?
3) Where are the best (most efficient) locations on campus to place photovoltaic arrays?
Why?


This project is important because it has some tangible goals.  If photovoltaics are ever placed on this campus, the insolation map and pyranometer data will both provide excellent starting points for assessing the most efficient locations, especially if we can effectively use information from both of these sources in tandem.  Cost/benefit analyses of different photovoltaic systems can be used to determine ideal size and quantity of panels.  Although these may seem to be relatively simple means for addressing a rather complex problem, their utility at this scale has not been assessed until recently by Vandal (2007).  Which leads to another important part of this project: to further investigate the usefulness of the Solar Analyst tool.  In his paper A geometric solar radiation model with applications in agriculture and forestry, Pinde Fu notes that his model uses few parameters but has exceptional accuracy for the sparse number of field measurements it requires (Fu and Rich, 2002).  Solar Analyst has similar time and energy saving potential in this application on the Middlebury College campus, but its capacity for proper photovoltaic site identification still needs to be tested.

Data Sets


As described briefly above there are two main datasets that I will be working with.  The first dataset is a high resolution digital terrain model (DTM) of the Middlebury College campus with ~2 foot accuracy. Another is a dataset generated by the Solar Analyst tool in ArcGIS 9.2 which is derived from the DTM.  This tool calculates the total amount of incoming solar radiation in an area based on a comprehensive array of viewshed analyses and calculates an overall insolation map.  It has been developed over the last decade or so by two people in particular, Pinde Fu and Paul Rich.  An earlier software program known as SOLARFLUX was developed by Paul Rich in the early 1990’s off of which the Solar Analyst tool is based (Rich, Hetrick and Saving, 1995).  A third dataset generated from actual radiation readings acquired with three separate HOBO silicon pyranometers spaced at different locations on the Middlebury College campus was borrowed from Vandal (2007).     
Methods


The first part of my study involves the generation of a campus area insolation map.  In order to generate an insolation map the Solar Analyst tool in ArcGIS 9.2 compiles information from a complex series of viewshed analyses and compares them with solar radiation models.  Basically, the tool tries to model the total amount of direct and diffuse radiation that hits a study area.  Either point based radiation or area based radiation models can be calculated using Solar Analyst.  Methods to describe the area based process, which I attempt to summarize below, are briefly explained in the ArcGIS Desktop Help 9.2 website as well as in the online paper, Design and Implementation of the Solar Analyst by Pinde Fu and Paul Rich (Fu, Pinde and Rich, Paul M., ).  Point based radiation assessments are calculated for single raster cells rather than every cell in a study area.  This analysis takes four separate steps: the generation of (1) upward looking hemispherical viewsheds, (2) sunmaps to calculate direct radiation, (3) skymaps to calculate diffuse radiation, and (4) a map layer which models global radiation. 
1. Upward Looking Hemispherical Viewsheds  
In the first step upward looking hemispherical viewsheds are determined based on the topography of the study area (Figure 1).  Separate upward looking viewsheds are calculated for every single raster cell in a DEM.  Their intention is to model the amount of visible sky from each raster cell location in the DEM.  ESRI describes these viewsheds as raster representations of “the entire sky that is visible or obstructed when viewed from a particular location (ESRI ArcGIS Desktop Help, 2006).”  In general, flat areas view more visible sky and thus receive more insolation than areas of high relief, which tend to have variable horizon angles that obstruct incoming solar radiation.  Therefore, this calculation is based entirely on horizon angle measurements that the Solar Analyst tool infers from the DEM.  The number of directions in which the Solar Analyst tool measures horizon angles can be specified, and other horizon angles are interpolated from these measurements.  The skysize parameter lets the user input the pixel size of the viewshed raster and acts as a way to control the resolution of the study.  Figure 1 helps clarify the relationship between the DEM, the upward looking hemispherical viewshed generated from that DEM, and a related fishbowl-type upward looking photograph apparently taken from the real world location associated with the raster cell being analyzed. 
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Figure 1. The generation of an upward looking hemispherical viewshed from a DEM, then compared with “fish-eye” photograph (ESRI ArcGIS Desktop Help, 2006).
2. Sunmaps and Direct Radiation

In the second stage of analysis a sunmap is created for comparison with the upward looking hemispherical viewsheds.  ESRI defines a sunmap as “a raster representation that displays the sun track, or apparent position of the sun through the hours of the day and through the days of the year (ESRI ArcGIS Desktop Help, 2006).”  In this way, sunmaps chart direct radiation patterns over time.  Solar Analyst has the capacity to calculate these sunmaps based on the latitude of the study area and the duration of the study.  The calculation is done in the same hemispherical projection used for creating the viewsheds.  The same skysize parameter set for creating the viewsheds is also used for creating the sunmaps, so both layers are at the same resolution.  The result is a map of direct solar radiation tracks over a specified period of time.  Each sunmap is broken into sectors that represent the sun’s position by the hour of the day and the day of the year (see Figure 2), and the sky sector size can be set to determine the intervals at which the sun’s position is modeled.  Basically, radiation values are calculated from an atmospheric constant and the size and fraction of each sector in the study area.  The angle of incidence also controls the intensity of direct radiation.  The direct radiation can be calculated for each cell in the study area by overlaying the viewshed on the sunmap to exclude the areas that are topographically shaded.  
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Figure 2. Sunmap (ESRI ArcGIS Desktop Help, 2006)
3. Skymaps and Diffuse Radiation

The third analysis is known as a skymap which, rather than charting radiation coming directly from the sun, approximates the diffuse pattern of radiation as it is scattered by clouds and atmospheric particles.  In a skymap, separate sectors indicate the different sections in the sky where diffuse radiation comes from, and diffuse radiation varies with zenith angle (see Figure 3).  If local weather records can be found they can be used to quantify the diffuse proportion of light for implementation as a parameter in the model.  The number of zenith and azimuth divisions of the skymap can be set by the user to control the resolution. Once again, the viewsheds are used to restrict the topographically shaded areas from the calculation of diffuse radiation for each raster cell.  
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Figure 3. Skymap (ESRI ArcGIS Desktop Help, 2006)
4. Global Radiation

Once the viewsheds from each raster cell location are overlaid onto both the sunmap and the skymap (Figure 4), the sum of the resulting direct and diffuse radiation can be calculated for each cell, and this value is known as the global radiation.  In this way global radiation is based on how much the viewsheds obstruct the sunmap and the skymap at each raster cell.  Global radiation values are then used to generate an insolation map which shows the distribution of global radiation on the terrain based primarily on topographical shading.
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Figure 4. Overlay procedures used to calculate global radiation values (ESRI ArcGIS Desktop Help, 2006)
In order to generate the insolation map an elevational surface had to be acquired for solar analysis.  A digital terrain model (DTM) of the Middlebury College campus with ~2 foot accuracy was used as the input data source.  This DTM was derived from a high accuracy autoCAD file that was generated during a professional campus wide survey and then subsequently updated by Vandal (2007).  3-Dimensional raster model representations of each building on campus were included in this DTM.  This allowed buildings to create shadows and affect viewsheds in the raster layer when horizon angles were measured.  There is some error associated with this because raster layers cannot accurately represent verticality.  This means that building walls in the model are not completely vertical.  However, since this study is concerned with assessing the photovoltaic potential of building rooftops, its relevance to this study is negligible.      

In order to validate the Solar Analyst models generated by his study, Vandal (2007) compiled data from three HOBO silicon pyranometers were located in different campus locations to measure flat plane radiation in watts/square meter from 300 to 1100 nm (visible range is 400 to 700 nm).  These three separate pyranometers were spaced throughout campus by Vandal (2007) from November 2006 to March 2007.  They transmitted readings to data loggers at five minute intervals and were downloaded and compiled in an excel spreadsheet.  Locations that have been measured include the roof of Bicentennial Hall, Starr Hall, and the golf course.  These locations were chosen to gain an understanding of the significance of topographic variability in relation to the accuracy of the Solar Analyst insolation model.  The roof of Bicentennial Hall is more or less unaffected by topographic shading, while Starr Hall has significant shading from other buildings and topography.  The golf course is only affected by topographic shading.  
When comparing the pyranometer measurements to point based radiation models using Solar Analyst, Vandal (2007) found that error ranged from ~2-23%.  The highest error was clearly associated with the short pyranometer deployment duration and the topographic complexity surrounding Starr Hall (Vandal, 2007).  With the effectiveness of this model validated, its usefulness for identifying photovoltaic sites was clarified.  I undertook an extension of this study soon after for the assessment of photovoltaic cell placement and cost/benefit analyses.  My area radiation solar models are based off of complete yearly calculations using Solar Analyst.  To run the model, convergence thresholds graphs generated by Vandal (2007) were studied.  Parameters, such as skysize, day interval, and hour interval, were chosen with help from these graphs.  They depicted the how the value of the parameter controlled the accuracy of the global radiation output.            
With a proper understanding of the accuracy of the model, and parameter selection aided by the convergence graphs developed by Vandal (2007), an area based solar radiation model was run for the entire year from 2006-2007.  After 27 hours and 37 minutes of calculations the global radiation raster was complete.  Potential building rooftop sections were digitized based on the rooflines inferred from high resolution aerial photos of the campus.  By splitting the rooftops by their ridgelines it allowed contiguous areas for potential photovoltaic placement to be identified.  Once completed zonal statistics could be run on the digitized polygons that were created for each roof section.
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Figure 5. Global radiation model of the Middlebury College Campus from the South.

Zonal statistics allowed for a complete assessment of the costs and benefits of photovoltaic installation based on the campus location.  The potential utility of implementing British Petroleum SX 170 B (http://www.bp.com/sectiongenericarticle.do?categoryId=3050530&contentId=3060117), 170 watt photovoltaic modules onto Middlebury College rooftops was calculated.  As a result of the many chimneys and other rooftop ornaments the first calculation was to assume that only 75% of the digitized roof sections could be covered with solar paneling.  This also accounted for some of the peaks and valleys which were too complex to model and would not be available for placing photovoltaic panels.  Some aesthetic issues were also avoided, since a roof completely covered by panels hiding the original structure can be considered an eyesore.  With the square footage assumed available for panel coverage calculated by zonal statistics command, the actual number of panels placed on the roof could be determined.  BP SX 170B photovoltaic modules require ~16.5 ft2 for installation, and with the number of potential panels per roof, the cost of photovoltaic coverage could be calculated (BP SX 170B panels typically cost ~1000 USD, http://www.affordable-solar.com/bp-solar-sx-170-watt-solar-panel.htm).  Since the area required for the installation of each separate panel (~16.5 square feet) is larger than the actual productive cell area on each panel (13.554 square feet) because of the panel frame, the productive area of the entire rooftop had to be calculated separately from the total roof area covered by the panels.  Since global radiation was provided by the calculated model in watt Hours/square meter, the total productive area could then be used to determine the average watt hours per square foot hitting the productive photovoltaic areas.  This was based on the average global radiation hitting the rooftop section during the duration of the study model.  Multiplying the average watt Hours/square foot by the productive cell area gave a total watt Hour energy count hitting the panels over the year.  However, since the efficiency of photovoltaic panels is known to fluctuate anywhere from 5-20% (Fanney, 2001) ranges of total kilowatt Hours of energy produced were determined based on this range.  Monetary savings from the total harness-able production of kilowatt Hours was then calculated.  Thirteen cents per kilowatt-hour was considered the approximate year-round average cost of electricity to residential users in Vermont based on estimates made by Central Vermont Public Service (http://www.cvps.com/efficiency/audit.shtml).  Since the BP panels are covered by a 25 year warranty their total electrical savings over 25 years could be also be assessed.
Results

Results from this model show that the guaranteed 25-year lifespan of the BP SX170 B photovoltaic modules (covered under warranty) could possibly be a sound investment depending on the average efficiency of the panels.  Three rooftop sections in particular represent ideal photovoltaic sites: the flat rooftop of the new library, the Atwater rooftops, and the flat rooftop on the north end of Bicentennial Hall.  These sites would provide the most contiguous areas for photovoltaic setup.  Focusing on the best potential site, the flat rooftop of the new library could potentially provide space for about 404 panels requiring at least 16.5 square feet each.  At $1000/module that would be a total of $404,000 excluding installation costs, grid connection, and monitoring equipment.  These panels would receive ~819,000 kiloWatt hours/year of global radiation.  That corresponds to a production of 41,000 to 164,000 kilowatt Hours/year based on the efficiency of the panels.  For the sake of comparison, there are forty-eight 120 watt panels on the UVM campus which produced ~3,500 kiloWatt hours for the year of 2006 (http://www.uvm.edu/~solar/?Page=energytotals.html).  Also, on the other end of the spectrum, four hydro-electric stations on the Lamoille River generated about 2,450,578 kiloWatt hours according to Central Vermont Public Service (Duke, 2007).  Over 25 years there is a potential savings in energy costs of ~$532,000 if the efficiency of the panels on the library rooftop remains high.  This would give a ~$128,000 return on the investment of the panels.  However, it is important to remember that this calculation doesn’t include installation and other costs.  Another factor to consider is that the price per panel during a bulk order would be significantly less than $1000.  Small commercial orders are priced much differently than larger business orders.  The industrial price and stats on other panels would have been useful to find and would have made this study more comprehensive.  Additionally, state rebates and other incentives for use are common.  This would increase the net savings considerably since most states have an incentive program which provides a certain tax rebate for every kiloWatt hour of clean energy produced. 

When conducted with the proper parameter settings Solar Analyst appears to be a good resource for assessing photovoltaic site locations.  Cost/benefits analyses can provide a good foundation for estimating potential savings based on energy production, if any exist at all.      
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