THE PENNSYLVANIA STATE UNIVERSITY
SCHREYER HONORS COLLEGE

DEPARTMENT OF ENERGY AND MINERAL ENGINEERING

ELECTRIFICATION OF FARMING STRUCTURES THROUGH ADAPTABLE SOLAR
POWER SYSTEMS IN THE NORTHEAST UNITED STATES: AN ANALYSIS ON
DECISION MAKING AND SOLAR UTILITY

JENNAFER S. HAKUN
SPRING 2018

A thesis
submitted in partial fulfillment
of the requirements
for a baccalaureate degree
in Energy Engineering
with honors in Energy Engineering

Reviewed and approved* by the following:
Jeffrey Brownson
Professor of Energy and Mineral Engineering
Thesis Supervisor
Sarma Pisupati
Professor of Energy and Mineral Engineering
Honors Adviser
* Signatures are on file in the Schreyer Honors College.

i

ABSTRACT

This study was conducted to determine an optimal design for a small-scale adaptable power system that
could be used to provide energy for electricity loads in sustainable farming locations in the Northeast United
States. This research project analyzed two locales in Pennsylvania. The first, was the Penn State Student
Farm located in State College, PA representing a rural sustainable farm. The second, was the Mill Creek
Urban Farm in Philadelphia, PA representing an urban sustainable farm. The Mill Creek Urban Farm had
a higher price of electricity and the ability to easily connect to an electric grid while the Penn State Student
Farm had a lower price of electricity and did not have the ability to connect to an electric grid. A stakeholder
interview was conducted for each locale and a preference and risk aversion study was completed to
determine the optimal design for both locales. Additionally, an electricity load analysis was done to
establish the total amount of electricity needed at each locale. The final system design included 12
photovoltaic modules (Grape, 100W) along with a 200 V inverter (SMA America SB1100U-SBD) and a
52V / 24 Ah lithium-ion battery. This design produced enough energy in both locales to accomplish the
electrical loads. Based on the stakeholder preference, it was determined that the Penn State Student Farm
should install the system with the assistance of grants and donations for immediate benefit of the system.
Because the adaptable power system would be stand-alone, all of the energy produced would be used at the
student farm and no profit could be made off of excess generation. The Mill Creek Urban Farm should
finance their system through grants and donations as well. This adaptable power system should be
connected to the national electric grid because the farm has a low electrical load and the excess energy
produced could be sold to the local utility as revenue for the local community. By utilizing client preference,
adaptable power systems could be used to reduce reliance on fossil fuels in agriculture and provide
electricity to areas where farmers cannot easily connect to the electric grid. By utilizing the beneficial
relationships between food and energy, production methods could become more sustainable and provide
further insight into how to efficiently provide healthy food and clean energy to a growing world population.
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Chapter 1
Introduction
Renewable energy systems have a huge potential application in the future of agriculture. Large
scale farms located in the Midwest United States can take advantage of a large wind resource and install
wind turbine systems to power electric tractors and tools for production and harvesting of crops. 1
Greenhouses can benefit from geothermal power by using higher temperatures from the ground to heat
spaces for crop production in the off-season.1 Additionally, solar photovoltaic systems with batteries can
be used to provide electric power to agriculture loads at lower prices than those provided by the national
electrical grid.1 By transitioning the agriculture sector to renewable energy, dependence on fossil fuels will
be reduced and the entire farming process can become more sustainable from a holistic perspective.1
This study was conducted to determine an optimal design for a small-scale adaptable power system
that could be used to provide energy for various loads in different sustainable farming locations in the
Northeast United States. This adaptable power system includes photovoltaic solar panels as the distributed
energy mechanism and lithium-ion batteries as the storage device. These components were chosen because
of their ability to operate as a grid-tied or stand-alone system. Additionally, the systems can be sized for
specific electrical loads and the lithium-ion battery can be disconnected from the system and used to power
other loads in the area.
Potential locales where this adaptable power system could be applicable include small to medium
rural and urban farms in the Northeast United States. Farmers and other stakeholders may require electric
power for various aspects of the farming process such as crop production and harvest, storage and
refrigeration, and transportation of crops. Often, farmers utilize diesel generators or diesel and gasoline
powered vehicles and tools to increase their crop production.1 When gas and oil prices increase, farms must
also increase the cost of their crops to adjust for the increase in production costs. 1 By switching to power
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systems consisting of green technologies (i.e. wind and solar), farmers can control the cost of production
more efficiently and increase the sustainability of their farm.1 Stakeholders, like farmers, make decisions
on their energy use based on their preference and aversion to capital cost of energy systems, capital cost of
technology systems, reoccurring costs of technology systems, reliability and electricity demand of the
technology systems, and personal sustainability goals.
This research project will be analyzing two locales in Pennsylvania. The first, is the Penn State
Student Farm located in State College, Pennsylvania representing a rural sustainable farm. The second, is
the Mill Creek Urban Farm in Philadelphia, Pennsylvania representing an urban sustainable farm. While
both of these locations are bound by Pennsylvania laws and receive similar amounts of solar radiation
yearly, these locales are vastly different as well as the clients’ preference and needs for an adaptable power
system. The challenge of this study is to design a photovoltaic system that would work for both urban and
rural locales and client preferences. Some of the major differences in locale include the ability to connect
to the electric grid and the price of electricity. The locality in Philadelphia, Pennsylvania has a higher price
of electricity and the ability to easily connect to an electric grid while the locality in State College,
Pennsylvania has a lower price of electricity and does not have the ability to easily connect to an electric
grid. These factors can influence the capital cost of the system as well as the usage of the adaptable power
system.
After determining the stakeholder preference and aversion to energy systems in agriculture and
designing an adaptable power system that could be used in both locales, an analysis on electrical loads,
solar energy production, and financial viability will be completed. Both locales will be compared and
contrasted for each of these analyses.
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Chapter 2
Background

2.1 Food – Energy – Water Nexus
As the population of the Earth steadily increases and demands on healthy food, fresh water, and
clean energy drastically increase, delivering these human necessities will become more and more difficult.2
It is pivotal that the relationships between food, energy, and water are studied and leveraged such that
synergies will flourish and adverse reactions will be avoided.2 This relationship is defined as the FoodEnergy-Water nexus.2 Specifically, the relationships between food, energy, and water when related to
environmental, economic, social, and political aspects need particular attention.2 Further understanding of
these connections can aid in efficient and sustainable systems planning.
The relationships between food, energy, and water are vitally important in the agriculture processes.
Agriculture is the largest user of freshwater, accounting for 70% of the total freshwater withdrawal in the
world and a large consumer of energy, accounting for 30% of the total energy consumed globally. 3 With
such a great and widespread use of water, many waterways have been contaminated by fertilizers and other
pollutants.4 Furthermore, it takes a high amount of energy to clean up these waterways and return them to
their original ecosystems.4 Energy in agriculture is used for powering tractors and other tools for planting
and harvesting, washing and packaging produce and goods, and fueling vehicles for transportation of
goods.4 Figure 1 demonstrates how food, water, and energy can be interrelated from a United Nations
Economic Commission for Europe report.4
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Figure 1. A Sample Food-Energy-Water Nexus Demonstrating the Interrelationships
Between Food, Energy, and Water for Agricultural Applications from the United Nations
Economic Commission4

The United Nations Food-Energy-Water nexus demonstrates how interconnected each process truly
is. Energy is necessary for the development of water resources and for food processing and transportation.4
Water is needed for hydroelectric power production and development of crops in agriculture.4 Food
production changes the land that it uses intensifying water runoff and sediment problems while also limiting
the land that could be used for mining or solar energy.4 Each system relies on the other two systems to work
effectively and efficiently.
This study will focus on the relationship between renewable energy and agriculture. Petroleum
products are used to power many vehicles, tractors, and other tools in the production, harvest, packaging,
and transportation of crops.5 Figure 2 from the U.S. Department of Agriculture describes the usage of

5
natural gas, electricity, petroleum products (diesel and gasoline), biofuels, and other fuels in farming
applications.5

Figure 2. Diesel Energy Consumption in the Agricultural Sector from the United States
Department of Agriculture. Fertilizers and chemicals are measured for energy
consumption as a life-cycle cost including production and distribution5

Agricultural operations for power and transportation consume more diesel fuel when compared to
other forms of fuel except for fertilizers.5 In a full life-cycle analysis, fertilizers require a large amount of
energy to be created and distributed on crop fields.5 Renewable energy located on farm properties can help
reduce the use of diesel fuel and further supplement the amount of electricity bought from locale utilities. 5
Adaptable power systems that run off of renewable energy systems can also be used to provide electricity
to remote farming areas without having to be connected to the national electric grid.5 By producing
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renewable energy onsite, farmers may save money on operations by avoiding some of the variable costs of
petroleum fuels.5
This study will focus on the relationship between food and energy on small-scale farms but this
model could be expanded to large-scale farming operations. Maintaining these systems from a holistic
viewpoint in which each system, food, water, and energy, is kept in mind can help mitigate problems that
may exacerbate resources in the future.2

2.2 Goal of Solar Design
When designing solar energy conversion systems, it is pivotal to design for the client’s preferences
and needs. The goal of solar design is “to maximize the solar utility of the resource for a given client or
stakeholders in a given locale”.6
Solar utility refers to the “preference for a distinct set of goods and services originating from the
solar resource”.6 Solar utility for stakeholders is different for every client and could range from utilizing the
sun for increased lighting in office spaces or designing a house to exploit the thermal heating powers of the
sun. In this study, we will be exploring solar utility related to using the sun to create electricity from
photovoltaic panels. Clients also make decisions to avoid losses or risks. Risks such as high fuel costs,
changes in climate, and security of energy systems may push clients to invest in electricity generation from
photovoltaics. The client’s preference or aversion to risk can constrain the project design. A further
discussion on decision theory, prospect theory, and why stakeholders and clients make certain decisions
will be explained in the next section.
The stakeholder’s locale constrains the system design of the project. The locale of the project
includes not only the physical location of the solar energy device but also the weather, climate,
governmental policy, financial tariffs, taxes, and incentives, solar resource, available power generation, and
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fuel prices of the location.6 With this information, a solar energy conversion system can be efficiently
developed to ensure the highest solar utility of the resource for a given client in a given locale.

2.3 Preference and Risk Aversion for Agriculture Clients
When designing efficient and useful adaptable power systems for agriculture clients, it is important
to consider the client’s wants and needs for a project. One way to determine the most significant project
aspects from a client’s perspective is to understand their specific preferences and their aversions to specific
risks. Decision theory can be used to analyze why people make complicated decisions, and more precisely
to this study, why farmers make decisions in agriculture. Decision theory is the study of the reasoning
underlying a person’s choices.7 Every person has their own perceived benefits and risks and makes their
decisions based on their personal feelings and experiences.7 A farmer may choose to pay for an irrigation
system during a drought to improve the quantity and quality of her crop, or the farmer may choose to not
spend extra money to irrigate and wait for the drought to end. Both decisions have short-term and longterm risks. For example, if she chooses to build the irrigation system, she may lose money in the short term
in construction. However, if the drought is long, she may benefit from crop production when her
competitors are struggling. If she chooses to not build the irrigation system, she is at risk of losing all of
her crops if the drought does not end quickly. However, if the drought does end in short time, she may not
suffer any monetary losses for unneeded construction. Based on her personal feelings and experiences
farming, the farmer will make a decision on her perceived gains and losses. This heuristic decision-making
process can be as complicated as whether or not to irrigate an entire farm or a simple as choosing whether
or not to eat a candy bar.
David Kahneman and Amos Tversky developed a continuation of decision theory called prospect
theory. Prospect theory functions on two basic concepts. The first concept assumes that gains and losses
are not valued equally.8 The second concept states that individuals make decisions based on losses rather
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than gains.8 Kahneman and Tversky theorized that losses or risks can cause a greater emotional impact than
an equivalent gain.8 Given both options, the individual will often pick the decision that will not cause them
as much pain.8 This relationship explains why people often make decisions solely on the short term risk
and not the long term gain.8 Kahneman and Tversky represented this relationship graphically in their study
seen in Figure 3.8

Figure 3. Adapted from Kahneman and Tversky Value Relationship for Losses and Gains.
The losses function located in quadrant IV displays a steeper slope comparably to the gains
function located in quadrant II. A steeper slope translates to a more emotionally intense
gain or loss.

A steeper slope corresponds to a more emotionally intense gain or loss. In quadrant IV, the slope
is very steep originally from the origin and begins to flatten out the farther away from the origin it gets.
This means that losses are valued as very emotionally intense in the short term. In quadrant II, the slope is
much flatter compared to the slope in quadrant IV. This means that gains are less emotionally intense in the
short term. Together, these two slopes demonstrate that losses are perceived as less valuable sooner and are
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therefore avoided in decision making. The emotional component of perceiving a loss when compared to an
equivalent gain is much larger and more risky to individuals.
In agriculture, farmers have many risks that they must manage to be successful. These risks can
range from tangible problems such as pests destroying crops to intangible problems. It is difficult to
quantitatively determine the extent of long term risks for intangible problems, like climate change. The
farmer in the previous scenario could have also factored in the long-term risk of climate change on whether
or not she should build the irrigation system. If climate change makes droughts more frequent, then the
irrigation system would help the farmer in the future maintain crop production while her competitors may
suffer year after year from continued droughts. She would potentially be more prepared and save money
that would have been spent on the droughts in the future. Farmers should include intangible risks like
climate change in their decision-making to avoid losses in the future.
Rural and urban farms have different perceived risks and benefits when it comes to energy use and
production. Perceived risks for an urban farm may include electricity cost and security. An urban farm
would not want to rely on expensive electricity for daily tasks. Additionally, the farm may want the ability
to operate independent of the national electric grid in case of a grid malfunction. An adaptable power system
would allow the farm to produce their own energy at a cheaper rate separate from the local utility. A
perceived benefit for an urban farm could be the potential to connect to the grid and sell back excess energy
produced to the local utility. This excess revenue could provide the urban farm more security in the future.
Perceived risks for rural farms may include high cost to connect to the national electric grid as well
as high cost and dependence on fossil fuel for powering vehicles and planting and harvesting tools.
Adaptable power systems can be used to provide energy while not having to connect to the national electric
grid. Additionally, adaptable power systems would reduce the dependence on fossil fuels. Perceived
benefits for an adaptable power system on a rural farm would include the access to electricity while in
remote areas.
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In this study, preference and risk aversion for a small-scale urban farm and small-scale rural farm
in Pennsylvania will be analyzed. These results may provide more insight into how agriculture clients are
making decisions when it comes to climate change and renewable energy as well as short term and long
term risks and gains.

2.4 Photovoltaics and Microgrids
Small-scale sustainable farms require electric power for crop production and harvest, storage and
refrigeration, and transportation.9 Most small-scale farms are not connected to the national electric grid.9
Connecting to the electric grid comes with a high cost and requires farmers to pay electric bills to the local
utility.9 Adaptable power systems consisting of photovoltaics and batteries can provide farmers with electric
power for various needs and do not have to be connected to the national electric grid. These systems can be
defined as a microgrids.9
According to the Microgrid Institute, “a microgrid is a small energy system capable of balancing
captive supply and demand resources to maintain stable service within a defined boundary”.9 Systems that
contain an electric load, a power generation site, and a storage component can be classified as a microgrid.9
Microgrids can be classified according to operational function but all microgrids must be capable of
“islanding” themselves from the electric grid.9 The term “islanding” refers to act of “physically
disconnecting a defined group of circuits from a utility system and operating those circuits independently”.9
The two types of microgrids of importance for this study are community microgrids and off-grid microgrids.
Community microgrids are defined as “a combination of local energy assets, resources, and
technologies that are integrated into utility networks to serve multiple customers or services within a
community”.9 These systems are ideal for small communities and city neighborhoods because the electrical
output is a shared asset for the community. Community microgrids can be designed for any size. Off-grid
microgrids are defined as “remote sites that are not connected to a local utility network consisting of
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distributed energy resources, storage, and loads”.9 These systems are best suited for isolated sites that cannot
be connected to an electric grid such as a rural farm. Off-grid microgrids are often sized for the electric load
needed for the stakeholder and the locale.
Microgrids can help increase access to electricity in areas in which the electric grid does not reach
as well as provide resilient and reliable electrical service to grid systems. Microgrids can be especially
useful when an electrical grid fails due to storm or natural disaster damage, security threats, or in situations
with increased electricity demand. Additionally, microgrids can be used to manage multiple sources of
distributed energy with storage areas. Wind turbines, solar panels, gas turbines, and small hydropower
systems are a few of these distributed energy sources. Table 1 describes relevant microgrid technologies
and their relationship to preferences for microgrid development and the risks that these systems could help
to mitigate.9

Table 1. Technologies for Farming Clients in Agricultural Management to Bridge
Preference for Microgrid Systems and Mitigate Various Farming Risks
Preferences
•
•

Electrification in remote

•

Microgrid/Energy

locations

Management Control

Grid security and

Systems

survivability
•

Technologies Bridging
Preferences and Risks

•

Risk
•

Governmental Policy and
Regulation

•

Energy Sources (Solar,

Utility Tariffs and Tariffs
on Crop Commodities

•

Reliable and resilient

Wind, Biomass, Hydro,

service

Fuel Cells, Gas or Diesel

•

Need for grid optimization

Cogeneration / CHP,

•

Fuel Supply Trends

•

Demand for low-cost

Micro-turbines)

•

Interconnection and

energy

•

Knowledge

Storage Capacity
(Batteries)

Technology Costs and

Resource Planning
•

Weather

The relevant technologies included in the microgrid design are photovoltaics and lithium-ion
batteries for this study. Photovoltaics are devices that produce electrical energy via the photovoltaic
effect.10 The photovoltaic effect is “a galvanic process that generates and separates excited charge carriers
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with intrinsic potential derived from the photon absorption process”.10 Photovoltaics absorb light or photons
and these photons excite charge carriers to the point where they eventually separate to respective electrical
contacts.10 Electrons leave the system through electrical wiring, complete work in the system, and then
return the photovoltaic device.10 These photovoltaic cells are compiled to form a module or panel.10
Multiple modules are combined to create a solar array.10 Photovoltaic panels were chosen for this study
because of the ability to scale energy production by adding or removing modules and the mobility of
photovoltaics for microgrid systems.
Batteries act as the storage capacity for microgrid systems. Within solar energy systems, batteries
can be charged and used to power loads when the solar energy system cannot provide enough energy. 11
Furthermore, batteries can help mitigate intermittency problems within solar energy systems. 11 A lithiumion battery was chosen for this study because this type of battery is small and lightweight for easy
transportation, has a low rate of self-discharge for a longer shelf-life, and has high energy density
capabilities to power large electric loads.11
Microgrid systems are often difficult to integrate into existing systems because of challenges
associated with lack of governmental policy and regulation. Additionally, utility companies do not have
accepted guidelines and rules when it comes to microgrid development. As microgrid systems become more
common in the future, regulations and policies will develop from government and utility entities to ensure
more streamlined expansion of these systems.

13

Chapter 3
Methods

3.1 Description of Farm Locales and Stakeholders
The subjects for this project include the Penn State Student Farm located in State College,
Pennsylvania and the Mill Creek Urban Farm, located in Philadelphia, Pennsylvania. These farms were
chosen for this study in an effort to determine similarities and differences in solar utility for an adaptable
power system when comparing urban and rural farms. In this case, the Penn State Student Farm represents
the rural farm and the Mill Creek Urban farm represents the urban farm.
The Penn State Student Farm is a one-acre student run sustainable farm located on the Penn State
University Park campus. The farm is fully operational from March to October for four to five days a week
and is run by Penn State student volunteers and interns. There is currently no access to the electrical grid
and the farm is run with zero electrical power. Educational events are periodically held onsite at the farm
to increase community engagement. Additionally, the farm participates in research programs, provides
internship for students, and acts as an educational body for the community and university. An aerial view
of the Penn State Student Farm can be seen in Figure 4.
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Figure 4. Aerial View of the Penn State Student Farm in State College, PA

The Penn State Student Farm requires electric power for various applications. During the harvesting
months, the farm requires electric scales, a refrigeration, and a lettuce spinner that is used to process and
store crops. Other everyday electric loads such as a printer, laptop charger, and phone charger are also
needed.
The Mill Creek Urban Farm is a one-block non-profit educational farm and community garden
located in west Philadelphia on N 49th Street and Brown Street. The farm is fully operation year-round, six
days a week and is overseen by one individual local to the area. The farm can be easily connected to the
Philadelphia electric grid. Providing educational events related to healthy food and sustainable living is one
of the core missions of the urban farm and these events are held frequently for community engagement and

15
youth education. Additionally, Mill Creek Urban Farm sells fruits and vegetables for low prices to the
community through a farm stand. An aerial view of the Mill Creek Urban Farm can be seen in Figure 5.

Figure 5. Aerial View of Mill Creek Urban Farm in Philadelphia, PA

The urban farm can be easily connected to the Philadelphia electric grid, however, due to the high
cost of electricity in the city, the use of electricity is limited to minimize extra costs for the farm. A smallscale adaptable power system can provide electricity for all of the urban farms needs such as a printer,
laptop charger, phone charger, and various small appliances for educational events. Additionally, this
adaptable power system could provide the farm with additional income by producing excess energy that
could be sold back to the national electric grid.

3.2 Stakeholder Interviews and Analytical Hierarchy Process Tables
Interviews were conducted with the clients to determine stakeholder need and preference.
Interviewees for the Penn State Student Farm located in State College, PA included Leslie Pillen,
Sustainability Institute Associate Director of Farm and Food Systems, and Carissa Heine, Director of
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Advocacy and Outreach for the Penn State Student Farm Club. Interviewees for the Mill Creek Urban Farm
located in Philadelphia, PA included Corey Crews-Williams, volunteer at the Mill Creek Urban Farm. The
interview questions can be referenced in Appendix A.1. The Penn State Student Farm represents the rural
farming locale while the Mill Creek Urban Farm represents the urban farming locale in this study.
After the interview process, an Analytical Hierarchy Process (AHP) table was used to illustrate the
clients’ preferences to project aspects. An AHP table is a way to measure preference by using pairwise
comparisons and judgements of clients.12 By using a pairwise comparison matrix, decisions project aspects
are ranked against each other and the most important project aspects are ranked higher when compared to
less important project aspects.12 The comparison is inverse when the same project aspects are related.12 For
example, if capital cost was ranked 4 when compared to educational usage, educational usage would be
ranked 0.25 when compared to capital cost.12 A weight scale of importance is created by summing the row
totals and dividing the number by the total for all rows.12
A higher total percentage for a wanted aspect corresponds to a higher preference for the item, while
a lower total percentage for a wanted aspect corresponds to a lower preference for the item.12 Some of the
preference explored in this study include capital cost, electricity demand for the farm, reliability of the solar
array, aesthetics of the system, and usage of the system for educational purposes. Table 2 is an example of
Analytical Hierarchy Process table in which preference for beverages at a sporting event is compared.

Table 2. Example Analytical Hierarchy Process Table Relating to Beverage Preference at
Sporting Events
Milk

Milk
1.00

Water
4.00

Soda
5.00

Beer
5.00

Juice
1.00

Water
Soda
Beer

0.25
0.20
0.20

1.00
0.50
0.50

2.00
1.00
2.00

2.00
0.50
1.00

0.50
0.20
0.20

Juice
TOTAL

1.00
2.65

2.00
8

5.00
15.00

5.00
13.50

1.00
2.90

WEIGHT

6%

19%

36%

32%

7%
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From Table 2, it can be determined that the preferred beverage at sporting events was soda followed
by beer and water respectively. Milk and juice were not as preferred comparably to soda, beer, or water at
sporting events. These results can be used to influence purchasing of beverages at sporting events. By using
an Analytical Hierarchy Process table, preference among many options can be more accurately depicted
and the results can be used in further decision-making applications.

3.3 Load Calculations
Load calculations were determined by accounting for all electrical devices based on their wattage
in watts [W], usage time in hours [t], and number of devices [c]. The electric load in watt hours [Wh] for
all devices was calculated using Equation 1.
𝐸 =𝑤 ∙𝑡 ∙ 𝑐

(1)

The power needed per day per device was summed together to attain the total load for each locale.
In order to determine if the load can be achieved through the solar energy produced by the array system,
the average daily energy production per month was needed. The average daily energy production was
calculated using the monthly energy production in kWh [M] and the days of the particular month [d]. The
average daily energy production in kWh/day [D] was calculated using Equation 2.

𝐷=

𝑀
𝑑

(2)

If the average daily energy produced is greater than the total load needed per day, the solar energy
system is suited to power all electric needs at the locale. If the average daily energy produced is less than
the total load needed per day, the solar energy system is not suited to power all electric needs at the locale.
It is important to note that the average daily energy values may vary from day to day based on weather,
solar irradiance available, and other factors. The values in this study do not take these variations into
account.
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3.4 System Advisor Model Analysis
Solar resource data for the State College and Philadelphia locales was found through usage of the
SAM or System Advisor Model software from the National Renewable Energy Laboratory. The software
was used to determine ideal array configurations and sizing based on panel power ratings, inverter type,
and battery specifications. For both sites, the system design included 12 100W Grape Solar panels with a
SMA America SB1100U-SBD (200V) inverter and a 52V / 24 Ah lithium-ion battery. The array design
includes 3 strings in parallel, each with four modules. A lithium-ion battery was chosen because this type
of battery is small and lightweight for easy transportation, has a low rate of self-discharge for a longer shelflife, and has high energy density capabilities to power large electric loads.11
SAM was additionally used to simulate photovoltaic power production for State College and
Philadelphia using TMY3 weather data. A sample SAM report can be found in Appendix A.2. There were
no shading concerns and therefore shading was not included in the analysis.

3.5 Financial Viability Calculations
Financial viability calculations were completed by following methodology specified in the Solar
Project Finance chapter in Solar Energy Conversion Systems.13 The average electricity cost and the annual
energy production for both locales was needed for the analysis. The average electricity cost for Philadelphia
and State College was referenced from the Bureau of Labor Statistics.14 The annual energy production for
both locales was determined from SAM data simulation. The annual energy production for Philadelphia
and State College can be found in Appendix A.3. Additionally, discount and inflation rates were needed to
complete the financial viability calculations. These values were referenced from the SAM data software
and were 5.5% (discount rate) and 2.5% (inflation rate) respectively.
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Chapter 4
Results and Discussion

4.1 Analytical Hierarchy Tables for Stakeholder Preference
The Penn State Student Farm interview occurred on October 23, 2017 at the Penn State Student
Farm site. Leslie Pillen and Carissa Heine gave a tour of the site where they identified areas of the farm
where electricity would be needed and provided electric loads and wattages for load calculations. A further
discussion on stakeholder preference then took place. The Penn State Student Farm listed capital cost,
electricity demand for the farm, reliability of the solar array, the aesthetics of the structure, and usage of
the system for educational purposes as needs for the adaptable power system. Table 3 shows the client
preference for the needs of Penn State Student Farm in an AHP table.

Table 3. Preference Comparison for Adaptable Power System Project Aspects for the Penn
State Student Farm in an Analytical Hierarchy Process Table
Capital Cost
1.00

Electricity Demand
2.00

Reliability
2.00

Aesthetic
0.50

Educational
0.25

Electricity Demand
Reliability
Aesthetic

0.50
0.50
2.00

1.00
1.00
4.00

1.00
1.00
4.00

0.25
0.25
1.00

0.20
0.20
0.50

Educational
TOTAL

4.00
8.00

5.00
13.00

5.00
13.00

2.00
4.00

1.00
2.15

WEIGHT

20%

32%

32%

10%

6%

Capital Cost

Capital cost, electricity demand and reliability of the adaptable power system are the most desired
preferences for the Penn State Student Farm according to the high percentages from the AHP Table. The
farm requires a low capital cost adaptable power system to complete tasks vital to the production of crops
and therefore needs the system to be reliable and functional. Additionally, the farm has plans for expansion
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so extra solar capacity would be useful. Usage of the system for educational purposes and ensuring an
aesthetically pleasing structure were less important preferences for the Penn State Student Farm.
The Mill Creek Urban Farm interview occurred on March 14, 2018 at Penn State University. Corey
Crews-Williams provided photographs and information on the site and commented on aspects of the urban
farm that could benefit from electricity. Crews-Williams expanded on the sustainability and educational
aspects of the Mill Creek Urban Farm. It was noted that the urban farm had a solar panel and battery system
but the battery system was not functioning correctly and therefore the entire system was not operational. A
further discussion on stakeholder preference then took place. Preference was similar for the Mill Creek
Urban Farm as it was for the Penn State Student Farm. Needs and preferences for an adaptable power
system for the Mill Creek Urban Farm included capital cost, electricity demand of the system, reliability of
the solar array, the aesthetics of the structure, and usage of the system for educational purposes. Table 4
shows the client preference and needs for the Mill Creek Urban Farm in an AHP table.

Table 4. Preference Comparison for Adaptable Power System Project Aspects for
the Mill Creek Urban Farm in an Analytical Hierarchy Process Table
Capital Cost
1.00

Electricity Demand
1.00

Reliability
0.50

Aesthetic
0.20

Educational
1.00

Electricity Demand
Reliability
Aesthetic

1.00
2.00
5.00

1.00
2.00
2.00

0.50
1.00
2.00

0.50
0.50
1.00

1.00
4.00
2.00

Educational

1.00

1.00

0.25

0.50

1.00

TOTAL

10.00

7.00

4.25

2.70

9.00

WEIGHT

31%

21%

13%

8%

27%

Capital Cost

Capital costs and educational ability of the adaptable power system were the most desired
preferences for the Mill Creek Urban Farm according to the high percentages found in the AHP Table.
These preferences stem from the core mission of the urban farm which is to educate and engage the public
and the local community in healthy and sustainable food practices. Furthermore, the Mill Creek Urban Farm
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is a non-profit organization and does not have the capital to pay for an expensive electrical system.
Electricity demand, reliability, and ensuring an aesthetically pleasing structure were less important
preferences for the Mill Creek Urban Farm.
Despite the different preferences and needs of the Penn State Student Farm and the Mill Creek
Urban Farm, a small-scale adaptable power system could provide a multitude of benefits for both locations.
Load profiles will be determined and compared for each farm and an optimal small-scale adaptable power
system will be designed that could be used in both locales.

4.2 Load Profiles for Farm Locales
The loads for the Penn State Student Farm and the Mill Creek Urban Farm are described in the
following tables. Table 5 describes the load profile for a typical harvest day for the Penn State Student
Farm. The usage calculations have been over-estimated in an effort to ensure largest possible load needed
is covered and intermittency problems do not occur.

Table 5. Total Load Profile in Wh for the Penn State Student Farm in State College PA.
Loads are over-estimated to ensure largest possible load is covered and intermittency
problems are mitigated
Equipment
Large Refrigeration
Lettuce Spinner
Printer
Laptop
Phone Chargers
Electric Scale Large
Electric Scale Small

Wattage [W]
811
200
30
25
5
4.5
2.7

Usage [Hours]
1*
0.5
1
6
6
2
2

*The large refrigerator would be running for the entirety of
the day. 811 W is the full day wattage.

Equipment Needed
1
1
1
1
3
1
1

Electricity/Day [Wh]
811
100
30
150
90
9
5.4

Total [Wh]:

1195

The total load for a typical harvest day is 1.2 kWh. It is important to mention that the electric scales,
lettuce spinner, laptop, printer, and phone chargers may not be used for the entirety of the prescribed usage
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hours or at all on certain harvest days. Additionally, the electric scales have the ability to be charged prior
to usage which would further reduce this load. The only constant required load would be the large
refrigeration load at 811 W per day.
Table 6 describes the load profile for a typical harvest day for the Mill Creek Urban Farm. The
usage calculations have been over-estimated in an effort to ensure largest possible load needed is covered
and intermittency problems do not occur.

Table 6. Total Load Profile in Wh for the Mill Creek Urban Farm in Philadelphia PA.
Loads are over-estimated to ensure largest possible load is covered and intermittency
problems are mitigated
Equipment
Printer
Laptop
Phone Chargers

Wattage [W]
30
25
5

Usage [Hours]
1
6
6

Equipment Needed
1
1
3
Total [Wh]:

Electricity/Day [Wh]
30
150
90
270

The total load for a typical harvest day is 0.27 kWh. The load for Mill Creek Urban Farm is very
low because the farm has adapted to complete all tasks without electricity due to high costs of electricity
from the local utility. As before, it is important to mention that the laptop, printer, and phone chargers may
not be used for the entirety of the prescribed usage hours or at all on certain harvest days.
The load profile for the Penn State Student Farm is much larger than the load profile for the Mill
Creek Urban Farm. This is partially due to the accessibility of electricity at each locale and the stakeholder
preference. The Penn State Student Farm wants to employ a stand-alone adaptable power system that would
not be connected to the national electric grid. In calculating their load profile, all possible needs for
electricity were included in an effort to size the system for the largest potential load. The Mill Creek Urban
Farm prefers a grid-tied adaptable power system that could be used to power small loads (phone charging,
printing, etc.) and used for educational purposes for the local community. The extra power generated by
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the solar array could be used to power other loads or could be sold to the national electrical grid and local
utilities for a profit.

4.3 System Design and Array Production for Farm Locales
Based on load profiles and preferences of stakeholders for both locations, the system design will
include 12 100W Grape Solar panels with a SMA America SB1100U-SBD (200V) inverter and a 52V / 24
Ah lithium-ion battery. Figure 6 shows the monthly energy production in kWh for State College PA from
SAM data simulations.

Figure 6. Monthly Energy Production in kWh for State College from SAM Data
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The months of March through October see the greatest generation of solar energy with peaks in the
months of March and July. This energy production profile is ideal because the Penn State Student farm is
operating at highest capacity between the months of March and October. Table 7 shows the average daily
energy production values in kWh per month based on the SAM monthly energy production values.

Table 7. Average Daily Energy Production Per Month based on SAM Data Simulations for
State College PA. Ordered by season where purple denotes winter, blue denotes spring,
yellow denotes summer, and orange denotes fall for agricultural planning
Month
December
January
February
March
April
May
June
July
August
September
October
November

Monthly Energy Production
(kWh)
64
83
70
159
142
121
164
170
143
137
126
93

Average Daily Energy Production
(kWh/day)
2.06
2.68
2.50
5.13
4.73
3.90
5.47
5.48
4.61
4.57
4.06
3.10

The average daily energy production values are all above the required 1.195 kWh/day needed for
the Penn State Student Farm. In the summer months when the power production is high, the solar array can
charge a lithium-ion battery that could be used to power an electric bike for transportation of goods or could
be used as a generator for other needs on the farm. Figure 7 shows the monthly energy production in kWh
for Philadelphia, PA from SAM data simulations.
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Figure 7. Monthly Energy Production in kWh for Philadelphia from SAM Data

The months of March through October also see the greatest generation of solar energy with peaks
in the months of May, June, and August. Similarly to the Penn State Student Farm, this energy production
profile is also ideal because the Mill Creek Urban farm is operating at highest capacity between the months
of March and October. Table 8 shows the average daily energy production values in kWh per month based
on the SAM monthly energy production values.
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Table 8. Average Daily Energy Production Per Month based on SAM Data Simulations for
Philadelphia PA. Ordered by season where purple denotes winter, blue denotes spring,
yellow denotes summer, and orange denotes fall for agricultural planning
Month
December
January
February
March
April
May
June
July
August
September
October
November

Monthly Energy Production
(kWh)
83
96
103
140
151
169
172
162
170
140
125
92

Average Daily Energy Production
(kWh/day)
2.68
3.10
3.68
4.52
5.03
5.45
5.73
5.23
5.48
4.67
4.03
3.06

The average daily energy production values are all above the required 0.270 kWh/day needed for
the Mill Creek Urban Farm. This adaptable power system would be beneficial for the Mill Creek Urban
Farm despite the low load profile because the excess power that would be produced in this system could be
sold back to the national electrical grid and local utilities as a revenue for the farm. The financial payback
of the urban solar system will be explored in the next section.
When comparing the production of solar energy in State College, PA and Philadelphia, PA in terms
of average daily energy production, both locales have similar results. Table 9 shows the comparison of
average daily energy production in kWh/day per month in State College, PA and Philadelphia, PA.
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Table 9. Comparison of Average Daily Energy Production (kWh/day) Per Month in State
College PA and Philadelphia PA. Ordered by season where purple denotes winter, blue
denotes spring, yellow denotes summer, and orange denotes fall for agricultural planning
Month

Average Daily Energy Production
State College (kWh/day)

Average Daily Energy Production
Philadelphia (kWh/day)

December
January
February
March
April

2.06
2.68
2.50
5.13
4.73

2.68
3.10
3.68
4.52
5.03

May
June
July
August
September
October
November

3.90
5.47
5.48
4.61
4.57
4.06
3.10

5.45
5.73
5.23
5.48
4.67
4.03
3.06

Philadelphia, PA produces approximately 0.5 kWh more electricity in the winter months (denoted
by purple) comparably to State College, PA. In the months of spring and summer (denoted by blue and
yellow), Philadelphia produces approximately 0.4-0.6 kWh more than in State College, PA with exceptions
in the months of March and July. However, in the fall months (denoted by orange), State College, PA
produces small amounts more of electricity when related to Philadelphia, PA. Both of the locales produce
enough electricity through this designed system to cover the anticipated loads described in the previous
section. Financial viability of these systems will be discussed further in the next section.
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4.4 Financial Viability of Adaptable Power Systems for Farm Locales
The average system design cost can be found in Table 10. The system design includes 12 100W
Grape Solar panels with a SMA America SB1100U-SBD (200V) inverter and a 52V / 24 Ah lithium-ion
battery. These costs were generated from the SAM data simulation.

Table 10. Adaptable Power System Average Design and Installation Cost
Item
12 (100W) Grape Solar Panels
SMA America (200V) Inverter
52V/24Ah Lithium-Ion Battery
Balance of Systems Equipment
Environmental Permitting
TOTAL

Cost
$1,200.00
$256.00
$700.00
$300.00
$50.00
$2,506

This cost of this adaptable power system would fluctuate between the State College and
Philadelphia locales because of the different permitting and other fees from the local government and
utilities and the technology installed at location. The Philadelphia locale does not need to purchase the
lithium-ion battery but would additionally need to purchase a smart meter to track the amount of energy
passing from the adaptable power system to the electric grid. The cost for this adaptable power system
would fluctuate between $1,500 - $3,000 dependent on the install location and the components of the
design.
Both locales additionally have different methods of paying for the system. The Penn State Student
Farm would prefer to have this system donated. Other options for the Penn State Student Farm would be to
pay for this system through a Penn State grant and ensure research would be completed through the system.
A final option for the Penn State Student Farm would be to pay for the system outright. To calculate the
viability of this option, the annual energy production should be known. Appendix A.3 describes the annual
energy production in kWh/year for State College for 35 years.
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Using the values in Appendix A.3 and methodology from Solar Energy Conversion Devices, a
discounted cash flow and a payback period for the design system can be calculated.13 In this study, we will
assume that the cost of electricity is $0.0746/kWh.14 Additionally, we will assume an initial cost of $2,000
including 8 solar panels ($800), a SMA America inverter ($256), a lithium-ion battery ($700), and
environmental permitting and balance of systems fees ($244). We will also assume an inflation rate of
2.5%, and a discount rate of 5.5% from the SAM software. Figure 8 describes the cash flow and payback
period for the design system.

Figure 8. Discounted Cash Flow for State College Locale with an initial cost of $2,000,
inflation rate of 2.5%, discount rate of 5.5%, and initial cost of electricity of $0.0746/kWh

With an electricity cost of $0.0746/kWh and a 2.5% inflation cost, a capital cost for the system of
$2,000, and a discount rate of 5.5%, the system would not payback until the 29th year of operation. This
long payback period is due to the very low cost of electricity for the State College area. The Penn State
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Student Farm should not pay for this system outright. The farm should look for grants and other donations
from Penn State alumni donors for the construction of this adaptable power system.
The Mill Creek Urban farm additionally has multiple ways to pay for this system. To calculate the
viability of these option, the annual energy production should be known. Appendix A.3 describes the annual
energy production in kWh/year for Philadelphia for 35 years.
Using the values in Appendix A.3, the payback period for the design system can be calculated using
the same method as described for the State College payback period with a few differences. In this study,
we will assume that the cost of electricity is $0.147/kWh.14 Additionally, we will assume an initial cost of
$2,000 including 8 solar panels ($1,200), a SMA America inverter ($256), a smart meter ($300), and
environmental permitting and balance of systems fees ($244). We will also assume an inflation rate of
2.5%, and a discount rate of 5.5% from the SAM software. Figure 9 describes the cash flow and payback
period for the design system.

Figure 9. Discounted Cash Flow for State College Locale with an initial cost of $2,000,
inflation rate of 2.5%, discount rate of 5.5%, and initial cost of electricity of $0.147/kWh
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With the same fixed electricity cost of $0.147/kWh and a capital cost for the system of $2,000, the
system would payback during the 11th year of operation. After the 11th year of operation, the solar array
system would start to generate revenue for the Mill Creek Urban Farm. The Mill Creek Urban Farm should
seek grants to construct the adaptable power system so that they can immediately benefit from the revenues
of the adaptable power system. Because the load for the Mill Creek Urban Farm is very low, the adaptable
power system can be used as an additional source of revenue by selling excess electricity back to the
Philadelphia electric grid at the cost of electricity. This financial analysis does not account for times of
“peak load” in Philadelphia where the price of electricity can reach $0.25/kWh. The solar array would
generate more money during the peak load times as they usually coincide with times of peak generation of
the solar array (the late afternoon). These increased revenues will decrease the payback period for the
system. This system will increase the sustainability of the farm by creating a profit off of renewable
technology. Additionally, this model can be used to educate the public on microgrid technology, further
contributing to the educational mission of the Mill Creek Urban Farm.
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Chapter 5
Conclusion
After completing stakeholder interviews and developing load profiles for each locale, an adaptable
power system was determined. This system included 12 100W Grape Solar panels with a SMA America
SB1100U-SBD (200V) inverter and a 52V / 24 Ah lithium-ion battery. This system produced 1,470 kWh
in the State College, PA locale and 1,508 kWh in the Philadelphia locale in the first year.
In the State College locale, the adaptable power system produces no less than 2.06 kWh/day on
average which is greater than the required 1.195 kWh/day from load calculations. The adaptable power
system will be a stand-alone system and all electricity will come from the designed system. With the load
described presently, the adaptable power system would produce more energy than required at the farm.
Based on the Penn State Student Farm’s plans for expansion, the excess number of panels and the extra
solar energy capacity should be kept. Further increases in the electricity load may be covered in the future
by the excess solar energy produced currently.
In the Philadelphia locale, the adaptable power system produces no less than 2.68 kWh/day on
average. This is far greater than the required 0.27 kWh/day from load calculations. The Mill Creek Urban
Farm should be connected to the Philadelphia electric grid and monitored by the local utility in order to
capitalize off of the excess power production. This excess power production can be utilized as revenue by
the Mill Creek Urban Farm and used for community upgrades and funding for more educational programs
for the urban farm.
The State College and Philadelphia farms exude differences in client preference and aversion to
certain risks. The State College locale sets a preference on reaching an electrical demand and ensuring that
the demand is met by the adaptable power system. The system was designed so that additional electrical
loads could be added and such that the Penn State Student Farm would not be required to connect to the
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electrical grid. The adaptable power system design also included a lithium-ion battery that could be
disconnected from the parent system and used as a mobile power source. This battery can act as a diesel
generator but does not run on fossil fuels and costs the farm no money to use.
The Mill Creek Urban Farm located in Philadelphia, PA sets a preference on educational ability
and capital cost. The organization seeks to educate the children and the community on healthy eating as
well as sustainable living. An adaptable power system can be used as a learning tool for the community.
Additionally, the Mill Creek Urban Farm can use this system as a source of revenue for both the farm and
the community by selling the excess energy to the local utility during times of demand. A battery was not
designed for this system because all of the electricity produced would either be used or sold to the local
utility for a profit.
Through stakeholder interviews and an understanding of the client’s preference or aversion to
important aspects of project design, adaptable power systems can be utilized to increase the productivity of
agriculture systems while contributing to a healthier and more efficient food production system.

5.1 Future Steps
This research can be expanded and continued in a variety of ways. Future steps for this solar
ecology study include monitoring the solar ecology effects at the Penn State Student Farm and creating a
foundation for community solar in State College, determining the effects of small-scale solar in Philadelphia
and other city communities, researching the link between renewable energy systems and large scale
agriculture and the transition to electrification of farming systems, and examining how the relationship with
clients and stakeholders has changed when designing power systems. Each of these future research topics
will be explained further.
Due to the low price of electricity in Pennsylvania, the capital cost of solar power systems in the
state are often high and, due to this cost barrier, are not installed. More research is needed to continue to
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study how community solar and solar ecology can lower the price of these systems. With lower costs, more
solar energy systems can be installed, further diversifying Pennsylvania’s energy portfolio. The Penn State
Student Farm can be used as an initial subject of this study.
Research could also be completed on the effect of small-scale solar on Philadelphia communities
and other cities the United States. By leveraging the high cost of electricity typically found in cities, small
communities can rally around renewable energy systems such as solar to generate revenue for betterment
of the community. This study should be expanded to cities all around the United States and the world.
Specific focus should be on the economic benefits of this model and how to optimize these results.
An additional research area could be on the effect of renewable energy systems on large-scale
agriculture. Wind, geothermal, and solar could all have large roles in the electrification of agriculture
systems. By harnessing renewable energy for electricity, farms could reduce their reliance on fossil fuels
by transitioning traditional farming equipment and tractors to electric. By determining if renewable energy
can be used instead of fossil fuel energy to produce the same amount of food, researchers can help farmers
increase the sustainability of their farms and provide them with control over the price of their goods.
A final area of research is investigating how the relationship between clients and stakeholders are
changing when it comes to project design. As noted in this study, understanding why people make decisions
can help in providing the client with the best design. More research into decision-making and how it relates
to risk aversion and preference is needed to fully comprehend why clients make decisions.
There are many connections that still need to be explored between the production of energy and the
production of food in the world today. Transitioning to agriculture systems that rely on renewable energy
is one step to making our food and energy systems more sustainable. It is pivotal that these systems are
designed through engagement with stakeholders and clients. Leveraging these relationships may provide
insight into how to provide healthy food and clean energy to a growing world population.
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Appendix

A.1 Interview Questions
The following questions were asked in each stakeholder interview in an effort to understand the
solar utility, preference, and needs of the clients for the rural and urban locales. The answers to these
questions were used to develop client preference AHP tables, load profiles for each locale, and other various
analysis needed for this study.
1. What are the key functions that you want the adaptable power system to provide (i.e. electric
power to loads, access to the electrical grid, educational components, etc.)?
2. What are the main hours of operation throughout the year for your organization?
3. What are the electrical loads that this adaptable power system would need to cover?
4. What is the highest capital cost that you would be willing to pay for this system?
5. Will this adaptable power system be connected to the electric grid or act as a detached
system? How much space do you have for the system?
6. Does the farm have the ability and knowledge to provide maintenance to an adaptable power
system (solar panels, batteries, etc.) if the system malfunctioned after installation?
7. Will the adaptable power system be used as an educational piece as well as for electricity
production?
8. How important are the design aesthetics for this adaptable power system?
9. Why do you want to invest in solar energy when other forms of energy are also available
(diesel generators, wind, etc.)?
10. How will this adaptable power system contribute to the mission and culture of the farm and
organization?
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A.2 System Advisor Model Data and Report
The following SAM document was generated for the Philadelphia, PA locale as a generic, sample report
for reference.
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A.3 Annual Energy Production Table for Philadelphia and State College
The following table describes the annual energy production from the designed adaptable power
system from year 1 to year 35 for the Philadelphia and State College locales from SAM data simulation.
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Minors in Environmental Engineering, Sustainability Leadership, Energy Business Finance
Schreyer Honors College
Completing Honors Thesis in May 2018:
Electrification of Farm Structures through Adaptable Power Systems

EXPERIENCE

Solar Energy Engineering Intern
The Navy Yard, Philadelphia PA
National Electrical Contractors Association
Summer 2017
§ Proposed a 11.6 kW solar array for the NECA office building
§ Traveled to the Northern Cheyenne Reservation and installed a 4.9 kW array, created
MC4 connectors, and developed wiring scheme for the array
Building Energy Efficiency Intern
The Navy Yard, Philadelphia PA
National Electrical Contractors Association
Summer 2016
§ Conducted energy audits of small corner-stores and restaurants to improve energy
efficiency of the Philadelphia region
§ Developed comprehensive audit tools to improve efficiency in collection methods
Optical Engineering Intern
Greenbelt, MD
NASA Goddard Space Flight Center
Summer 2013, 2014
§ Tested flight hardware (two off-axis parabolic mirrors in OVIRS) for flaws using
laser radars, theodolites, and interferometers
§ Optimized system design of mirrors inside the optics box

PROJECTS AND
EXPERIENCES

President of College the Earth and Mineral Sciences Student Council
§ Lead fundraising, social, and service projects for EMS students and faculty
Study Abroad in Iceland and New Zealand
§ Studied renewable energy and sustainability strategies as well as governmental
policies in both countries. Completed capstone projects.
Project Manager for the National Electrical Contractors Association
Organized energy audit and solar panel analysis of Centre County PAWS
Chair of the Student Sustainability Advisory Council
§ Recommended sustainability policies to Penn State Vice Presidents

SKILLS AND
COURSES

COMPUTER PROFICIENCY C++, Matlab, Python, PVsyst, System Advisory Model (SAM)
RELEVANT COURSES Electrochemical Engineering Fundamentals, Wind/Hydrogen
Energy Conversion, Leadership in Sustainability, Solar Energy Conversion, PV System
Design, Electrical Circuits and Power Distributions, Energy and Earth Science Economics,
Chemistry of Fuels
SKILLS Organization, Creativity, Teamwork, Leadership, Video Production, Marketing

