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Abstract. George Mason University faces a serious challenge in meeting its goal of being carbon 

neutral by 2050. One critical component of doing so would be moving away from grid-supplied 

electricity and towards renewable energy generation. To that end, the University’s options for a solar 

energy installation were modeled and a utility vs. cost analysis done to determine if any were 

financially feasible, and if so, which option was the best. It was determined that solar energy 

generation is a reasonable approach at this time, and that the ideal options were off-site solar farms 

with contracted power purchase agreements (PPAs), perhaps with some additional on-campus 

generation for public relations value. 

Problem Context 

Global warming is a very serious concern. According to NASA's climate change evidence, 

atmospheric carbon dioxide (CO2) levels are at over 400 parts per million, despite never having 

passed the 300 parts per million mark in the last 400,000 years (NASA 2018). This is leading to rising 

temperatures, melting polar ice, rising sea levels, and increasingly more volatile weather patterns. 

Fossil fuel-sourced electricity accounts for 35% of U.S. CO2 emissions and 29% of total greenhouse 

gas (GHG) emissions (EPA 2017), and reducing usage is becoming an increasingly vital social 

problem. As such, Universities around the country are facing pressure to be leaders on this issue. Our 

pilot site, George Mason University (GMU), is a perfect example of this. The Fairfax, Virginia 

campus uses a great deal of grid-supplied electricity (around 93 million kWh in 2016), is using 

steadily more as the University expands (that number is up 26 million kWh in the last decade), and yet 

the University has pledged to become carbon neutral by 2050 (GMU Office of Sustainability 2018). 

The following chart shows CO2 emissions from GMU’s historical electricity demand, and linear 

projections of their demand and a path to compliance with that goal. The highlighted gap between 

these projections is where this project comes in. GMU (and similar Universitites around the country) 

needs a way to begin closing the separation between their goals and their reality. 
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Figure 1: GMU Energy Projections. Data courtesy GMU Energy Department 

Beyond just social pressure, there is an increasing likelihood of regulatory pressure as well, at both 

the state and federal level. As of 2015 goals were in place to increase renewable energy usage by 

Virginia state government buildings (Virginia Governor’s Office 2015) and plans are in place to join 

the Regional Greenhouse Gas Initiative that spans the northeast, implementing a carbon cap in the 

state (Siciliano 2017). At the same time, many companies in the US are already using carbon tax 

forecasts in their planning and risk assessments in preparation for federal regulation (The Economist 

2013). A federal carbon tax (a direct tax on every ton of carbon emitted into the environment) would 

have an immediate impact on electricity prices around the country. Current EPA estimates put the 

social cost of carbon (a likely figure to base such a tax on) at $42 per metric ton (EPA 2016). 

One of the most promising and widely adopted approaches to reducing a carbon footprint is the 

integration of solar power. According to Bloomberg New Energy Finance, solar prices have dropped 

62% since 2009, and reductions are projected to continue until at least 2040 (Shankleman & Martin 

2017). Microsoft (Microsoft 2018), Amazon (Darrow 2016), and the University of Virginia (Kelly 

2017) all have large-scale solar projects in the state. Solar energy can either be installed directly at 

campus facilities and used to power them directly, or at an off-site solar farm and used to offset the 

power used on campus through a power purchase agreement (PPA). In a PPA the University would 

contract with a third-party contractor to build and operate a solar farm. GMU would pay the 

contractor a set rate for the power and renewable energy certificates (RECs) and would receive the 

return from selling the power on the wholesale market. GMU would still receive their power from the 

grid, but for accounting purposes it would be offset by the RECs. 

One potential complication to the project is the University’s relationship with Dominion. As a 

regulated electric monopoly, Dominion has near-complete control over electricity generation in the 

state of Virginia, and they have at times been a hindrance to solar development in the state (Main 

2011), though this has turned around somewhat in recent years. As well, the University currently 

receives very favorable electricity rates of around $0.06/kWh, significantly below both state and 

nationwide averages at commercial or industrial sites (Electricity Local 2018). This is likely due to 

the large and steady demand the campus has throughout both the day and night. Should a significant 

portion of that daytime demand be shunted away in favor of solar, the University could go from being 

a highly desirable customer to another contributor to the “duck curve” (Jones-Albertus 2017) 

problem, requiring far more power when the sun isn’t shining than when it is. This could in turn 

jeopardize that favorable electricity rate and turn a project with good intentions into a budget disaster. 

The specifics of the University’s relationship with Dominion are outside the scope of this project, but 

it is necessary to keep potential implications in mind. 



 

Finally, one increasingly important technology this project did not consider was energy storage. 

While battery storage is approaching financial viability in some implementations, it still represents a 

significant cost unless your energy supplier’s rates vary significantly by time of day or a site is 

over-generating its demand. Our generation figures are nowhere near overtaking the campus’ 

demand, and the specifics of the University’s energy contract are not available to us. That said, solar 

generation occurs exclusively during the daylight hours, which are already typically more expensive 

than any time but early evening. We will simply note here that if the time of energy generation 

becomes a significant sticking point with Dominion, the use of batteries to shift usage out of daylight 

hours might be a solution. 

Problem Statement 

George Mason University (GMU) spends $10 million annually on energy (GMU Office of 

Sustainability 2017a) and emits around 100,000 metric tons of CO2 equivalent gases per year 

(STARS 2017). Without intervention these numbers are only likely to increase as the University 

continues to expand. At a $42 per metric ton valuation this represents roughly $4.2 million annually 

in both environmental damage and potential tax liability. With a commitment to become climate 

neutral by 2050 (GMU Office of Sustainability 2017b), GMU has been reducing energy consumption 

by integrating green technologies into their buildings, but there are limitations on the total impact this 

approach can have. While a study conducted in 2011 found a solar power system was not cost 

effective at GMU (Wiley|Wilson 2011), solar power costs have been declining rapidly and it has been 

one of the fastest-growing sources of non-utility energy generation since that time. 

Concept of Operations 

To combat this problem, we believe there is a need to reduce GMU’s dependence on carbon-based 

fuels for its energy. To this end, this project has determined the viability, both operationally and 

financially, of bringing a solar energy system to the University. Solar energy systems operate on a 

relatively straightforward process, using photovoltaic panels to convert solar radiation into direct 

current electricity, power inverters to convert that output into alternating current, and then 

transmitting that power either directly to campus facilities or back into the utility grid for utilization 

elsewhere. That said, there are a variety of options as to where and how to place the system, both on 

and off University land. The main considerations behind which of these options to include are the 

amount of power they’re capable of producing, and thus the amount of greenhouse gas emissions they 

reduce, how visible the project is for University public relations purposes, and of course the cost. 

The first and simplest of these options is to place solar panels in their traditional place atop rooftops 

on campus. For a rooftop to be an ideal candidate for solar panels it must be relatively unshaded – 

whether from other rooftops, tall trees, or structures on the rooftop itself – and it must have an 

opportunity for south or southwest facing panels (Fares 2014). Our survey of the campus identified 13 

such buildings on campus, identified in Table 1. 

Table 1. Potential Rooftop Solar Sites 

 

Alan and Sally Merten Hall Aquia Building Blue Ridge Hall 

Center for the Arts / Concert 

Hall 

EagleBank Arena Hampton Roads Hall 

Johnson Center Northern Neck Hall Piedmont Hall 

Recreation and Athletic 

Complex 

Sandbridge Hall Student Union Building I 

(SUB I) 

Tidewater Hall   



 

 

The second approach is to erect solar canopies over parking lots and garages. These elevated steel 

structures both turn unused aerial real estate into solar power generation and provide shade to vehicles 

underneath. They are also highly visible and typically located in prime locations for visitors to the 

campus to take note of them. The tradeoff is the added expense of erecting the large steel support 

structures. Parking lots A, C, I, J, K, L, M, O, P, R, and the West Campus lot were all considered for 

solar canopies, as well as the three garages Mason Pond, Rappahannock, and Shenandoah. 

Finally, we considered off-campus solar farm installations. In this case no generation occurs at GMU 

itself, but instead on land purchased in a nearby but less expensive location (such as in western 

Loudoun, Prince William, or Fauquier counties). A third-party solar developer would then be leased 

the land to develop a large ground-mounted solar farm, and a PPA would be contracted between them 

and GMU for the energy. This option would allow for the greatest potential generation of electricity, 

and the scale also means it would likely be the most efficient option as well. That said, all value from 

visible solar efforts are lost, since none of the panels are actually on campus. 

Any or all of the sites utilizing these approaches can be combined to form an ideal solar approach for 

the campus. Our analysis determined which combinations make the most sense, under what 

conditions those combinations are best, and whether they make sense financially. 

Method of Analysis 

Site Generation Modeling. The first step in our analysis process is determining how much energy 

each site is capable of generating. To facilitate this, we chose to use the National Renewable Energy 

Labs’ System Advisor Model (SAM), a computer model developed for exactly that purpose. The first 

step in using SAM is to develop a 3D model of the site and layout you desire. The included modeler 

allows you to import an image from Bing Maps and build your model on top of that, automatically 

identifying the correct scale. An example model is shown in Figure 2 below. 

 

Figure 2. SAM 3D model of GMU’s parking lot R, aerial (left) and 3D (right) views 

This 3D model is used to determine the amount of solar radiation that will strike the panels given their 

orientation and potential shading from surrounding objects and each other. Otherwise, SAM needs to 

know the manufacturer/model of panels and inverters used, as well as counts of each. We 

accomplished this by first drawing the subarrays onto the 3D models as appropriate, then determining 

how many panels would fit on them and adjusting slightly as necessary. Inverter calculations were 



 

accomplished in SAM directly, adjusting DC to AC ratios to approximately 1.2 to start (Grana 2016), 

and testing in simulation to see if further adjustments from there were appropriate.  

From there the model was run, outputting monthly generation figures for the 25-year expected life of 

the system, as well as detailed analysis of where losses and shading occurred. In testing against real 

world data, SAM models have been shown to have approximately 99% accuracy on an annual basis 

(Blair, Dobos & Sather 2012) the figure we’ll make use of in our analysis. 

Power Demand Simulation. Since SAM’s output is only broken down monthly, we needed some 

way to determine how our solar generation would fit into GMU’s electricity demand on a day-to-day 

basis. For this, we decided to code our own stochastic simulation program in Java. The simulation 

takes the monthly generation figures from SAM and, combined with our projections from GMU’s 

historical power usage, translates them into a dataset of hourly demand and generation figures for 

analysis in R. A series of distributions were needed to make this possible. 

We had detailed data on monthly usage by the campus over a 12-year period, so determining how our 

annual usage projections should be broken down monthly was fairly simple. The campus uses the 

least electricity during winter break when the fewest people are on campus, and the most during the 

summer months when air conditioning usage is highest. More complicated was the hour-by-hour 

analysis. We received a dataset of kW-peak demand figures for an entire year broken down in 

half-hour increments. These were not in the same kWh usage units we used for most of our analysis, 

but on such small timescales we decided the assumption that percentages would be similar was 

reasonable. Figure 3 shows how we broke down this data. 

Figure 3. Peak demand and standard deviation of peak demand by time of day 

From this we fit normal distributions to each hour’s demand based on the percentage and variance of 

the total day’s demand used. 

Modeling generation was significantly more complicated, since it deals with the chaotic factor of 

weather. Using solar radiation data collected at Manassass Regional Airport (NSRDB 2010), we were 

unable to find an ideal model that would generalize. We settled on using a pair of distributions for two 

distinct cases of weather: clear and not-clear. When the weather was roughly clear, solar radiation 

figures clustered near seasonal maximums, and otherwise were widely varying lower values. 

Truncated normal distributions were settled on as appropriate, treating clear weather as a high 

average, low variance case, and not-clear weather as low-average, high variance. These distributions, 

summarized in Table 2, were fit to the Manassas solar radiation data. Clear weather rates were 

individually determined for each month. 
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Table 2. Distributions and Equations for Solar Power Generation 

 

Clear Weather 

(Truncated Normal) 

µ = 85% of max generation 

σ = 7% of max generation 

min = 75% of max 

max = 100% of max 

Not-clear Weather 

(Truncated Normal) 

µ = 30% of max generation 

σ = 20% of max generation 

min = 10% of max 

max = 75% of max 

Max Generation 
𝐴𝑣𝑔

0.5073 × 𝐶𝐿𝑅%+ 0.3507
 

To determine average generation by hour, we started with our month’s projection from SAM and 

divided by the number of days in that month to get a per day projection. This was then multiplied by a 

percentage calculated from the Manassass datasets of when during the day solar radiation is reaching 

the earth, determined for every hour of the day in each month of the year. 

The clear limitation to our weather model is the lack of correlation between one determination and the 

next. Weather is in fact highly correlated (if it’s raining right now, it’s much more likely to be raining 

in an hour than it would be in a given random hour), and this represents a potential future area of 

improvement to the model. As it stands, the model is very good for analyzing time-of-day 

considerations and variances, but can not be relied upon for day-to-day results. Given the degree of 

effort involved in a more sophisticated model, this was deemed an acceptable tradeoff. 

These models, combined with our projection of GMU’s demand over the next 25 years (plans for 

expansion onto West Campus properties are already late-stage) and our assumed panel degradation 

figure of 1% per year (conservative given today’s technology, but appropriate) allow our simulation 

to generate datasets of hourly demand and generation figures for each proposed alternative. These are 

output into a comma-separated value (CSV) file for analysis in R. 

Cost Model. For our cost model, we again turned to the National Renewable Energy Lab, relying 

heavily on their 2017 System Cost Benchmark report (Fu et al. 2017). Their installation model 

includes costs for panels, inverters, balance of system, installation labor / equipment, engineering / 

construction, permitting, taxes, developer costs, and a small contingency. This is outlined in Figure 4. 

 

Figure 4. Commercial Solar System Costs (Fu et al. 2017) 



 

Similar figures exist for the utility-scale installations used in our solar farm alternatives. Several 

adjustments were made to deal with the specifics of GMU’s situation. First, the modest contingency 

included here was increased to closer to 25%, both to provide actual contingency funds, and to cover 

the added cost of building the system in Virginia (and particularly Northern Virginia) as opposed to 

friendlier solar locations like California or Texas. Second, for our solar carport options, an additional 

$0.50 / Watt DC was added in to cover the cost of the overhead frames and installation (Thurston 

2015). Annual costs for operation, maintenance, and equipment failure / replacement were sourced 

from the same NREL report. 

For the cost of electricity, we determined two different approaches and averaged them together. The 

first was a simple projection based on the growth in the cost of electricity over the historical data set 

we have from GMU. The second was based on the reference projections put out by the EIA which 

project that energy prices will soon level off due to the emergence of natural gas and cheaper 

renewables (EIA 2018:81). We felt both approaches had merit and decided to use an average of the 

two. These and other potential cost scenarios are addressed in our sensitivity analysis. 

Finally, for the solar farm options, we determined that using a PPA price of $0.042/kwh, a figure on 

the high end of NREL’s reporting, was appropriate (Cole et al 2018:24). For Locational Marginal 

Pricing (LMP) that dictates the wholesale market price the University will receive in return, we began 

at $0.036 based on data from PJM, the regional transmission organization in charge of the local 

energy market (PJM 2017). This was then scaled by the same factors as the grid electricity price. 

Utility Analysis. For comparison purposes, we chose to do a utility vs. cost analysis of our selected 

alternatives. We settled on a simple utility function to capture the two primary goals of the system: 

emissions reduction and public relations. Emissions reduction is calculated by multiplying the total 

kWh of grid power usage by a scalar factor of 7.44 × 10−4 metric tons CO2 / kWh (EPA 2018) and 

normalizing the totals to a 0-1 scale. Public relations are a bit more complicated and will be measured 

on a ten-point subjective scale. Each individual site was rated on a five-point scale for how visible the 

panels were, how much traffic the site received, particularly from visitors to the campus, and how 

valuable solar at the site would be for integration into University marketing materials. These ratings 

were then used as guides to determine the overall ten-point rating of the various combinations of sites 

tested. All of this was purely subjective, accomplished democratically amongst our team. These two 

factors will initially be weighted evenly, with the weights swung during sensitivity analysis to 

determine how it impacts the recommendation. Specifics of the calculation are shown in Figure 5. 

𝑼𝒕𝒊𝒍𝒊𝒕𝒚𝒊 = 𝟎. 𝟓 ×
𝑮𝑯𝑮𝒊

𝑮𝑯𝑮𝒎𝒂𝒙
+ 𝟎. 𝟓 ×

𝑷𝑹

𝟏𝟎
 

Figure 5. Utility Function for Comparing Solar Power System Alternatives 

Results 

For full details of the results of our modeling efforts, see our full report, as they are too extensive for 

this format. Installed cost/kWh of the on-campus options ranged from $0.068/kWh for Alan and Sally 

Merten Hall to $0.112/kWh for the Rappahannock Parking Deck, with other values spread fairly 

evenly between those extremes. One unfortunate observation is the clear correlation between the 

amount of generation and increased cost, as the cost of the elevated solar carports factored in. From 

these preliminary results, we built our alternative groupings for analysis. We started with the 

on-campus options, setting up 3 groupings based on cost/kWh efficiency, a small group of only the 

most efficient (<$0.085/kWh), a larger with medium efficiency (<$0.095/kWh), and the full group of 

all proposed on-campus sites (up to $0.112/kWh). We also proposed two groupings based purely on 

visibility, one small and one of a larger size. Finally, there are the two different solar farms, as well as 

a final group with the largest solar farm combined with the small visibility group, attempting to 

capture the best of both worlds. Next, we simulated each of these groupings in our power demand 



 

simulation. The results of this did not in the end weigh heavily in our recommendations, so we won’t 

dwell on them here, but an example of the type of analysis they enabled is presented in Figure 6. 

 

Figure 6. Mean energy replacement by the All On-Campus grouping over different time periods 

One of the primary motivations for this simulation was concern over how solar generation might 

impact a facility’s relationship with their energy provider. As shown on the far left above, in the early 

portion of this proposed grouping’s lifecycle it would have a very significant impact on the shape of 

the University’s energy demand, potentially reducing its attractiveness to Dominion. This could in 

turn jeopardize the roughly $0.06 per kWh rate the University receives for grid power, a potentially 

disastrous unintended consequence. As we will get to later, none of our recommendations suffered 

from this, but it is something we believe must be kept in mind with projects like this. 

Finally, we completed our NPV and utility calculations. Presented in Table 3 are the results of our 

analysis and following that our cost vs. utility graph. 

Table 3. Summary of Results 

 

Grouping 
25-Year 

Power Gen. 

25-Year GHG 

Reduction 

% GHG 

Reduction 

Visibility 

Rating 

Utility 

Score 
25-Year NPV 

% Cost 

Increase 

* 

All On-Campus 535 GWh 400 kilotons CO2e 15.3% 10 0.889 -$28,300,000 14.9% 

120 Acre Farm 

& Small Vis. 

704 GWh 520 kilotons CO2e 20.2% 6 0.800 -$5,300,000 2.8% 

Med. Efficiency 361 GWh 270 kilotons CO2e 10.4% 8 0.585 -$7,300,000 8.8% 

Large Visibility 281 GWh 210 kilotons CO2e 8.0% 7 0.554 -$15,800,000 8.3% 

120 Acre Farm 621 GWh 460 kilotons CO2e 17.8% 1 0.501 -$1,100,000 0.6% 

Small Visibility 83 GWh 60 kilotons CO2e 2.4% 5 0.299 -$4,100,000 2.2% 

60 Acre Farm 312 GWh 230 kilotons CO2e 8.9% 1 0.277 -$600,000 0.3% 

High Efficiency 56 GWh 40 kilotons CO2e 1.6% 3 0.190 -$1,700,000 0.9% 

Do Nothing 0 GWh 0 kilotons CO2e 0.0% 0 0.000 $0 0.0% 

*To calculate % Cost Increase we ran the same 25-Year NPV calculation on the cost of purchasing 

grid electricity at our projected demand levels. This column shows the percentage decrease in NPV 

caused by each alternative vs. the Do Nothing option. 



 

 

Figure 7. Utility vs. Cost Graph 

As can be seen, the pareto frontier of our analysis highlights almost exclusively the solar farm 

options. While the full on-campus grouping carries a slightly higher utility, the cost penalty attached 

to those gains is unacceptable. From these results, we feel that the ideal approach for GMU almost 

certainly involves an off-campus solar farm. The 120 acre farm, for example, is capable of reducing 

the campus’ projected 25-year emissions by close to 18%, at only a 0.6% increase to energy costs. 

Given the importance of these reductions, we believe that this is a more than acceptable cost. Finally, 

the 120 acre farm combined with the small visibility on-campus grouping provides nearly our 

maximum utility for less than a 3% increase in projected energy costs. 

Sensitivity Analysis 

We undertook two major forms of sensitivity analysis, first measuring the potential impact of 

changing factors on our NPV analysis, and second observing how utilizing alternate weights in our 

utility function would impact our recommendation. For the first we varied a variety of system cost 

factors by margins our research indicated had reasonable potential to be observed in the near future. 

 

Figure 8. NPV Sensitivity Analysis 

By far the factor our results are most sensitive to is the cost of grid electricity. This study, on the 

Medium Efficiency grouping, indicated that a $42 carbon tax (leading to a roughly $0.021/kWh 



 

increase - Marron, Toder & Austin 2015:3) would immediately bring the system into a similar cost 

range the solar farms currently sit in, and a slightly larger $0.025/kWh increase would make the 

system cost neutral. While other factors had significant impact, it would take a concerted drop across 

all of them to match the potential influence the electricity rate could exert. 

 

Figure 9. Utility Sensitivity Analysis 

Our utility sensitivity analysis indicated largely what we expected it would: the more weight placed 

on visibility the stronger the on-campus options perform, and the more weight on reducing GHG 

emissions means the stronger the solar farm approaches appear. 

Conclusion 

Following our analysis, we believe that utility-scale solar power generation is a viable, bordering on 

necessary, approach that the University should take to reduce its impact on the environment. For a 

minimal increase in projected energy costs the University could significantly offset its GHG 

emissions while at the same time gaining valuable insurance against the potential of dramatic cost 

increases for grid electricity. Our modeled 120 acre solar farm represents one potential approach, but 

smaller, larger, or even multiple solar farms would provide scalable impact. Further testing showed 

that even a 600 acre farm, capable of offsetting the University’s entire emissions portfolio (not just 

from electricity), would increase projected energy costs by only 3%. Developing a solar farm quickly, 

while the full impact of the Investment Tax Credit (ITC) can still be felt, is the strongest 

recommendation we have coming out of this project. Alongside this, if the public relations and 

educational impact of on-campus solar panels is deemed to hold significant value, putting solar panels 

on EagleBank Arena and parking lot K allows for a high degree of visibility at a fairly reasonable 

cost. 

Finally, while we do not believe the cost of widespread solar installations on campus is currently 

justified, we note that this is by no means guaranteed to remain true. The potential for a carbon tax to 

be implemented, at either the state or federal level, is very real, and that is hardly the only threat to the 

current energy environment. Global politics, conflicts, or environmental disasters could all conspire 

to potentially change the landscape from that analyzed here. Given that, we also recommend that the 

University take steps to prepare itself for a future where on-campus power generation does make 

sense, and develop at least rudimentary plans for how that would change their approach going 

forward. Even with enough solar farm output to offset 100% of campus emissions, there could still 

exist both environmental and financial benefit from reducing the University’s reliance on the grid.  
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