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Abstract:
The purpose of this paper is to cover a range of topics related to the current energy issue
that we have at hand. It will cover the foundation of our main energy sources, if we have reached
peak oil, energy economics in relation to renewable energy, the rate of consumption of energy,
other bi-products of oil that we use in everyday life, and the feasibility of producing solar panels
from a completely renewable energy power plant. When most people think of oil, they do not
consider that it is our main source of energy that drives society. There are other energy sources
that we use that include coal, other forms of oil like substances such as biodiesel, ethanol corn,
and renewable energy. In the past twenty years, the growth in solar and wind technologies has
grown rapidly. In order to use less fossil fuels, there has also been an increase in electric
vehicles. The movement towards solar, wind, and electric vehicles may sound like a viable
solution, but the embodied energy in these technologies is not emphasized enough on the
engineering side. In energy economics there is a term called Energy Returned On Energy
Invested (EROEI, or EROI). This field of economics focuses on the amount of energy it takes to
produce an energy source, and what that energy output is in relation to production. While looking
into the EROEI for the more popular energy alternatives, it can be seen that solar and wind have
various values of return. EROI should also be considered with electric vehicles, but there are
many other variables to be considered. We are now realizing that peak oil production will be an
issue, so alternative energy and transportation technologies are being focused on. One of the
issues is if we use certain types of elements for these fossil fuel alternatives, we will eventually
exhaust those resources as well. That being said, we should reconsider better alternatives, and
reduce wasteful resource industries.
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Introduction:
Approximately 160 years ago mankind discovered a resource that seemed massively
abundant, was cheap to extract, and refine. This resource, oil made it capable of the internal
combustion engine to be used for primary transportation. A century after the discovery of oil,
Marion King Hubbert wrote a report that expressed the turning point for this resource; peak oil.
Peak oil is estimated as the point where production reaches a maximum rate, and starts to decline
with respect to demand.
Thirty years after Hubbert’s report, the Prudhoe Bay oil field in Alaska hit peak
production just after eleven years of operation. The production start date for this well was June
20th 1977, and it hit peak production in 1988 [1]. After the start of the new millennium, there
was another energy crisis in relation to economic and petroleum reserve decline. After seeing
that the oil reserves were declining, the shale and fracking industry increased in 2008. This
seemed like a viable solution due to the increase of production in the past 12 years. However,
referring to a few sources it would appear that it is not a solution. A Forbes report on March 17
2020 with Michael Lynch states: The active oil rig count dropped from nearly 1600 in December
to less than 700 by early May, prompting one famous shale pessimist to say “The Party’s Over
for U.S. Tight Oil.” Official forecasts called for a decline in shale oil production and the lower
drilling levels certainly appeared to support that [2].
There are seven main tight oil and shale gas regions in the United States as per the
Energy Information Administration (EIA); these can be seen in Figure 1. The data for the
Drilling Productivity Report of 2/2021 was collected from the EIA, and the results can be seen in
Figure 2.
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Figure 1: Tight Oil and shale gas regions. [3]

Figure 2: Oil production and Natural gas Production. [3]

5

The EIA also offers the data set for the Oil Production and Natural Gas Production for
these regions from January 2007 to the present date. The data set for the Oil Production was used
to generate a graph seen in Figure 3 to see the increase, and potential decline in production.

Figure 3: Oil Production from 2007-Present of the Tight Oil/shale Regions. [3]

While looking at Figure 2 and comparing the Permain’s oil production of March 2020 to
March 2021 (Projected) it does not seem like a big decline, but the consumption rate of oil in
2019 was 19,400,000 barrels per day (bbl/day) in the United States [4]. According to the Central
Intelligence Agency's (CIA) The World Factbook, the estimated consumption of 2020 for refined
petroleum products is 19.96 million bbl/day (2017 est.) [5]. Due to the 2020 consumption data
being affected by the COVID-19 pandemic and not available on the EIA website, the sources
used were that of projections, or estimations based on EIA’s previous data.
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One may think that the decline in production has not started, as the data from the EIA
will show a rapid decline around the time the COVID-19 pandemic started in the USA. In a NY
Times article on February 11, 2021 Royal Dutch Shell on Thursday made the boldest statement
among its peers about the waning of the oil age, saying its production reached a high in 2019 and
is now likely to gradually decline. Shell’s “total oil production peaked in 2019” and will now
drop 1 or 2 percent annually, the company said in a statement. The announcement, part of the
small print of a presentation about future clean-energy goals, is a turning point for one of the
world’s leading oil firms, one dating back to the 19th century. And it underscores a talking point
that the company’s chief executive, Ben van Beurden, has expressed for years: To stay in
business, Shell must be seen as part of the solution, and not the cause, of climate change [6].
In the past 20 years, the world has moved rapidly towards using renewable energy
sources, and implementing electric vehicles as a transportation source instead of fuel based
vehicles. This in turn seems the correct direction to go to lead to a better future, and help issues
with climate change. However, this solution still requires energy to create, extract, and refine
materials to make these renewable energy sources. While there may be companies working
towards alternative fuel or electric based mining equipment, most of the equipment used for this
process is that of petroleum driven mining equipment.
In general people do not take into consideration the amount of energy it takes to create
renewables, and electric vehicles. Most of the energy used in the production process to make
renewables and electric vehicles is that of fossil fuels, nuclear, and very little of renewables.
Although these vehicles help reduce emissions, they still use only about 18% of renewable
sources from the electricity sector to recharge the cells or batteries within the system. From an
engineer's point of view, we need to take this into account.
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While doing research on embodied energy, one can see most sources are biased at a
glance. Sources directly from renewable companies should not be used, as they tend to be biased
on the premises of self interest. Most of the sources used for this paper focused from an
economic and engineering point of view, as these tend to be more direct than biased in a certain
direction.
In Engineering, we learn a variety of subjects that are focused around mathematics,
physics, and chemistry. In fact we spend three and a half years of the bachelor's degree just on
core engineering courses. That being said, we as engineers should well understand the concepts
behind embodied energy. Energy alternatives can be designed more efficiently, but the maximum
efficiency should be heavily researched before mass production. As it will be discussed, one can
see why Energy Returned On Energy Investment (EROEI) is important. Overall, implementing
more of a focus on EROEI into the engineering design would not be too cumbersome.
In energy economics, EROEI (also known as Energy Returned On Invested EROI) is the
ratio of the amount of usable energy (the exergy) delivered from a particular energy resource to
the amount of exergy used to obtain that energy resource [7]. Arithmetically the EROEI can be
defined as seen in Figure 4 (a) [7]. EROI and Net energy (gain) measure the same quality of an
energy source or sink in numerically different ways. Net energy describes the amounts, while
EROI measures the ratio or efficiency of the process; seen in Figure 4 (b) [7].

Figure 4: Arithmetic Equation for EROEI (a). Net Energy related to EROI (b). [7]
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When calculating EROI, there are many factors to consider. Most sources indicated two
methods for calculating the EROI. One method focuses on the extraction and production process
and energy returned after the installation process. The extraction and production process
typically includes material extraction, transportation, assembly of the panel or turbine parts, the
transportation to the site location, and assembly of the panels or turbines on site.
For the rest of the variables to be accounted for, this is described in the second method.
The second method focuses the energy returned after the installation process without accounting
for the extraction and production process. This includes energy measurements after any losses in
the system. It also includes the maintenance from natural wear and tear over time of the panel or
turbine. The other end of maintenance includes any design issues and future failure issues.
Finally, any weather conditions that affect the panel or turbine functionality are taken into
account.
When looking at the two methods to calculate EROI, the two methods can yield different
answers. That being said, there have been changes to how EROI is calculated depending on the
source paper. While the authors of the papers have good intentions and derive new methods to
calculate EROI, other issues are not taken into consideration. One issue is the energy storage
beyond using batteries, but this is evolving and improving. Another is that we are dependent on
oil for many different markets including the production of renewable energy. Other markets
include the production of consumer electronics, cleaning products, cooking utilities, food
storage, clothing, building supplies, transportation, and maintenance products related to these.
Another thing to consider is how much energy is used to recycle these products, if they can be
recycled. On the other hand, what is the process for recycling renewables and should this be a
factor included in the EROI calculations.
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Problem Statement:
Alongside the EROEI issue with manufacturing renewables, we still have to overcome
the issue of our consumption of oil and its derivatives. As stated previously, the electricity sector
only uses about 18% of renewables. According to the EIA Americans use a lot of energy in
homes, in businesses, in industry, to travel, and transport goods [8]. There are four end-use
sectors that purchase or produce energy for their own consumption and not for resale [8]:
● The residential sector includes homes and apartments.
● The commercial sector includes offices, malls, stores, schools, hospitals, hotels,
warehouses, restaurants, and places of worship and public assembly.
● The industrial sector includes facilities and equipment used for manufacturing,
agriculture, mining, and construction.
● The transportation sector includes vehicles that transport people or goods, such as
cars, trucks, buses, motorcycles, trains, aircraft, boats, barges, and ships.
A pie chart shown in Figure 5 demonstrates the percentages by the four end-use sectors.

Figure 5: End-Use Sectors by Percentage. [8]
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For 28% of transportation in 2019, petroleum products accounted for about 91% of the
total U.S. transportation sector energy use. Biofuels, such as ethanol and biodiesel, contributed
about 5%. Natural gas accounted for about 3%, most of which was used in natural gas pipeline
compressors. Electricity provided less than 1% of total transportation sector energy use and
nearly all of that in mass transit systems [9]. A more in depth description can be seen in Figure 6.

Figure 6: Energy Use for Transportation. [9]
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Another thing to consider when talking about energy consumption would be the amount
of energy that is used in consumer and business electronics. More specifically, these consumer
and business electronics will include mobile phones, laptops, and tablets to show the energy
used. In 2015, worldwide sales of mobile phones reached about 1.9 billion, those of laptops
amounted to about 60 million, and tablet sales surpassed 230 million. The aggregate weight of
these devices came to about 550,000 metric tons. Assuming, conservatively, an average
embodied rate of 0.25 gigajoules (GJ ) per phone, 4.5 GJ per laptop, and 1 GJ for a tablet, the
annual production of these devices required about 1 exajoule (EJ, 1018 J) of primary energy [10].
That same year there were 72 million vehicles sold with an embodied energy amount of 7 EJ of
and weighed about 100 million metric tons. New cars thus weighed more than 180 times as much
as all portable electronics, but required only seven times as much energy to make [10].
Overall the electric vehicle (EV) seems like a good concept, but there are many
implications to this idea. One of the main issues with this is the design dependency on electric
storage. Certain batteries can last some time, but they eventually need to be replaced. One source
stated that even after substantial degradation of the EV’s battery, such as 20% capacity loss, EVs
can still meet the daily travel needs of over 85% of all U.S. drivers [11]. This source makes a
valid argument, but the batteries will not run as efficiently below 80% capacity loss. More
recently Lithium Ion batteries have been used in electric vehicles. In fact, most recommendations
for charging Lithium Ion batteries are when there is 20%-50% energy left, as this optimizes the
life span. When one considers batteries, they do not think of the materials (Lithium Ion, and
cobalt) that go into the manufacturing process. Another thing to consider is the amount of energy
it takes to do research and development for renewable energy, electric/alternative source
vehicles, energy storage solutions, and energy to recycle renewables.
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Overall, the ceramics and glass industry still consumes more lithium than the battery
industry. (Lithium lowers the melting point for ceramics and glass, making them more
malleable.) But battery production is slated to accelerate rapidly in the coming decades. From
2007 to 2014, the percentage of lithium devoted to battery production rose by 50 percent.
Analysts at Deutsche Bank expect that by 2025, battery production will consume 70 percent of
global lithium supplies [12]. The Li-ion batteries also use cobalt for the cathode and anodes. The
majority of the world’s cobalt production is concentrated in the Congo, and there are questions
whether enough long-term supplies of cobalt can be established to fulfill the transformation to
electric vehicle demands [13].
Now this is only looking at a few elements on the periodic table. What about other
elements we use to create certain products? What about all the consumer products that get
recalled and/or removed from the market? Is there a viable solution to recycle and repurpose
those materials, and is the energy used to recycle them worth it? In relation to recalls, the United
States Consumer Product Safety Commission's website lists a total of 10,411 recalls. This
number reflects the amount since the date of June 8, 1973, and is up to April 7, 2021. Perhaps
when we release products, we tend to “jump the gun” and release them due to the pressure of the
market with respect to supply and demand.
Of course there are plenty of unethical businesses that release products to just make
money, and do not care if the product is unreliable or a bad design. On the other side of that coin,
there are businesses who do take responsibility for their errors. While considering both scenarios
it would appear that the overall energy it takes to create these products is not considered. This
may be due to the lack of information on energy/resources that the company has. Even if that is
the case, the engineers should be able to see that problem and seek out answers.
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In regards to unethical businesses, there are plenty of companies out there that promise
products that still need a lot of research done before they can be developed. The issue with these
businesses is that anyone will believe they can produce a product. Typically anyone one in the
applied STEM educational field should be able to question these ideas, and come to a conclusion
if the product is viable or not. This can also be said about people without an education, given
they are able to do the research and understand the information. In general, any concept can be
easily understood if it is explained correctly, and can be related to something simpler that we all
are familiar with. For example, the analogy of current flow in circuits is sometimes related to the
flow of water. While this is not applicable to all circuit situations, it is an easier concept to follow
while being introduced to certain components in circuits.
When considering the amount of misinformation on the internet, there are plenty of
things one can find. One thing that has a lot of trends on youtube, is that of “free energy”. There
are plenty of different channels that do a demonstration of these proposed “free energy”
concepts. The issue with these videos is that they can appear to be true, especially if the viewer
has no knowledge of the information.
While reviewing the information above, one can say that improvements can be made, and
certain things must be done to help prevent future climate change. Future climate change is an
important topic, and can affect the survival of certain species. As per the U.S. Fish & Wildlife
Service website, there are 716 endangered or threatened to be endangered species [14]. Also
from their website is a list of 943 endangered or threatened to be endangered plant species [14].
These numbers do not reflect the species broken up into subcategories, but instead focus on
every animal and plant. As time progresses climate change will be more dramatic and these
numbers will increase, so a more rapid change should be done.
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EROI, Solar EROI, and Wind EROI:
As stated in the how EROI is calculated section above, there are many factors seen in this
process. More specifically the methods for solar are as follows: the production of the necessary
materials, the manufacture of the components, their transportation, installation, commissioning,
operation and maintenance, decommissioning, financing, administration, their integration in the
electricity supply system duly revised according to the needs of the users, and finally, the
essential accompanying research and development work. It is important with respect to this latter
point that the quality of the energy produced be considered [19]. There are some inconsistencies
that can be seen in these reports, as they do not focus on all of these specifications. Some even
lack the intermittency and life cycles of renewables.
Due to the ongoing argument of EROI calculations and inconsistencies with the methods
used, only a few EROI sources will be sourced. However, the basic understanding of EROI will
be discussed. To be considered viable as a prominent fuel or energy source a fuel or energy must
have an EROI ratio of at least 3:1 [7]. While the wikipedia page on EROI states it should be 3:1,
a Forbes article states otherwise. This article states the breakeven number for fueling our modern
society is about 7 [16]. In order to understand the ratio, the example used will be that of crude
oil. When oil was first discovered the amount of EROI was 100:1. This means that for every 100
barrels of oil found, it took the energy of 1 barrel of oil to find the 100 barrels. This is a
fundamental idea as it takes energy to create/produce another energy source. In a journal done by
Charles Hall and Jessica Lambert they have broken down the required EROI for each need in
society. In another article done by Charles Hall and Pedro Prieto they have related the hierarchy
of “energetic needs” with the approximate required EROI; seen in Figure 7.

15

Figure 7: Hierarchy of “energetic needs”, and approximate required ERIO. [17]

In general there are two views with EROI calculations, one side is seen as pessimistic and
the other is optimistic. In reality things should not look as though they are optimistic or
pessimistic, especially when it comes to energy. In terms of EROI, things should be looked at as
feasible or not feasible. The result of doing this would reflect that there is no biased direction of
either result. In one article the authors stated that the net energy is not linear when related to
EROI. The relationship of EROI to net energy is non-linear, and consequently its impact can
potentially be misjudged, particularly at very high and very low EROI values. To illustrate this,
Table 1 also provides the ‘net energy percentage’, equal to 1−

1
𝐸𝑅𝑂𝐼

, to represent more clearly

the amount of net energy obtained [18]. This comparison of mean EROIs with the net energy
percentage can be seen in Figure 8.
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Figure 8: Comparison of mean EROIs for different energy sources. [18]

Notes related to Figure 8: Thermal EROI values for oil and gas are identical because the data
from which they are derived is normally aggregated. Optimistic EROI values are taken from one
article, except for solar thermal and solar PV. Solar thermal was not included in the
meta-analysis, so we use an estimate from the literature. Optimistic values for solar PV are based
on the median values that rely on more recent data. There is significant variance in the EROI
between each particular biofuel; one study calculates a mean of five, but it is skewed by several
large outliers. Biofuels refers to all solid, liquid and gaseous fuels from any biomass source,
which has then been split into ‘solids’ and ‘gases and liquids’ subcategories to account for the
considerably higher EROIs of solid biomass (for example, 25:1 for wood). Pessimistic EROI

17

values for renewables are adjusted downwards to account for ‘buffering’ through energy storage.
Under pessimistic EROI assumptions, oil and gas follow a trend of –0.357 from a starting value
of 35.4 in 1971 (extrapolated from oil and gas EROI trends between 1992 and 2006).
While the authors bring up valuable information related to the net energy percentage,
they still did not include information related to the intermittency of certain sources. As the article
states, there are EROI assumptions. EROI values for different energy sources vary considerably
from study to study. A recent meta-analysis attempted to produce mean values of EROIs for
thermal and electrical energy sources. However, there is much debate, particularly around EROI
values for renewable sources, due to differing perspectives on calculation methods and whether
energy costs of storage and intermittency should be accounted for. This has led to a range of
EROI values for solar photovoltaics (PV) from as low as 0.8:1 to over 60:1 [18]. Even though
the intermittency is neglected, and the authors bring up that the numbers change drastically when
this is considered, the intermittency should still be looked at as facts to take into consideration.

Solar Intermittency:
A big issue with solar is intermittency, and this may be due to weather conditions,
geographical location, or the configuration of the photovoltaic (PV) system. Depending on the
geographical location of the panels, the irradiation (or solar energy in hours) can vary. This value
ranges from 1-6.9, and has different color codes associated with the number ranges. This can be
seen in Figure 9, on the next page. Figure 9 (a) demonstrates the solar Irradiance for the United
States. Figure 9 (b) is about the data which is in the right hand lower corner of Figure 9 (a), but
can not be seen.
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Figure 9: Global Horizontal Solar Irradiance US(a).
About the data (b). [15]
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The best storage option for intermittency would be that of hydroelectric pumped storage,
as this has the least amount of energy loss. The losses include 25% in pumping up the water, and
then letting it down through the turbine [19]. Also an additional 25% of the electricity generated
by the PV system will be used to pump the water into an upper storage lake to be discharged
when the consumers need electricity. In addition, losses due to conversion from low to high
voltage for the pumps estimated to be 2,1% are to be included [19]. In Figure 10, the calculated
energy losses and extra energy to be invested in order that the customers are served according to
their requirements in an integrated power supply system [19].

Figure 10: Energy losses and extra energy investments due to plant and grid integration. [19]

Solar Life Cycle:
Most claims for the life cycle of the system are that of 25 and 30 years. However, if this
is true, the quantity of dismantled modules should be close to zero in Figure 11. As you can see
from the data in the table, there were almost no PV systems installed 25-30 years ago. At the end
of 2015, modules corresponding to the 53 MegaWatts (MW) installed in 1998, have already been
dismantled. Therefore, the average lifetime is closer to 17 instead of 30 years [19]. In most other
study cases, it can also be seen that the life cycle is always questionable. This in turn would
diminish resources more rapidly.
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Figure 11: Installed PV module capacities and weights between 1985 and 1998 in Germany. [19]

In 2017 about a year after the information listed above was released, there was a
comprehensive response to the paper. The energy returned data referenced with the original
paper can be seen in Figure 12 (a), and responses data set can be seen in Figure 12 (b).

Figure 12: Ferruccio Ferroni and
Robert J. Hopkirk energy return
calculations (a). Comprehensive
response energy return
calculations (b). [20]
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Additionally, the energy investments were calculated as well. Ferruccio Ferroni and
Robert Hopkirk’s energy investment calculations can be seen in Figure 13, and the responses in
Figure 14.

Figure 13: Ferruccio Ferroni and Robert J. Hopkirk energy investment calculations. [20]

Figure 14: Comprehensive response energy investment calculations. [20]
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The many factors of EROI that were listed previously, but this calculation also varies
with different renewables. More specifically, the EROI methods for wind turbines are as follows:
estimated electricity generation, life cycle analysis for embedded energy and carbon emissions,
access roads to wind farms, cables required between each turbine, earth works (digging and
flattening for turbine installation), turbine materials (tower, blades, mechanical parts), transport,
and finally operation and maintenance [19]. As it can be seen in Figure 8, Wind has the EROI
range of 5:1-18:1. Using the data from a Energy Return on energy and carbon investment of
wind energy farms: A case study of New Zealand, the calculated EROI can be seen in Figure 15.

Figure 15: Comprehensive response energy investment calculations. [21]

Wind Intermittency:
One of the main issues with wind turbines is the intermittency. In order for the turbines to
generate electricity, high wind speeds are best for optimal results. However, areas with high wind
speeds are usually accompanied by turbulence [21]. These intermittencies in wind speed create
variable mechanical loads on the wind turbine structure, causing fatigue and ultimately leading to
failure [21]. Most wind farms have turbine operators that lock the blades in high turbulent
conditions, but this in turn causes more intermittencies.
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In the Buffalo N.Y. area there are turbines along the NYS thruway, but the area is not a
suitable location. While Governor Cuomo seemed optimistic with energy savings before the
installation, a few years later there is little to none. Most think being closer to the Lake Erie
shore will be a better location. According to a source, the prevailing winds at this location make
the turbines quite unsuitable for conditions in the region. This is due to the high winds, and the
structural integrity of the turbines. These were shut down in fear of the propellers coming off
[22].

Wind Life Cycle:
Most sources indicate that the life cycles of wind turbines are 20 and 25 years. In the one
article used, the period of the life cycle energy analysis chosen was 20 years. The main structural
components of a turbine (such as the tower and base) are capable of lasting many years beyond
this, however, more regular replacement of the moving parts, such as the generator, gearbox and
blades is generally required. The net energy produced over the life cycle of each wind turbine is
equal to the gross energy output of the turbine, minus the initial embodied energy, the energy
associated with the necessary replacement of components during the 20-year period and the
energy required for operation, maintenance and repair [23]. The issue with this source is they are
deducting the initial embodied energy in this process. Again with these types of exceptions in
calculations, it will appear less resources are actually used. This in turn is bad practice because of
the underlying issue of resource demise. In a lot of the journals on Wind EROI, they take into
consideration carbon emissions over time. While this is a good argument, we still have the
underlying issue of intermittency. To account for this there must be a sufficient amount of energy
storage.
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Possible solutions:
While the data presented is informative and includes big differences, the overall oil
dependent markets and energy storage for renewables still present an issue. Other than the energy
storage for renewables and moving towards electric vehicles, we have the issue of materials
needed for these solutions and how to properly recycle them. In a July 2020 report printed by the
Manhattan Institute, the author goes into detail about the implications of materials for renewables
and electric vehicles. There are five main points made in the executive summary, and the title is
“Among the material realities of green energy”; seen in Figure 15.

Figure 15: Among the material realities of green energy. [24]
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Quality of Life Expectation:
Upon reading this paper, one would present the question of what are the possible
solutions to this problem. In reality there are the possibility of many different solutions, but this
paper will go into detail of one after mentioning one route. One solution would be that we reduce
the oil dependent markets, and reduce the quality of life expectations. If we refer to the data in
the report called “Your Phone Costs Energy—Even Before You Turn It On”, one can see that a
lot of energy goes into phones. The same can be said about other consumer electronics, clothes,
and vehicles. If we reverted back to the way things used to be built, and made them to last longer
that in itself would save energy. Using this same method with vehicle distribution would also
reduce energy consumption.
In the 20 years of driving I have done myself, the one vehicle I have stayed with has been
a Jeep Cherokee. The 1997 model I owned lasted some time, but due to the North East weather
conditions I had to junk the vehicle as the frame was starting to rot. After that I bought a 2000
year model, and have had it for almost five years. I would prefer to have a more gas economical
vehicle, but I have been reverted back to working construction since I moved back to this area.
The purpose of bringing up this fact is that myself and other Jeep owners I know have continued
to use this vehicle due to its longevity when maintained.
While working in the restaurant industry I noticed the amount of food that might be
wasted during banquets and parties. I would usually take home leftover food and freeze it if
needed. While not working in restaurants, I make bigger meals to last 1-3 weeks. This has been
done for both economical and time efficiency purposes. Other food conservation methods can be
used as well to keep perishable products longer. If more people use these types of methods, this
would also save energy in their vehicles and energy used to prepare and cook food.
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When it comes to technology I do enjoy working on electronics, computers, and making
projects with computer programming and also using microcontrollers. That being said I do have
enough experience to know that there are other routes when it comes to possibly replacing
certain things. For example, years ago I decided to use the Linux operating system as my main
computer operating system. This was done due to the limited resources I had to purchase a newer
machine. The reason to bring up this information is to show that replacing a consumer electronic
such as a phone, computer/laptop, and even home appliances is not needed if it can simply be
fixed. While not everyone possesses the ability to do “simple fixes”, there are plenty of resources
to find a person that can do them. Most of the time, especially in this day of age it can be cheaper
to buy a newer device than it is to fix it. While that can be the case, this in turn has made things
worse due to the disposable society we have become in the past 30 years. The issue of a
disposable society brings up other issues as well, but for the sake of this paper I will not
elaborate on them.
When mentioning the previous information, one would say this could be reducing their
expectations of their quality of life. Overall, this could be a true statement but if we are going to
continue as a society we all have to work together and make changes with respect to our energy
conditions. Another thing we could do is invest more into using other possible sources of energy.
For example, we are starting to utilize greenhouse gases from sources which are typically
methane gas. This is also known as Renewable Natural Gas, often called RNG or biomethane.
RNG comes from sources including livestock farms, landfills, wastewater treatment plants, food
and beverage waste, and organic waste operations [25]. When comparing the energy density of
methane to petroleum, methane has the approximate energy density of 50-56 MJ/kg
(MegaJoules per kilogram) [26] while petroleum has the energy density of 42-46 MJ/kg [27].
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Solar Production from Renewables:
Let us now consider another alternative solution. We know that renewable energy is by
definition renewable, and a clean energy source. More specifically, if renewables are in fact a
viable source, why not have a power plant to reproduce solar panels and use renewables as the
source of energy. During any intermittency with these sources, a clean energy storage solution
could be used. More energy sources may be needed, but we will start with the basics. The basics
will be the process of making solar panels, as this is the desired end result. To manufacture solar
panels, there are 9 main steps listed below [29]. A simplified visual representation of steps 3-8
can be seen in Figure 16.

1. Raw Materials
2. Purifying the silicon
3. Making single crystal silicon
4. Making silicon wafers
5. Doping
6. Placing electrical contacts
7. The anti-reflective coating
8. Encapsulating the cell
9. Quality Control

Figure 16: Simplified visual representation of Steps 3-8. [28]
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The information for the 9 main steps is listed below, as per its source [29]. The main
interest is the manufacturing process which includes Steps 2-8, and each will be evaluated
separately to determine the required energy needed. Once this is done, then the overall needed
energy to create solar panels can be derived.
1. Raw Materials
The basic component of a solar cell is pure silicon, which is not pure in its natural state.
To make solar cells, the raw materials silicon dioxide of either quartzite gravel or crushed quartz
are first placed into an electric arc furnace, where a carbon arc is applied to release the oxygen.
The products are carbon dioxide and molten silicon. At this point, the silicon is still not pure
enough to be used for solar cells and requires further purification. To make solar cells, the raw
materials silicon dioxide of either quartzite gravel or crushed quartz are first placed into an
electric arc furnace, where a carbon arc is applied to release the oxygen. The products are carbon
dioxide and molten silicon. At this point, the silicon is still not pure enough to be used for solar
cells and requires further purification. Pure silicon is derived from such silicon dioxides as
quartzite gravel or crushed quartz. The resulting pure silicon is then doped with phosphorus and
boron to produce an excess of electrons and a deficiency of electrons respectively to make a
semiconductor capable of conducting electricity. The silicon disks are shiny and require an
anti-reflective coating, usually titanium dioxide [29].
The solar module consists of the silicon semiconductor surrounded by protective material
in a metal frame. The protective material consists of an encapsulant of transparent silicon rubber
or butyryl plastic bonded around the cells, which are then embedded in ethylene vinyl acetate. A
polyester film makes up the backing. A glass cover is found on terrestrial arrays, a lightweight
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plastic cover on satellite arrays. The electronic parts are standard and consist mostly of copper.
The frame is either steel or aluminum. Silicon is used as the cement to put it all together [29].
2. Purifying the silicon
The silicon dioxide of either quartzite gravel or crushed quartz is placed into an electric
arc furnace. A carbon arc is then applied to release the oxygen. The products are carbon dioxide
and molten silicon. This simple process yields silicon with one percent impurity, useful in many
industries but not the solar cell industry [29].
The 99 percent pure silicon is purified even further using the floating zone technique. A
rod of impure silicon is passed through a heated zone several times in the same direction. This
procedure "drags" the impurities toward one end with each pass. At a specific point, the silicon is
deemed pure, and the impure end is removed [29].
3. Making single crystal silicon
Solar cells are made from silicon boules, polycrystalline structures that have the atomic
structure of a single crystal. The most commonly used process for creating the boule is called the
Czochralski method. In this process, a seed crystal of silicon is dipped into melted
polycrystalline silicon. As the seed crystal is withdrawn and rotated, a cylindrical ingot or
"boule" of silicon is formed. The ingot withdrawn is unusually pure, because impurities tend to
remain in the liquid [29].
4. Making silicon wafers
From the boule, silicon wafers are sliced one at a time using a circular saw whose inner
diameter cuts into the rod, or many at once with a multi wire saw. (A diamond saw produces cuts
that are as wide as the wafer . 5 millimeter thick.) Only about one-half of the silicon is lost from
the boule to the finished circular wafer if the wafer is then cut to be rectangular or hexagonal.
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Rectangular or hexagonal wafers are sometimes used in solar cells because they can be fitted
together perfectly, thereby utilizing all available space on the front surface of the solar cell [29].
The wafers are then polished to remove saw marks. It has recently been found that
rougher cells absorb light more effectively, therefore some manufacturers have chosen not to
polish the wafer [29].
5. Doping
The traditional way of doping (adding impurities to) silicon wafers with boron and
phosphorus is to introduce a small amount of boron during the Czochralski process in step #3
above. The wafers are then sealed back to back and placed in a furnace to be heated to slightly
below the melting point of silicon (2,570 degrees Fahrenheit or 1,410 degrees Celsius) in the
presence of phosphorus gas. The phosphorus atoms "burrow" into the silicon, which is more
porous because it is close to becoming a liquid. The temperature and time given to the process is
carefully controlled to ensure a uniform junction of proper depth [29].
A more recent way of doping silicon with phosphorus is to use a small particle
accelerator to shoot phosphorus ions into the ingot. By controlling the speed of the ions, it is
possible to control their penetrating depth. This new process, however, has generally not been
accepted by commercial manufacturers [29].
6. Placing electrical contacts
Electrical contacts connect each solar cell to another and to the receiver of produced
current. The contacts must be very thin (at least in the front) so as not to block sunlight to the
cell. Metals such as palladium/silver, nickel, or copper are vacuum-evaporated through a
photoresist, silkscreened, or merely deposited on the exposed portion of cells that have been
partially covered with wax. All three methods involve a system in which the part of the cell on
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which a contact is not desired is protected, while the rest of the cell is exposed to the metal.After
the contacts are in place, thin strips ("fingers") are placed between cells. The most commonly
used strips are tin-coated copper [29].
7. The anti-reflective coating
Because pure silicon is shiny, it can reflect up to 35 percent of the sunlight. To reduce the
amount of sunlight lost, an anti-reflective coating is put on the silicon wafer. The most
commonly used coatings are titanium dioxide and silicon oxide, though others are used. The
material used for coating is either heated until its molecules boil off and travel to the silicon and
condense, or the material undergoes sputtering. In this process, a high voltage knocks molecules
off the material and deposits them onto the silicon at the opposite electrode. Yet another method
is to allow the silicon itself to react with oxygen- or nitrogen-containing gases to form silicon
dioxide or silicon nitride. Commercial solar cell manufacturers use silicon nitride [29].
8. Encapsulating the cell
The finished solar cells are then encapsulated; that is, sealed into silicon rubber or
ethylene vinyl acetate. The encapsulated solar cells are then placed into an aluminum frame that
has a mylar or tedlar backsheet and a glass or plastic cover [29].
9. Quality Control
Quality control is important in solar cell manufacture because discrepancy in the many
processes and factors can adversely affect the overall efficiency of the cells. The primary
research goal is to find ways to improve the efficiency of each solar cell over a longer lifetime.
The Low Cost Solar Array Project (initiated by the United States Department of Energy in the
late 1970s) sponsored private research that aimed to lower the cost of solar cells. The silicon
itself is tested for purity, crystal orientation, and resistivity. Manufacturers also test for the
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presence of oxygen (which affects its strength and resistance to warp) and carbon (which causes
defects). Finished silicon disks are inspected for any damage, flaking, or bending that might have
occurred during sawing, polishing, and etching [29].
During the entire silicon disk manufacturing process, the temperature, pressure, speed,
and quantities of dopants are continuously monitored. Steps are also taken to ensure that
impurities in the air and on working surfaces are kept to a minimum [29].
The completed semiconductors must then undergo electrical tests to see that the current,
voltage, and resistance for each meet appropriate standards. An earlier problem with solar cells
was a tendency to stop working when partially shaded. This problem has been alleviated by
providing shunt diodes that reduce dangerously high voltages to the cell. Shunt resistance must
then be tested using partially shaded junctions [29].
An important test of solar modules involves providing test cells with conditions and
intensity of light that they will encounter under normal conditions and then checking to see that
they perform well. The cells are also exposed to heat and cold and tested against vibration,
twisting, and hail. The final test for solar modules is field site testing, in which finished modules
are placed where they will actually be used, which helps determine efficiency and life cycle [29].
Required Energy for Production Steps:
In general, there are three types of solar panel cells, and those types are monocrystalline
silicon cells, cast monosilicon cells, and polycrystalline silicon cells. In terms of efficiency and
cost the monocrystalline silicon cells have the highest efficiency and highest cost, the cast
monosilicon cells have high efficiency and lower cost, and the polycrystalline silicon cells have
lower efficiency and lowest cost [30]. Due to having the idea of a solar panel production power
plant, we will assume the best case scenario for the energy source. This is mainly because the
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highest price solar cell will reduce after time due to the mass production. As mentioned
previously, we will first consider the energy required for each step before using values for the
source.
To start with the production process, we will start with Step 2; purifying the silicon. The
assumption of the desired panel will be that of a commercial size. The standard weight of a 72
cell 300 Watt commercial panel is 25 kg [31]. Of the panel’s weight being 25 kg, 17 kg is that of
other materials [32]. Given that information, we can say that there is approximately 8 kg of
Silicon in one solar panel, and this includes the assumption of other materials in the process.
Metallurgical (MG) silicon is produced at the rate of millions of tons/year at a low economic cost
of a few $/kg and an energy cost of 14–16 kWh/kg. As such, it is 98–99% pure, with a major
contamination of carbon, alkali-earth and transition metals, and hundreds of ppmw (parts per
million weight) of Boron and Phosphorus [33].
Now that there is enough information to calculate the energy required for Step 2,
information will be gathered for Step 3; making single crystal silicon. One of the most common
methods used is called the Czochralski method. This method usually includes the doping process
of the silicon, so Step 5 will be included in the energy information. There are various ways to
increase the efficiency of crystal growth, so a recent paper's simulation information will be used.
The result with the largest crystal mass was 246.07 kg and had a power consumption of 87.75kW
[34]. The requirements for a Czochralski furnace will be looked at once every step has a
definitive energy requirement value.
The next step is to devise an overall energy cost of making silicon wafers, or rather
cutting silicon wafers. Machining processes used in manufacturing of silicon wafers can be
classified into two groups. One group includes processes(such as polishing) which produce a
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wafer surface with excellent quality but are slow and expensive. The other group includes
processes (such as lapping and grinding) which are faster and less costly but do not produce a
surface that meets the requirements of semiconductor device makers. A comparison of these
processes is provided in Figure 17. To convert silicon ingots into wafers, multiple processes from
these two groups are required to reach a series of compromises optimized to produce wafers that
meet quality requirements at the lowest possible cost [34].

Figure 17: Comparison of major machining processes in silicon wafer manufacturing. [34]

Looking at the above information raises another issue of quality vs quantity in terms of
dollar costs. However, the assumption of best case will be made as the dollar price will decrease
with increased production. That being said, the proposed method should include slicing with a ID
saw machine, grinding with a grinding machine, and polishing with a polishing machine. Solar
cells come in a standard size of 156mmx156mm, and the thickness is approximately 0.2mm [35].
Using the Czochralski method with the correct technology, can yield a crystal size of 200 mm
and 300 mm diameter wafers. The crystal ingots from which wafers are sliced can be up to 2
metres in length, weighing several hundred kilograms [36].
For the rest of the steps in the production process, there are several companies that sell
module production lines. These services provide all the equipment needed to produce mass
production of solar panels. One of the companies that has had the most experience with solar
production is Ecoprogetti. This company offers many different solutions to production based on
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a desired megawatt output. To start, the 20 MegaWatt (MW) module production line will be
chosen. After there are definitive values calculated for the required energy source, then the next
MW production line will be chosen if possible. The specifications for the 20MW production line
can be seen in Figure 18. All calculations are assuming there are DC (Direct Current) to AC
(Alternating Current) transformers in the system.

Figure 18: Ecoprogetti’s 20 MW Production Line Solution. [37]

The next thing to consider is the energy requirements for the Czochralski growth furnace,
and the wafer saw machine. The arc furnace power requirement is 190-460Volts (Vs), at 20 Kilo-volt-Amps (KVA) , and on 3-phase AC power (4 wires + ground) [38]. Using the KVA value
and that it runs on 3-phase AC, the current usage at 190V results in 60.774A, and 25.102A at
460V [39]. Given that information, we can now calculate the power range for the furnace which
results in 11547.06Watts at 190V, and 11546.92Watts at 460V. The saw to cut the wafers power
requirements are 3-phase, 200A, and a max of 80kW [40].
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The voltage can be calculated using a variation of Ohm’s law ( V(Volts)=

𝑃 (𝑊𝑎𝑡𝑡𝑠)
𝐼 (𝐴𝑚𝑝𝑠)

),

which results in 400V. Looking at the data from Figure 18, and the requirements for the furnace
and saw the required power can be calculated. The total power required for the furnace, and the
saw results in 91546.92 Watts; approximately 91.6kW. Before calculating the entire power
requirement for the system, the furnace and wafer cutter must be converted to Watts/hour (W/h);
this is simply 91.6kW/h. Taking the 55kW/h from Figure 18, and adding the 91.6kW/h results in
146546.92Watts. Moreover, the approximate power requirement for the entire system is
146.6kW/h.
When considering different designs of solar panels, there are a wide variety of output
wattages. The highest output wattage solar panel is made by First Solar, and has a minimum
wattage of 420, has a maximum wattage of 460, and the average wattage of 440 [41]. Using
simple algebra, the amount of required solar panels to run 146.6kW/h can be calculated. In
Figure 19 the unknown variable will be PNWATTS (as in Panel Number), that will be multiplied by
440W, and the other side of the equation will be equal to 146.6kW/h. After setting up the
equation, the unknown variable PNWATTS can be solved for; seen in Figure 19.
PNWATTS(440𝑊) = 146. 6𝑘𝑊/ℎ

-> PNWATTS=

146,600𝑊/ℎ
440𝑊

≅333. 182

Figure 19: Solving for the required amount of solar panels needed for 146.6kW/h.

Looking at Figure 19, it can be seen that approximately 333 solar panels are required to
run the furnace, saw, and production line wattage for one hour. The next thing to look at would
be the total voltage and amperage of each panel to see if the sum can sustain the requirements.
While the information in Figure 18 showed the required kW/h, it does not state a direct value for
voltage and amperage of the entire production system.
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They do however list the specifications for each machine used in the production line. These
values are important, as solar panels typically output low voltage and amperage.
The machines for the 20MW production line are numerically listed (1-11), and can be
seen in Figure 20. The values for each machine were obtained via their datasheets, which can
also be seen in Figure 20.

1) 400V, 15A 2) 400V, 12A 3) 400V, 8A 4) 230V, 7A 5) 230V,10A 6) 400 Volts, 135A
7) 400V, 6A

8) 400V, 11A 9) 230V, 5A 10) 400V, 25A 11) 230V, 10A

Figure 20: Machine list and specifications for the 20MW production line. [37]

Now that the information is given about each machine in the production line, we can see
if the calculated panels from Figure 19 are correct. As per a previous listed source, the solar
panel manufacturing company with the highest output wattage was First Solar. This source also
stated that the maximum wattage was 460 Watts, but looking at the datasheet it is 450 Watts.
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The output wattage also changes with respect to a few different variables. First Solar’s datasheet
with their models nominal values can be seen in Figure 21.

Figure 21: First Solar’s model types and rating nominal values. [42]

Even though the values change with respect to a few different variables, the best model
and scenario will be used due to the values of the production line machines being at their
maximum. That being said, the best value at V MAX and IMAX for the model FS-6450/FS-6450A
will be used. If the required values from Figure 20 (production line machines) are summed, the
total required voltage is 3720V, with a required current of 244A.
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Again using simple algebra, the amount of required solar panels to run 3720V and 244A
can be calculated. In Figure 22 the unknown variables will be PNVOLTS for volts and PNAMPS for
current in amps. The values seen in Figure 21 will be used as determined coefficients for the
calculated values in Figure 22. That being said, PNVOLTS will be PNVOLTS (186.8), PNAMPS will be
PNAMPS(2.41), and each equation will be set equal to their respective voltage and current values
needed. After setting up the equations, the unknown variables PNVOLTS and PNAMPS can be solved
for.

PNVOLTS(186. 8𝑉) = 4380𝑉 -> PNVOLTS =
PNAMPS(2. 41𝐴) = 844𝐴 -> PNAMPS =

4380𝑉
186.8𝑉

844𝐴
2.41𝐴

≅23. 4475

≅350. 2075

Figure 22: Solving for PNVOLTS and PNAMPS.

Looking at the values in Figure 22, we can see that the PNAMPS value is closer to the
PNWATTS value in Figure 19. If the value of 351 is taken and multiplied by IMAX (2.41A), the value
becomes 845.91A. If 351 panels are used, this results in a very tight tolerance value of 1.91A;
approximately 0.22%. Ideally the tolerance should be higher to account for any internal losses in
the system. Before this is considered, an overview of the ideal location will be covered. This will
be done by using the solar irradiance USA map provided from NREL, and an area with plenty of
open land to save energy on required pre-installation infrastructure. Even though the required
amount of panels is defined above, a few more variables need to be taken into consideration.
Once all of the energy requirements are factored in, an actual amount of panels will be clearly
defined.
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Ideal Location:
The next thing to look at would be the ideal location of the power plant, weather
conditions of that location, space requirements of the panels, and the production line. While
reviewing the darker red region seen in Figure 24, using Google Maps it can be seen that most of
that area is rough terrain. As stated previously, an area with flat terrain would be ideal. Taking a
closer look, a good location was found south of Dateland AZ, and can be seen in Figure 23.

Figure 23: Google Map views of the area south west of Dateland AZ. [43]
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Figure 24: Best Horizontal Solar Irradiance area in the USA. [15]
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To confirm that the amount of solar irradiance is 4-7.5W, the data was downloaded from
NSRDB (National Solar Radiation Database) for Dateland AZ. The settings used to get the data
can be seen in Figure 25.

Figure 25: NSRDB data collection settings. [45]

Although the data that was downloaded was from 1998-2020, the only data set that was
used was 2020’s data collection. The archived files from the database were CSV file extensions,
which are commonly used with spreadsheet software. Each csv year file has about 8700 lines of
data, so this is why only 2020’s data was used. Using the data, charts were created with the
Monthly and Daily averages of kW Solar Irradiance, and can be seen in Figure 26 and Figure 27.
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Figure 26: 2020’s Monthly Average kW Solar Irradiance. [45]

Figure 27: 2020’s Daily Average kW Solar Irradiance. [45]
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It can be seen in Figure 27 that the average kWh/m2/Day is defined, and that a single
panel should be able to produce 2.47 times that of the solar irradiance seen in the figure. Given
that data and the requirement of 351 solar panels calculated in Figure 22, the daily average
required power to run the production line and generated can be projected. For this calculated data
only the average of the daylight and sunshine hours in Figure 28 were used . These calculated
values can be seen below in Figure 29.

Figure 29: Required Power vs Generated Power Chart.

It can be seen above that there is a sufficient amount of energy generated to run the
production line during the hours of operation. The only months that there will be an issue are
October, November, and December. Due to that issue and there being more power requirements
for the power plant facility, an energy storage solution must be considered. This will be required
as there needs to be energy stored for the downtime of the panels not collecting energy.
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Energy Storage Solution:
The next thing to consider is a means to store the energy, since the source is intermittent.
As seen in Figure 18, to get the maximum output of panels produced, the production line should
be run for 24hrs/7days a week. This would be an important goal, as this would increase the
return on investment and decrease the cost for residential and commercial use.
When it comes to renewable sources that have intermittency issues, it is important to
choose the most efficient, effective, and substantial energy storage capabilities. While
researching for the best types of storage options, several papers referenced previously focused on
Pumped Hydroelectric Energy Storage (PHES). Other storage options look promising, but PHES
appears to be the most effective of mechanical energy storage. Storage of electricity can be done
with different technologies, at different scales and for different applications. The most promising
technologies are summarised in Figure 30 [46].

Figure 30: Overview of energy storage capacity of different storage systems including Power to
Gas (PtG), and Power to Hydrogen (PtH). Legend: mechanical and chemical storage. [46]
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While PtG and PtH energy storage systems appear to have a higher yield than PHES,
PHES has been used since the early 1960’s. An overview of pumped hydro projects in service or
under construction up to 1990 can be seen in Figure 31 [47].

Figure 31: Pumped hydro projects in service or under construction up to 1990. [47]
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PHES is a type of hydroelectric energy storage used by electric power systems for load
balancing. The method stores energy in the form of gravitational potential energy of water,
pumped from a lower elevation reservoir to a higher elevation. Low-cost surplus off-peak
electric power is typically used to run the pumps. During periods of high electrical demand, the
stored water is released through turbines to produce electric power. Although the losses of the
pumping process make the plant a net consumer of energy overall, the system increases revenue
by selling more electricity during periods of peak demand, when electricity prices are highest. If
the upper lake collects significant rainfall or is fed by a river then the plant may be a net energy
producer in the manner of a traditional hydroelectric plant [48]. A general visualization and
diagram of this storage energy can be seen in Figure 32.

Figure 32: Diagram of the Tennessee Valley Authority (TVA) pumped storage facility at
Raccoon Mountain Pumped-Storage Plant in Tennessee, United States. [48]
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As mentioned previously, PHES allows energy from intermittent sources (such as solar,
wind) and other renewables, or excess electricity from continuous base-load sources (such as
coal or nuclear) to be saved for periods of higher demand. The reservoirs used with pumped
storage are quite small when compared to conventional hydroelectric dams of similar power
capacity, and generating periods are often less than half a day. Pumped storage is by far the
largest-capacity form of grid energy storage available, and, as of 2020, the United States
Department of Energy Global Energy Storage Database reports that PSH accounts for around
95% of all active tracked storage installations worldwide, with a total installed throughput
capacity of over 181 GW, of which about 29 GW are in the United States, and a total installed
storage capacity of over 1.6 TWh, of which about 250 GWh are in the United States [48].
There are several things to consider for the PHES system, and incorporating it with the
proposed renewable energy from renewable sources scope of this paper. The things that will be
covered are installation/initial cost, maintenance, power consumption, any possible losses in the
system, and finally the power output of the system. Once there is a solid foundation and values
are defined, then they can be incorporated with everything else.
Ideally the PHES system could be incorporated into a Gila River diversion, given that
there is enough water flow and it does not interfere with any nature preserves. If this was not an
option it may be possible to implement a well system, but this would require further research and
any guidelines that the Arizona Department of Water Resources may enforce. While researching
PHES white papers, it can be seen that there are plenty that include the cost analysis of
implementing a reservoir for a PHES system. That being said, it will be assumed that a reservoir
will be built near the proposed area.
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When considering the Gross Head for the PHES system, the potential highest distance
between reservoirs must be considered. An illustration of the Gross Head can be seen in Figure
33. The closest area of elevation near Dateland Arizona can be seen in Figure 34 with a value of
1030ft.

Figure 33: PHES illustration with Gross Head. [49]

Figure 34: Arizona Topographical map with elevation level differences by color. [50]
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The area's height surrounding the rough mountain seen in Figure 34, can be seen in
Figure 35. Looking at Figure 35 it is observed that the lowest point is 502ft. The difference in the
height level is 1030ft-502ft = 528ft which is 160.934m, which is referenced here.

Figure 35: Arizona Topographical map with elevation level differences by color. [50]

Energy Simulation:
While researching for different information related to energy storage, energy return on
energy invested (EROEI/EROI), it was observed that there are software tools used for
simulations and analysis. These are common energy modeling tools, and are described in a
presentation by a member of the National Renewable Energy Laboratory (NREL). Upon the
software list that they present is a software called RETScreen, where RET stands for Renewable
Energy Modeling Tool. Using a few of the other software tools mentioned, some required a
subscription for use, or others required a lengthy implementation. RETScreen was chosen due to
its simple installation, amount of features, and energy source compatibility. For example, one can
simulate a power plant that runs off of multiple sources of energy, and output profit usage, power
consumption, and other important information.
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In particular, there’s an option for Photovoltaic and PHES which is perfect for the
scenario of a power plant that runs off of renewables and creates them. A screenshot of the
Power options can be seen in Figure 36.

Figure 36: RETScreen Power Options Screenshot.

Within the Power section under Technology as seen in Figure 36, there are several
required data entry slots for both Photovoltaic and Hydro Turbine. Each parameter has two
levels, and the Level 1 analysis requires less input. For example, if Hydro Turbine was selected
and the Capacity Factory is known, a Level 1 analysis will suffice. However, if the Capacity
Factor is unknown, a Level 2 analysis can be done by entering the data to calculate the Capacity
Factor more accurately. This same type of analysis option can be done for the Photovoltaic (PV)
analysis as well. In general, the Level 1 analysis data requirements are somewhat identical, and
can be seen in Figure 37.
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Figure 37: RETScreen PV Level 1 analysis data requirements.

While reviewing the data requirements for Level 2 analysis using the Hydro Turbine
selection, there are a variety of needed data values. There are five subsections within the Level 2
analysis, and the first two subsections are Resource assessment, and Hydro turbine. The optional
data entry fields are colored grey, and the rest of the required data fields needed can be seen in
Figure 38. The next three subsections are the Flow-rate and turbine efficiency curve data, Losses,
and a Summary. For these three subsections, there are no optional data entry fields, as this helps
calculate the Summary values and can also be seen in Figure 38.
As seen in Figure 38, the data requirements involve a lot of information. The same can be
said about the Level 2 Photovoltaic data entry fields. The PV Level 2 has four subsection fields,
which consist of Resource assessment, Photovoltaic specifications, Inverter, and Summary. The
PV Level 2 subsection data fields can be seen in Figure 39.
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Figure 38: RETScreen Hydro Turbine Level 2 analysis subsection data requirements.
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Figure 39: RETScreen PV Level 2 analysis subsection data requirements.

Given that the solar panel manufacturer First Solar was referenced earlier, their
information will be used, and is also available in RETScreen’s database. The only two unknown
components are the Bifacial cell adjustment factor, and the Inverter information. First Solar’s
series 6 panel does not have bifacial solar cells, so this information is irrelevant.
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For the inverter another energy application called Homerenergy has a selection of high
capacity inverters. In particular, while filtering out different inverter features, it can be seen that
the highest capacity inverter is the TMEIC PVH-L2700GR; seen in Figure 40.

Figure 40: Homerenergy inverter selection.

It can be seen in Figure 38 that there is an option for a ‘Generic’ inverter with a higher
capacity, but its values may be based on assumptions and/or actual data. The TMEIC inverter
would be ideal mainly due to its larger capacity. If a power plant making solar panels powered by
solar panels and PHES is feasible, the higher value inverter would allow for more energy to be
put back into the grid. Before an inverter is considered the rest of the power requirements will be
considered.
As done previously, the power requirements to run the 20MW solar panel production
line were done in Figure 22. This of course is the maximum amount of power requirements for
the production line, but it is always best to build a system with a greater foundation than needed.
The approximate value that was calculated in Figure 22 was 351 solar panels. As mentioned
previously RETScreen has the First Solar Series 6 solar panels in it’s database. They do not have
the 450 Watt model (FS-6450), but instead have the 445 Watt (FS-6445). For the calculations
done in Figure 22, this is not a problem as the average power was 440 watts.
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The specifications for this model can be seen in Figure 41. Given that this panel model is
in the software database, it can be seen if the calculated number of panels (351) in Figure 22 was
correct. If that value is entered for the number of units, the output power is within the desired
rate; seen in Figure 42.

Figure 41: RETScreens data for the First Solar Model FS-6445.

Figure 42: Power output for the First Solar model FS-6445 at 351 panels.

The next thing to consider is the initial costs, operations, and maintenance costs. The
operations and maintenance are seen above as O&M, and both costs are measured as $/kW.
RETScreen has a cost database for both the initial costs, and O&M costs for both PV and PHES
which will be used. Both of the database range values for PV can be seen in Figure 43.
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Figure 43: RETScreens Initial and O&M cost range for PV systems.

This software also has a PHES system template with a reservoir that will be used. In
general it would be better to calculate actual values, but for the purpose of this research the
template will suffice. The template used is a 350kW Hydro system, and the Gross Head of the
system has been adjusted to 45m so the power capacity is approximately 1MW. The 45m Gross
Head is well within the 160.934m calculated here, so this will not cause any foreseeing reservoir
issues. Even though 1MW is well over the required power, a power plant model with this
capacity will be used to see a general value of the output data. That being said, the chosen PV
inverter will be the TMEIC PVH-L2700GR, as this has a capacity of 2.7 MW [51]. The inverters
specifications have been entered into RETScreen’s PV Level 2 analysis, as well as the
information gathered from the database for the First Solar module information. The only thing
left to account for is the consumption of the power plant’s solar production line. This will not be
entered as cost because the power plant is providing energy to the grid.
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The calculated consumption of the production line was approximately 147kW, and should
be run 24 hours a day. To see if this is a possibility the maximum power requirement for one
hour (147kW) will be calculated for 24 hours, which results in 3528kWh. Next the power output
from the PV and PHES to the grid will be reviewed to see the daily output. The PV (top) and
PHES annual output to the grid can be seen in Figure 44.

Figure 44: RETScreens generated annual electricity exported to the grid.
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Given the values in Figure 44, the total exported kWh per year is 10,718,299kWh, and
this would result in approximately 29,365kWh per day. Given that the solar panel production line
requires 3,528kWh in 24 hours, this would reduce the output to the grid which results in
25,837kWh. This would result in the annual output of approximately 9,430,505kWh/year.
One of the RETScreen features given is the possibility to generate a report from all of the
entered information. Unfortunately, to export anything out of the software requires a subscription
to the software. The lack of a subscription reduces the availability of any projected data plots,
reports, and figures, but given the information it did generate it is a very useful tool. The report
that was generated was an energy assessment report, and the layout can be seen in Figure 45.
Even though the report was not able to be exported, screenshots of the report were taken and can
be seen in Appendix A. The data entry units for both PHES and PV can be seen in Appendix B.

Figure 45: RETScreens Energy assessment report layout.
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Given that the required and generated power was calculated per day in Figure 29, that
information can be used to calculate those values per year. This power plant is a 1 MegaWatt
(MW) system, and these values can be used to calculate Ecoprogetti’s other production lines. The
calculated values for the 1MW system per month can be seen in Figure 46.

Figure 46: Required Power vs Generated Power Per Month.

The next values that are needed is the used kW/h, produced, consumed, and generated
power for the different Ecoprogetti Solar production lines. Given that the required and generated
power is calculated for a 1MW system, that value can be multiplied by each production line
value to potentially see what each one production line will produce and generate. The production
lines offered are a 20MW, 45MW, 60MW, 100MW, 200MW, 300MW, and 500MW systems.
They offer fully automatic production systems for the 200MW, 300MW, and 500MW lines. Each
system's potential values can be seen numerically in Figure 47.
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Used kW/h

Produced
MW

Production Lines

Generated
Consumed MW GW

55 20MW Production Line

20

481.8

8.439962

85 45MW Production Line

45

744.6

18.9899145

130 60MW Production Line

60

1138.8

25.319886

150 100MW Semi-Automatic Production Line

100

1314

42.19981

200 100MW Highly Automatic Production Line

100

1752

42.19981

300 200MW Fully Automatic Production Line

200

2628

84.39962

470 300MW Fully Automatic Production Line

300

4117.2

126.59943

600 500MW Fully Automatic Production Line

500

5256

210.99905

Figure 47: Ecopregetti’s Produced, Consumed, and Generated Power Annually. [52]

As seen in the RETScreen energy simulation, there were a total of 2300 solar panels
needed to run a 1MW power plant and production line. Using that information the modules
needed to run each different Ecoprogetti production line can be calculated. Along with that
information each production line modules produced per hour are given in each production line
information , and the modules produced per year can be calculated and are seen in Figure 48.
Production Lines

Modules Needed

Modules Produced

20MW Production Line

46,000

87,600

45MW Production Line

103,500

166,440

60MW Production Line

138,000

262,800

100MW Semi-Automatic Production Line

230,000

262,800

100MW Highly Automatic Production Line

230,000

262,800

200MW Fully Automatic Production Line

460,000

525,600

300MW Fully Automatic Production Line

690,000

788,400

500MW Fully Automatic Production Line

1,150,000

1,051,200

Figure 48: Ecopregetti’s modules needed and produced annually.
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Conclusion:
Given the data seen in Figure 48, it can be seen that the return on the module investment
for each production line should vary from 1-2 years. While all the figures and calculations look
very promising, the information lacking is still that of the energy required to gather the materials
before the production process. Another thing to consider is how much electronic waste will be
produced post production for any defects in the cells or modules. All of this information should
be considered and factored into the process and could be considered as miscellaneous losses.
There is much controversy of whether or not we have reached peak oil production, but
there are plenty of sources that state we have or are very close. When I was told about the
possibility of peak oil production, I did more research than just reviewing white papers. I looked
at the consumption, the oil reserves, and was able to come to a conclusion that we will run out by
2026. The arithmetic for this conclusion was done in 2017 so it may be inaccurate now. While
many still want to move towards “clean energy”, it appears they do not consider everything else
that is petroleum derived.
It can be seen that the oil consumption was higher than the oil production for the years
2019 and 2020. The amount produced in the US was 11.31 Million barrels per day (Mbbl/day)
[53], and the amount consumed was 19.4 Mbbl/day [54].In the year 2020 the amount produced
was 11.3 Mbbl/day [55], and the amount consumed was 18.1 Mbbl/day [56]. As of September
2021 this year the amount produced was 10.8 Mbbl/day [57], and the amount consumed as of the
beginning of December was 19.77 Mbbl/day [58]. Given this information the consumption
percentage compared to what was produced in 2019 was approximately (denoted ≅) 58%, in
2020 ≅62 %, and so far in 2021 ≅59 %. Given the amount consumed is higher than the amount
produced, it can be seen that this is a potential problem if it continues.
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With the way consumer electronics are today, we will produce more and more waste
without considering the long term effects. As engineers we all need to come together and present
these issues to big companies so there can be a better solution. Even though engineers are driven
to design things to be more efficient, it needs to be shown to the general public that we as a
species need to be more energy efficient in our day to day lives. As stated previously, there were
two possible solutions proposed in this paper. The lower quality of life expectation is easier said
than done, as it may be unlikely companies will decrease productions due to it affecting revenue.
While there are many ways to calculate the EROI for renewable energies, most of them
are derived from currency and not from energy. The energy used for these alternatives should be
included in Energy Simulation software. This should include other variables to account for
weather, resources to get the materials for production, the labor required during material
gathering, the labor required during production, and the energy used for transportation during the
entire process before mass production. This of course sounds like a lot of information, but most
of it should be able to be obtained from different government agencies such as the Energy
Information Administration (EIA), and others that keep track of such data.
While the data to see if Solar panels can be created from a Solar and Pumped
Hydroelectric Energy Storage power plant led to a good outcome, the data is still inconclusive
and requires further research. While there may be the possibility of producing Solar from a few
renewable sources, everything needs to be accounted for to get the correct end result. In the
meantime high energy consumption sectors should be evaluated, and these companies should
come up with a solution to mitigate such high resource dependent products and production. This
in turn would reduce some of the consumption until there is a definitive resolution for the overall
energy crisis.
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Appendix A: Energy Simulation Report
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Appendix B: PHES and PV Data Values
PHES System Data
Hydro Turbine Level 2

Units

Value

Proposed project

N/A

Reservoir

Gross head

(m)

45

Max tailwater effect

(m)

2

Residual flow

(m^3/s)

0.5

Percent time firm flow avaiable

(%)

100

Firm flow

(m^3/s)

2

Design flow

(m^3/s)

3

Type

N/A

Kaplan

Turbine efficiency

N/A

standard

Number of turbines

N/A

Manufacturer

N/A

Model

N/A

Design coefficient

N/A

4.5

Efficiency adjustment

(%)

0

Turbine peak efficiency

(%)

90.9

Flow at peak efficiency

(m^3/s)

Turbine efficiency at design flow

(%)

Resource Assessment

Hydro turbine

1

2.3
90.5

Flow-duration and turbine efficiency
curve data
Turbine
Flow (m^3/s) Efficiency

%

Number of turbines

0

10

0

0

5

8

0

1

10

6

0

1

15

5

0.08

1

20

4

0.41

1

74
25

3.5

0.63

1

30

3.5

0.76

1

35

3.5

0.84

1

40

3.5

0.88

1

45

3.5

0.9

1

50

3.5

0.91

1

55

3.4

0.91

1

60

3.3

0.91

1

65

3.2

0.91

1

70

3.1

0.91

1

75

3

0.91

1

80

2.9

0.91

1

85

2.8

0.91

1

90

2.7

0.91

1

95

2.6

0.91

1

100

2.5

0.91

1

Turbine Efficiency Curve generated by RESTScreen:
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Flow-duration and power curves generated by RESTScreen:

Losses

Units

Value

Maximum hydraulic losses

(%)

7

Miscellaneous losses

(%)

2

Generator efficiency

(%)

95

Availability

(%)

96

Summary
Power capacity

(kW)

1,038

Avaiable flow adj factor

(%)

1

Capacity Factor

(%)

88.7

Initial costs

($/kW)

4700

O&M costs (savings)

($/kW-year
)

Electricity exported to grid

(kWh)

Electricity exported revenue

($)

135
8,063,818
806,382

76

PV System Data:
PV Level 2

Units

Value

Solar tracking mode

N/A

Azimuth

Slope

Degrees

Resource Assessment

45

PV
Type

N/A

CdTe

Power Capacity

kW

Manufacturer

N/A

First Solar

Model

N/A

CdTe FS-6445

Number of units

N/A

2300

Efficiency

(%)

17.98

Nominal operating cell temperature

(Degrees in Celsius)

Temperature Coefficient

(%/C Degrees in
Celsius)

0.24

Solar collector area

(m^2)

5692

Bifacial cell adjustment factor

(%)

Miscellaneous losses

(%)

1023.5

46

Inverter
Efficiency

(%)

98.8

Capacity

(kW)

2700

Miscellaneous losses

(%)

0

Capacity factor

(%)

29.6

Initial costs

($/kW)

2100

O&M costs

($/kW-year)

Electricity exported to grid

(kWh)

Electricity exported revenue

($)

Summary

22
2,654,481
265,448
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