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Abstract 

 

This report examines various energy resources to ensure that humanity has ample 

supplies for future use. Fossil fuels are forecast to be depleted within a century, and the world’s 

search for new technologies and sources (such as fracking) continues to negatively impact the 

environment. This report outlines various alternative energy sources available with focus on jet 

stream and tidal energy. Our goal is to survey the current state of the world’s energy basket and 

develop visionary suggestions for the future. 
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Executive Summary 

 

The current state of energy in the world has been a source of growing concern among 

many economists, environmentalists, governments, and citizens. It is no secret that the majority 

of the world has grown alarmingly dependent on fossil fuels over the years. With evidence of 

global warming and other adverse environmental effects rising, our dependency on these energy 

sources has come into question, and people are seeking answers. Moreover, fossil fuels are finite 

resources. We are discovering reserves at a rate that will satisfy the energy needs of the world for 

years to come, however it is crucial that we prepare an infrastructure for renewable energy before 

these reserves run out. If we fail to do so, the transitional period will undoubtedly be chaotic and 

perhaps even fatal.  

This report investigates a number of different energy supplies. First, it outlines 

consumption and supply of fossil fuels in the world today, as well as the technology used to 

retrieve this fuel and the cost of doing so. It then looks into a number of alternative energy 

solutions that have been proposed or implemented all around the world, and analyzes their cost, 

effectiveness, and overall feasibility. It also selects two significant energy sources and goes into 

great detail to show how they could be used to solve future energy needs, or at the very least 

contribute to the solution. These two sources are jet stream wind energy and current/tidal ocean 

energy.  

Tidal and current energy are highly plausible resources for future energy needs. The 

ocean contains a massive amount of energy that humanity has barely tapped into so far. There is 

enough energy in the ocean to meet the world’s energy needs, however the majority of this is 

inaccessible. This is due to many limiting factors of the ocean such as massive depths and great 

distances to shore (making installation, maintenance, and power transfer difficult). Despite these 

difficulties, there is still a large amount of ocean energy attainable. By selecting the most 

desirable locations and concentrating installation there, the energy taken from ocean currents and 

tides is not only feasible but also extremely affordable. Turbines do come at a high installation 
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cost, however these investments almost always pay off with the competitively priced, clean 

energy they produce.  

The jet stream is a layer of the atmosphere that holds high velocity wind currents. These 

streams have been used for years by pilots to assist them in flying, giving them powerful winds 

to ride on. These winds can also be used to harvest energy. Unlike normal wind energy, the jet 

stream is unusually high up, requiring specialized turbines in order to reach it. These have been 

in testing for many years now and the results are extremely promising. Like the ocean, the jet 

stream has enough theoretical potential energy to supply the world’s energy needs. However this 

is again limited by our ability to gather such energy, as it is in such an inconvenient location. 

Despite the challenges the jet stream provides, some experimental turbines have reported 

obtaining energy at a very cost effective rate. This means that, like ocean energy, jet stream 

energy could be gathered at competitive prices while keeping the Earth clean.  

Our conclusions for this project are that both ocean and jet stream energy are highly 

feasible alternative energy resources. We suggest both governments and private sectors to begin 

making the switch to these energies over fossil fuels, as they could easily provide clean, 

renewable energy without any real change to price. While there are obstacles to overcome, we 

have already seen commercial ocean energy operations successfully providing electricity at 

prices competitive with fossil fuels. While jet stream energy is still primarily non-commercial at 

the moment, it has the potential to become a prevalent contributor to the world’s energy basket. 

The energy in these resources is plentiful, available, and affordable. It is now only a matter of 

investment and time before we make some real progress with renewable energy.  
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Chapter 1: Fossil fuels 

1.1 Natural Gas  

1.1.1 Cost, consumption, and supply 

 

 

Figure 1.1.1: U.S Natural Gas production from 1990 to 2035 showing an increasing shale gas1  

 

 

Country % Gas 

reserves 

Russia 25 

Iran 15.6 

https://docs.google.com/document/d/1aW3meuZDH0vyUshnx4mR_Ud9wcl4CrZQ2AVtTUpb3lA/edit#_ftn1
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Qatar 13.4 

Turkmenistan 3.95 

Saudi Arabia 3.92 

United states 3.64 

Table 1.1.1: World’s total gas reserves: 6,846 trillion cubic feet2 

 

 

Figure 1.1.2: World’s total gas reserves: 6,846 trillion cubic feet2 

 

New technology allows us to extract more gas out, such a process is called horizontal 

drilling hydraulic fracturing or fracking. 
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Figure1.1.3: Natural Gas Cost per Bushel of Corn Processed at Iowa Ethanol Plants3  

 

“According to EIA natural gas in the US will last for 92 more years. If we think that US 

is one of the biggest countries we can assume that similar results will apply for the rest of the 

world.” 4 

This gives a hope for a system based on these resources of energy to be created in the 

future. In such a system gas can be used as an electricity additive. This would be important in 

order to sustain a constant electric output as the renewable energy resources are not available all 

the time; such as solar energy during the night. 

“The low cost of gas can increasingly substitute oil and coal until we switch completely 

towards renewable energy resources. Other people are scared that such a cheap solution will 

prevent a move towards the more expensive renewable energy resources.  Nevertheless, their 

costs have been decreasing as time passes as many times local governments finance loan 
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programs for the “cheaper “ construction of these structures and in the same way people can 

apply for relevant low-interest loans.”5 

 

1.1.2 Environmental Impact 

Gas has lower CO2 emissions compared to coal and oil; Up to 49% for NOx and up to 

90% for particulates fewer emissions than gasoline. Thus, there is a great need to start 

substituting coal and oil with gas especially for transportation. Natural gas can be used as a fuel 

for cars in its liquid form when liquefied (LNG) or if compressed instead of oil.   But having gas 

in the car creates another great problem; in case of a car accident the gas tank may explode 

creating even greater pollution and greater probability for life losses.  In addition, methane is a 

significant greenhouse gas, can leak from gas pipes and lead to even greater pollution to the 

environment at a rate 2.4% according to EPA measurements. 

Fracking is used with both oil and natural gas to increase the amount of recovery by 

extracting gas and oil from ”rock formation at great depth in the Earth  up to 20,000 ft and in 

formations not previously economically feasible  like shale” ‘which is the least economically 

attainable due to its low energy density. Due to fracking the gas reserves of USA have doubled in 

the last decade’. 

Fracking can cause pollution of the water close to the surface as it disposes “chemical 

additives and the waste water has highly corrosive salts, carcinogens like benzene, and 

other  naturally occurring radioactive elements, like radium found deep in Earth”. EPA  (2010) 

and MIT verifies such claims. In addition, there is a good belief that these chemicals can 

penetrate the shallow fresh water zones but nothing is verified. In addition, the use of fossil fuels 

has good fatality and health costs. 
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Figure 1.1.4: U.S Natural Gas Total Consumption4 

 

 

Figure 1.1.5: Natural Gas Consumption 1965-20116 
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1.1.3 Conclusion 

We need to realize that we cannot use the same technology and energies sources we need 

to change. The technology has reached appoint where energy resources of higher energy is 

demanded. As we move towards over consumption of these non-renewable resources we pollute 

and distract the life on Earth. The Gas of the lower cost of production and of lower pollution rate 

is just a temporary solution.  The renewable resources though of lower energy efficiency cannot 

be a totally used to cover our needs yet. For this reason, we need to improve the technology more 

so that we can utilize these resources at a much higher degree and be able to have an energy 

basket of renewable resources that can possibly complement each other; when one is out of 

availability the other to be in abundance.  Another important issue is the ability to store energy 

for a long period of time by either converting it to other forms or be able to reallocate fast 

enough. 

 

Figure 1.1.6: The Gas and Oil consumption in Europe7 
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Figure 1.1.7: EU-Natural Gas Production, Consumption and Net Improts 1970-20098 

 

Figure1.1.8: World’s Gas reserves 06/04/20129 
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Figure 1.1.9: World’s Gas reserves 2013, fracking is not taken under account10 

1.2: Oil 

 

 

Figure 1.2.1:  Oil production in Asia US and EU10 
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Figure 1.2.2: Evolution of the diesel and gasoline demand in the EU11 

 

 

Figure 1.2.3: Global demand by product for the years 2006 and 203012 
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Figure 1.2.4: Oil and Natural Gas Import reliance of major economies projected to change rapidly in 2014 
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Figure 1.2.5: International Energy Outlook by the U.S 201313 

 

World oil demand has been steadily increasing in a linear fashion since 1994. 

Fortunately, supply has increased in a similar fashion so as to accommodate the growing need. In 

1994 the Oil Market Intelligence (OMI) placed the global demand for oil at about 68 million 

barrels a day. At the same time, they estimated the global supply for oil to be around 66 million 

barrels a day. These numbers vary slightly from the US Department of Energy’s estimates, but 

by no more than about 1 million barrels. Since 1994, the demand and supply for oil has increased 

by nearly 50%. As of July this year, the global demand for oil (as measured by the OMI) has 

reached nearly 93 million barrels per day, with the supply being around 90 million14. 
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Figure 1.2.6: Crude oil supply and demand since 1994 to present day14 

 

The rate of growth appears relatively constant over this span of time, however the actual 

yearly percentage change (at least in the demand for oil) varies drastically year to year. For 

example, beginning in 1987 the yearly percentage increase was about 3.5%, though this 

decreased slightly until 1991, when the percent change went negative for about one year. From 

1987 to 2014 there were only three periods of time when the overall demand decreased, the 

largest of which was seen in 2009. None of these, however, lasted much more than a year. The 

percent change fluctuates from large spikes of about 4% increase to moderate periods of about 1-

2%, with the exceptional negative percent changes as described. As of 2013 we find ourselves in 

a modest point of increasing demand (roughly 1.25% increase yearly). It is unclear what how this 

percentage will change in the immediate future, given the recent drop we experienced in 2009 

followed by a large spike in 2011. Given the trend, however, it is safe to say that this type of 

behavior will continue for coming decades as we see the demand for oil fluctuate, though go up 

overall14. This, of course, assumes technology progresses at its current rate. With renewable 

energy becoming more and more important in the world, it is unclear whether alternative energy 

sources will become prevalent in the future and therefore lead to lowering the demand for 

oil.  Additionally population growth has become a growing concern for energy consumption and 
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has no clear end in sight. It has been seen in the past to cause shortages of resources and will 

likely be an important factor in the demand for oil15. 

 

Figure 1.2.7: Yearly percentage change of oil demand from 1987 to present day14. 

 

With an average behavior being apparent, and assuming all else remains the same, 

predicting future oil demand is possible. Assuming this trend continues, demand should increase 

at an overall steady rate. However the International Energy Agency claims that this growth will 

be overshadowed by the growth in production, causing the two diverge. This is due in part to the 

US’s recent surge in oil production 16. Under the Obama administration, the US production of oil 

skyrocketed from about 5 million barrels a day to about 8 million. As of 2014, US oil production 

has surpassed its imports of oil for the first time since 199517. This has come about mainly from 

new technology (tight oil in Texas and North Dakota, ultra-deepwater oil, and oil sands18). 

Despite the seeming rise in oil production, however, there are still many organizations predicting 

a rapid decrease in oil production in the coming years. Therefore it is unclear what to expect 

from oil production, as some predict the supply to increase for decades to come while others 

predict it plummeting within the next few years2. This largely depends on the current size of 

reservoirs and future discoveries of them. It is logical to predict that we will continue discovering 
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similarly sized reservoirs at the pace we have been, however it is also reasonable to assume we 

have been searching optimally and therefore future reservoirs may be few and far between.  

“U.S. decrease it imports in gas and oil due to an increase of domestic production from 

tight oil and shale plays. “U.S. liquid fuels net imports as a share of consumption is projected to 

decline from a high of 60% in 2005, and about 40% in 2012, to about 25% by 2016. The United 

States is also projected to become a net exporter of natural gas by 2018. China, India, and OECD 

Europe will each import at least 65% of their oil and 35% of their natural gas by 2020—

becoming more like Japan, which relies on imports for more than 95% of its oil and gas 

consumption. In China and India, oil demand growth from emergent middle classes will likely 

outpace domestic production, while OECD Europe will likely become more import reliant as a 

result of declining oil production in the North Sea. 

Here are reasons why EIA is projecting increasing import reliance in many countries, 

from the 2013 International Energy Outlook (IEO) report: 

China. As noted in the 2013 IEO, China will experience the largest absolute growth in 

liquid fuels consumption, growing by about 46% by 2020 and doubling by 2040 from 2010 

levels, as it moves from an industrial manufacturing economy to a more service-oriented 

economy with greater automobile saturation. China will also experience the largest growth in 

natural gas demand because the government is promoting gas as a preferred fuel to help alleviate 

air pollution. From 2010 to 2020, EIA projects natural gas consumption to rise at an average rate 

of 7.5% per year, while production will grow by an average of 2.4% per year, with growing 

shares from coalbed methane and shale gas coming on line by 2020. 

India. EIA expects India to have the fastest growth rate in liquid fuels consumption from 

2010 to 2020 (3.0% per year) and the second-largest absolute growth (behind China), primarily 

driven by diesel fuels used in transportation, irrigation, manufacturing, and electricity generation. 

EIA projects India's natural gas consumption to grow on average by 1.5% annually from 2010 to 

2020, while production decreases by an average of 1.1% per year during that time period. 

OECD Europe. EIA expects demand for oil products in OECD Europe to plateau as most 

countries will see their population remain flat. Oil output from the North Sea, the largest source 

of European production and the location of the Brent International price benchmark, reached its 
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peak production level in 1996, and EIA expects an average annual decline of 2.9% from 2010 to 

2020. EIA projects overall natural gas production to decline about 2.6% annually from 2010 to 

2020 before returning to 2010 levels in 2040. European natural gas consumption will grow at a 

modest 0.3% per year from 2010 to 2020. 

While the discussion above focuses on economies that are net importers of both oil and 

natural gas, many economies are net exporters of one or both of these fuels, as shown in the 

quadrant diagram below. Economies in the Middle East (most of which are members of the 

Organization of the Petroleum Exporting Countries), Russia, Africa, and Canada are net 

exporters of both oil and natural gas (bottom left in graph). The Middle East, Russia, and Africa 

all export more than 2.4 times their domestic oil consumption. 

Less common are countries that are net importers of one fuel and net exports of the other. 

OECD Latin America (top left, consisting of Mexico and Chile) is an overall oil exporter but 

relies on imported natural gas (primarily from U.S. pipelines to Mexico). Brazil will also join 

this group in the near future when it ramps up production in its offshore oil fields. Finally, 

Australia/New Zealand (bottom right) consume more oil than they produce but export natural 

gas. Australia's natural gas export market is projected to increase markedly as planned LNG 

export terminals come on line.” 

Our optimal form of searching will likely evolve in the future, which may be able to 

offset this depletion of rich search areas. Finally, with limited space on Earth, it is only a matter 

of time until we hit a hard limit to the areas we can search and the oil we can find. With the 

number of variables involved and our uncertainty surrounding them, it becomes clear why 

predictions fluctuate as much as they do. 
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Figure 1.2.8: The US production and import of crude oil17. 
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1.3 Coal 

 

The amount of the production and consumption of fossil fuel is mostly increasing 

recently while the total quantity of these resources are a fixed amount. Therefore to figure out the 

remaining and consumption rate and get a big picture of how long people can keep on use those 

resources, we did an information research focus on one of the main category of fossil fuel which 

is coal. The main issue of this report is to use the data from different reliable sources i.e. 

government announcement, statistics from professional organization to form a big picture of the 

current coal usage and to analysis a rough estimation of the time to keep on using coal as an 

energy source. Although there are many reports and prediction of the coal consumption but we 

should focus on more factors related to the increasing of the coal consumption. The goal of this 

project is to analyze the data of coal usage, figure out some hidden factor that can affect its 

increment and finally conclude an estimation of how long people can use coal as an energy 

source. 

In this chapter I begin with a brief overview of general conditions of the coal production. 

Then I will provided with statistics of coal consumption. Finally, I will provide some research 

and prediction of the coal usage from government branches and professional organization.  

Coal has been estimated to provide 2.9*10e20 kJ in total but most of which is not 

economically exploitable. 

Country USA Russia China Australia India Germany Ukraine Kazhakstan South 

Africa 

Coal 

reserves 

percentage 

22.6% 14.4% 12.6% 8.9% 7.0% 4.7% 3.9% 3.9%  3.5% 

Table: 1.3.1: Reserves per Country 
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China now produces and uses roughly half of world’s coal output. China mainly used for 

electricity generation which fuels 69% of all its electric power. China and the United States 

together produced 63% of the world’s coal as of 20112. 

 

Figure 1.3.1 Usage and future perspective of fossil fuel18 

 

This graph is about the energy demand from fossil fuel of the whole world and also an 

outlook of future energy usage. It is clear that coal is still main source of energy, however the 

growth of coal consumption is decreasing in the long term.18 

The world’s energy consumption of coal is about 3730.1 Mtoe and of which the top3 

country of coal consumption is China (50.2%) United States (11.7%) and India (8.0%). The 

consumption of China and India is increasing 6.1% and 9.9% compared to that of 2011 and the 

consumption of the United States is decreasing 11.9%. (Top 10 countries) 

There are two internationally recognized methods for assessing world coal reserves. One 

is produced by the German Federal Institute for Geosciences and Natural Resources (BGR) and 

is used by the IEA as the main source of information about coal reserves. The second one is 

produced by the World Energy Council (WEC) and is used by the BP Statistical Review of 

World Energy. And according to BGR there are 1038 billion tons of coal reserves left, equivalent 

to 132 years of global coal output in 2012. Coal reserves reported by the BP are much lower - 

861 billion tons, equivalent to 109 years of coal output. 19 

First of all I want to decides the reserve of the world’s coal resource and there is obvious 

obstacles which is different data sources with different estimation provides different values that 

have approximately 15% differences. This is reasonable because first it is hard to detect all the 

usable coal source and also with different method can gives different approximation. 
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Furthermore, there are new reserve been detected each year. Therefore I decided to take a more 

positive stand and use the most recent data from World Coal association which is there are 1038 

billion tons of coal left at 2012. 

Then I would like to find the change of consumption rate each year. By looking at the 

data of world’s annual production and the data of some main country such as U.S. China EU and 

India, I find that although the world’s coal consumption is increasing but the increasing rate is 

decreasing. For developed countries the rate is decreasing because burning coal results in the 

most pollution among all the fossil fuels. Most of the developing country like China and India 

the rate is increasing mostly due to the development in industry. The total amount consumed by 

China is more than 50% of that of the whole world the India’s increasing is faster. According to 

2014 Outlook of Energy report made by Exxon Mobil the increase rate of coal consumption is 

about 1.1% from 2010 to 2025 and slowly decrease to -1.1% from 2025 to 2040. But according 

to a report by Reuters refereeing to an research institute called Wood Mackenzie that China’s 

coal consumption will double that of 2012 which counts to an annual growth of 3.9% and 

considering China’s large fraction of world coal consumption, I decided to take the annual 

increase rate of 2.0% given by World Coal Association until 2030 and the assumption of the 

increasing rate goes back to 0% to about 2050. 

With the estimated rate of change and the data of 2012 world’s coal consumption which 

is 7830Mt, I calculate the total amount of coal used till 2050 to be about 456 billion tones and 

then the consumption amount to be about 16617 Mt and then the rest of the coal could use 

another 35 years which leads to the results that current coal can be used for about another 78 

years, even lesser than that of the BP Statistical Review of World Energy says.  

Conclusion and recommendation 

The purpose of this report is to give provide a big picture of current coal usage and make 

a prediction of how long could we still using them. With the data collected I find that for 2012 

the reserve of world’s coal is 1038 billion tones and the world’s consumption was about 7830 

million tones. The average growth of coal is about 2.9% and it is decreasing. Therefore the 

estimated remaining time of coal usage is about another 78 years.  
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Since the model used in the report is rough and the data used in the report needs more 

examination, I recommend building a more complex model to track the change of increasing rate 

and put in other factors such as the more usage of alternative source, the peak of coal production 

etc.  
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Chapter 2: Renewable energy 

2.1 Nuclear energy 

The energy form the nuclei of radioactive materials is produced using 238 U (Uranium) 

with the following fission reaction. 

 

The above fission reaction takes place takes place with fast moving neutrons and it is 

called reprocessing as it produces plutonium that can be used in fast breeder reactor. In general 

Uranium 235 is the most important isotope for nuclear fuels but it only appears at about 1% in 

the natural ore. All nuclear fuel must therefore be enriched before it can be used. Fuel 

enrichment is the process by which the % composition of 235 U is increased as to sustain nuclear 

fission. Nuclear fission: 

 

Produces energy but the energy required to create the hot plasma (mixture of positive 

nuclei and electrons) is more than the produced one. If cold fusion is achieved then the energy 

problem around the world will be solved as the fuel required is hydrogen and the by-products are 

not as radioactive as the waste form fission (mostly water vapor). 
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Figure 2.1.1: Reactor flow simulation 20 
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2.2: Helium 3 

2.2.1 What is Helium 3 

Helium-3 (He-3) is a light, non-radioactive isotope of helium with two protons and one 

neutron. It is rare on Earth, and it is sought for use in nuclear fusion research. The abundance of 

helium-3 is thought to be greater on the Moon (embedded in the upper layer of regolith by the 

solar wind over billions of years), though still lower in quantity (28 ppm of lunar regolith is 

helium-4 and from one to 50 ppb is helium-3) than the solar system's gas giants (left over from 

the original solar nebula). 

The hellion, the nucleus of a helium-3 atom, consists of two protons but only one 

neutron, in contrast with two neutrons in common helium. Its hypothetical existence was first 

proposed in 1934 by the Australian nuclear physicist Mark Oliphant while he was working at the 

University of Cambridge Cavendish Laboratory. Oliphant had performed experiments in which 

fast deuterons collided with deuteron targets (incidentally, the first demonstration of nuclear 

fusion).  

Helium-3 was hypothesized to be a radioactive isotope until hellions were also found in samples 

of natural helium, which is mostly helium-4, taken both from the terrestrial atmosphere and from 

natural gas wells. This was done by Luis W. Alvarez and Robert Cornog in cyclotron 

experiments at the Lawrence Berkeley National Laboratory in California in 1939.  

Although helium-3 was found to be about 10,000 times rarer than helium-4 in the helium from 

the gas wells, its significant presence in underground gas deposits implied that either it did not 

decay, or else it had a very long half-life – billions of years. Hydrogen-1 and helium-3 are the 

only stable nuclides that contain more protons than neutrons. 

Helium-3 is proposed as a second-generation fuel for nuclear fusion in hypothetical 

fusion power plants, but such plants are still very early in their development—especially since 

first generation reactors have not yet entered into service. Helium-3 can be used in instruments 

for the detection of free neutrons, such as neutrons leaking from nuclear reactors. 21 

Physical properties 
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Because of its lower atomic mass of 3.02 atomic mass units, helium-3 has some physical 

properties different from those of helium-4, with a mass of 4.00 atomic mass units. Because of 

the weak, induced dipole–dipole interaction between helium atoms, their macroscopic physical 

properties are mainly determined by their zero-point energy (ground-state kinetic energy). Also, 

the microscopic properties of helium-3 cause it to have a higher zero-point energy than helium-4. 

This implies that helium-3 can overcome dipole–dipole interactions with less thermal energy 

than helium-4 can. 

The quantum mechanical effects on helium-3 and helium-4 are significantly different 

because with two protons, two neutrons, and two electrons, helium-4 has an overall spin of zero, 

making it a boson, but with one fewer neutron, helium-3 has an overall spin of one half, making 

it a fermion. 

Helium-3 boils at 3.19 K compared with helium-4 at 4.23 K, and its critical point is also 

lower at 3.35 K, compared with helium-4 at 5.2 K. Helium-3 has less than one-half of the density 

when it is at its boiling point: 59 gram per liter compared to the 125 gram per liter of helium-4—

at a pressure of one atmosphere. Its latent heat of vaporization is also considerably lower at 0.026 

kilojoule per mole compared with the 0.0829 kilojoule per mole of helium-4. 138 

3He can be used in fusion reactions by either of the reactions 2D + 3He →   4He + 1p + 

18.3 MeV, or 3He + 3He → 4He   + 2 1p+ 12.86 MeV. 

The conventional deuterium + tritium ("D-T") fusion process produces energetic neutrons 

which render reactor components radioactive with activation products. The appeal of helium-3 

fusion stems from the aneutronic nature of its reaction products. Helium-3 itself is non-

radioactive. The lone high-energy by-product, the proton, can be contained using electric and 

magnetic fields. The momentum energy of this proton (created in the fusion process) will interact 

with the containing electromagnetic field, resulting in direct net electricity generation. 

Because of the higher Coulomb barrier, the temperatures required for 21H + 32He fusion 

are much higher than those of conventional D-T fusion. Moreover, since both reactants need to 

be mixed together to fuse, reactions between nuclei of the same reactant will occur, and the D-D 

reaction (21H + 21H) does produce a neutron. Reaction rates vary with temperature, but the D-

3He reaction rate is never greater than 3.56 times the D-D reaction rate (see graph). Therefore 
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fusion using D-3He fuel may produce a somewhat lower neutron flux than D-T fusion, but is by 

no means clean, negating some of its main attraction. 

The second possibility, fusing 32He with itself (32He + 32He), requires even higher 

temperatures (since now both reactants have a +2 charge), and thus is even more difficult than 

the D-3He reaction. However, it does offer a possible reaction that produces no neutrons; the 

protons it produces possess charges and can be contained using electric and magnetic fields, 

which in turn results in direct electricity generation. 32He + 32He fusion has been demonstrated 

in the laboratory and is thus theoretically feasible and would have immense advantages, but 

commercial viability is many years in the future. 

The amounts of helium-3 needed as a replacement for conventional fuels are substantial 

by comparison to amounts currently available. The total amount of energy produced in the 21H + 

32He reaction is 18.4 MeV, which corresponds to some 493 megawatt-hours (4.93×108 W·h) per 

three grams (one mole) of ³He. If the total amount of energy could be converted to electrical 

power with 100% efficiency (a physical impossibility), it would correspond to about 30 minutes 

of output of a gigawatt electrical plant per mole of 3He. Thus, a year's production would require 

52.5 kilograms of helium-3.The amount of fuel needed for large-scale applications can also be 

put in terms of total consumption: electricity consumption by 107 million U.S. households in 

2001[14] totaled 1,140 billion kW·h (1.14×1015 W·h). Again assuming 100% conversion 

efficiency, 6.7 tons per year of helium-3 would be required for that segment of the energy 

demand of the United States, 15 to 20 tons per year given a more realistic end-to-end conversion 

efficiency. 
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Reactants 
 

Products Q n/MeV 

First-generation fusion fuels 

21H + 21H (D-D) → 3
2He + 1

0n 3.268 MeV 0.306 

21H + 21H (D-D) → 31H + 1
1p 4.032 MeV 0 

21H + 31H (D-T) → 42He + 1
0n 17.571 MeV 0.057 

Second-generation fusion fuel 

21H + 3
2He (D-3He) → 42He + 1

1p 18.354 MeV 0 

Third-generation fusion fuels 

3
2He + 3

2He → 42He+ 21
1p 12.86 MeV 0 

11
5B + 1

1p → 3 42He 8.68 MeV 0 

Net result of D burning (sum of first 4 rows) 

6D → 2(4He + n + p) 43.225 MeV 0.046 

Current nuclear fuel 

235U + n → 2 FP+ 2.5n ~200 MeV 0.001 

Table 2.2.1: Comparison of neutronicity of reactions 21 
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Figure 2.2.1: The reaction rate of He-3 with different temperature 22 

 

The fusion reaction rate increases rapidly with temperature until it maximizes and then 

gradually drops off. The DT rate peaks at a lower temperature (about 70 keV, or 800 million 

kelvins) and at a higher value than other reactions commonly considered for fusion energy. 

Supply and demand of Helium3  
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2.2.2 Supply and price of Helium 3  

At present, helium-3 is only produced as a byproduct of the manufacture and purification 

of tritium for use in nuclear weapons. The supply of helium-3 therefore derives mostly, perhaps 

entirely, from two sources: the U.S. and Russian governments. Other potential sources of 

helium-3 do exist, but using these sources would present varying degrees of technical and policy 

challenges. Congress has several options for increasing the supply of helium-3, either from 

conventional sources or by encouraging the development of new sources. Among the important 

characteristics of all these potential sources are their likely cost and the amount of helium-3 they 

could potentially supply. The potential annual production of helium-3 from alternative sources is 

uncertain. This uncertainty results from incomplete characterization of the sources, variability in 

helium-3 content, and other factors, such as the willingness of public or private entities to invest 

in infrastructure to enable production at a particular scale. Even for potentially large sources, 

producing helium-3 from these sources may be impractical on cost grounds.  

The main source of helium-3 in the United States is the federal government’s nuclear 

weapons program. For many years, the National Nuclear Security Administration (NNSA) and 

its predecessor agencies have produced tritium for use in nuclear warheads. Over time, tritium 

decays into helium-3 and must be replaced to maintain warhead effectiveness. The NNSA 

recycles the mixture of tritium and helium-3 that results from this decay process and reuses the 

resulting pure tritium. From the perspective of the weapons program, the extracted helium-3 is a 

byproduct of maintaining the purity of the tritium supply. This means that the tritium needs of 

the weapons program, not the demand for helium-3 itself, determine the amount of helium-3 

produced.  

Until 2001, helium-3 production by the weapons program exceeded demand, and the 

program accumulated a stockpile. To recoup some of the cost of purifying recycled tritium, the 

program transferred helium-3 from the stockpile to the DOE Office of Isotope Production and 

Research for sale at auction. Despite these sales, the helium-3 stockpile grew from roughly 

140,000 liters in 1990 to roughly 235,000 liters in 2001.Since 2001, however, helium-3 demand 

has exceeded production. By 2010, the increased demand had reduced the stockpile to roughly 

50,000 liters. See Figure 1. Note that these amounts do not account for helium-3 imports and 

exports, or helium-3 supplies held by other agencies or the private sector.  
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Figure 2.2.2 Size of Helimu-3 stockpile, 1990-2010 23 

 

The U.S. weapons program currently produces tritium by irradiating lithium in a light-

water nuclear reactor. Before 1988, the program used heavy-water reactors at the DOE Savannah 

River Site in South Carolina. In 1988, the last operating Savannah River Site reactor, the K 

reactor, was shut down for safety reasons. For the next several years, reductions in the nuclear 

weapons stockpile meant that tritium recycling met the weapons program’s needs without 

additional tritium production. Over time, as the tritium produced before 1988 decayed into 

helium-3, the total amount of remaining tritium decreased. The annual rate of helium-3 

production from the remaining tritium declined commensurately.  The DOE restarted tritium 

production for the weapons program in 2003 using the commercial Watts Bar reactor in 
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Tennessee, operated by the Tennessee Valley Authority (TVA). The tritium production process 

used there is new and involves irradiation of lithium-containing Tritium-Producing Burnable 

Absorber Rods (TPBARs). The DOE also built the Tritium Extraction Facility to extract tritium 

from irradiated TPBARs. This facility, located at the Savannah RiverSite, became operational in 

2007.The NNSA plans to begin irradiating TPBARs at the TVA’s two Sequoyah reactors in 

FY2012.Currently, TVA irradiates only a small number of TPBARs, and tritium production is 

limited.  

As shown in Figure 1, the decay of tritium held by the U.S. nuclear weapons program 

currently generates approximately 8,000 liters of new helium-3 per year. Historically, the price 

of helium-3 has been $100 to $200 per liter, with commercial prices rising to $2,000 per liter or 

more after the discovery of the shortage. 

2.2.3 Demand of Helium 3 

The demand for helium-3 has increased dramatically since 2001. Prior to 2001, the 

demand was approximately 8,000 liters per year, which was less than the new supply from 

tritium decay. After 2001, the demand increased, reaching approximately 80,000 liters in 2008. 

Projections show demand continuing at above the available new supply for at least the next 

several years. See Figure 2. These projections contain many variables and therefore considerable 

uncertainty. Some estimates project much higher non-governmental demand, perhaps more than 

100,000 liters in FY2011 and FY2012.Some estimates appear to measure helium-3 quantities at 

nonstandard pressures. Because liters are a volume measure, and all gases change volume 

depending on their pressure, inconsistency in measurement has the potential to create confusion 

when amounts projected by different analysts are added. Perhaps most important, given such a 

large mismatch between supply and demand, users are likely to seek out alternative technologies, 

reschedule planned projects, and make other changes that reduce demand below what it would be 

in the absence of a shortage. It is unclear whether the available estimates reflect (or indeed, could 

reflect) these likely changes. Similarly, it is unclear whether federal agencies and the private 

sector can reduce demand sufficiently to match the current helium-3 supply and still meet 

priorities for security, science, and other applications.  
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Figure 2.2.3 Projected Helium-3 Demand, 2009-2018 23 

 

Neutron detection applications in national and homeland security are the largest users of 

helium-3, but scientific research, medicine, and industry are also significant.  

The demand for helium-3 for national and homeland security purposes falls into two main 

categories: the detection of smuggled radiological and special nuclear material and the 

monitoring of known special nuclear material to ensure its security. The Department of Defense, 

Department of State, NNSA, and DHS all have deployed radiation detection equipment to detect 

smuggled radiological and nuclear material. Through programs such as Cooperative Threat 

Reduction, the Second Line of Defense, and the Radiation Portal Monitor program, these 

agencies have deployed thousands of radiation portal monitors both domestically and overseas. 
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Each portal uses approximately 50 liters of helium-3 as the basis for its neutron detection 

capability. Some of the programs have been in place since before 2001.  

Others, such as those operated through DHS, were established later. The broad expansion 

of these deployments has provided the greatest demand for helium-3 and been the largest drain 

on the helium-3 stockpile. The Department of Defense and NNSA also use helium-3 in neutron 

detectors to ensure that stores of special nuclear material are fully accounted for. Accurate 

neutron counting over long time periods is one way to monitor the continued presence of 

materials such as plutonium. In addition, the United States contributes helium-3 to meet the 

nuclear security and monitoring needs of the International Atomic Energy Agency (IAEA). 

Department of Defense guidance and navigation systems for munitions, missiles, aircraft, and 

surface vehicles include ring laser gyroscopes that use helium-3. Testing and qualification are 

under way on an alternative gas for this purpose. 23 

 

2.2.4 Uses 

Scientific uses of helium-3 are diverse, ranging from neutron detection to cryogenics, 

laser physics, and research on the properties of helium-3 itself. Large-scale government research 

facilities, such as the DOE Spallation Neutron Source at Oak Ridge National Laboratory in 

Tennessee, may use tens of thousands of liters. Numerous smaller, laboratory-scale users are in 

academia and elsewhere. Although individual university researchers use smaller quantities, their 

ability to pay the currently high price for market-rate helium-3 may be limited. Although they are 

part of the private sector, their research is often funded by federal agencies. The United States 

also participates in international science projects that require helium-3, such as ITER (originally 

called the International Thermonuclear Experimental Reactor), currently under construction in 

France. The United States, as well as engaging directly in scientific activities that require helium-

3, has historically been a major source of helium-3 for the international scientific community. 

Some foreign scientists may depend on U.S.-supplied helium-3 for their research. Although 

some of these foreign scientists may work independently, many of them are likely colleagues and 

collaborators of U.S. scientists.  
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The development of a polarized medical imaging technique contributed to an expansion 

of demand for helium-3 in the late 1990s. This technique depends on patients inhaling polarized 

gas so that imaging of the gas using MRI provides a visualization of lung function.  

Industry  

In industrial applications, a neutron-emitting material is coupled with a helium-3 neutron 

detector to make density measurements based on the number of neutrons reflected back to the 

detector. This technique is used for oil and gas well logging and to determine the density of road 

construction.  23 

 

2.3 Solar Energy 

2.3.1 Introduction 

This report is an outlook of solar energy, with a introduction of solar energy, a data 

analysis of recent solar energy usage and some new aspect and technology about solar energy. 

The main goal of this report is to provide a big picture of the recent condition of the solar energy 

with data analysis and point out a prospective of solar energy usage in the future. 

Information about solar energy 

Energy from the sun 

Solar energy is the sun’s rays (solar radiation) that reach the Earth. This energy can be 

converted into other forms of energy, such as heat and electricity. Radiant energy from the sun 

has powered life on Earth for many millions of years. Solar energy can be used for heat and 

electricity. When converted to thermal (or heat) energy, solar energy can be used to: 

Heat water — for use in homes, buildings, or swimming pools. 

Heat spaces — inside homes, greenhouses, and other buildings. 

Heat fluids — to high temperatures to operate a turbine to generate electricity. 
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Solar energy can be converted to electricity in two ways: Photovoltaic (PV devices) or 

“solar cells” change sunlight directly into electricity. Individual PV cells are grouped into panels 

and arrays of panels that can be used in a wide range of applications ranging from single small 

cells that charge calculator and watch batteries, to systems that power single homes, to large 

power plants covering many acres. 

Solar thermal/electric power plants generate electricity by concentrating solar energy to 

heat a fluid and produce steam that is used to power a generator. In 2012, solar thermal-power 

generating units were the main source of electricity at 12 power plants in the United States: 11 in 

California and one in Nevada. 

The main benefits of solar energy are: Solar energy systems do not produce air pollutants 

or carbon-dioxide, and when located on buildings, they have minimal impact on the 

environment. Two limitations of solar energy are: The amount of sunlight that arrives at the 

Earth's surface is not constant, and it varies depending on location, time of day, time of year, and 

weather conditions. Because the sun doesn't deliver that much energy to any one place at any one 

time, a large surface area is required to collect the energy at a useful rate. 24 

2.3.2 Data analysis of the current solar energy usage 

In the AEO2014 Reference case, renewable electricity generation grows by 69% from 

2012 to 2040, including an increase of more than 140% in generation from non-hydro-power 

renewable energy sources. Renewable sources are collectively the fastest-growing source of 

electricity generation in the projection, with annual growth rates that exceed the growth rate for 

natural gas-fired generation. However, because renewable sources start from a relatively low 

12% market share of total generation, their contribution to U.S. total electricity generation is just 

16% in 2040 in the Reference case, well below the natural gas and coal shares of 35% and 32%, 

respectively. 
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Figure 2.3.1 Total U.S electricity generation by energy source in billion kilowatt hours 25 

 

Renewable energy sources, chiefly solar photo-voltaic and wind, continue to dominate 

new commercial distributed generation capacity in the AEO2014 Reference case, accounting for 

62.3% of commercial capacity in 2040. Lower prices for photo-voltaic inverts and panels, 

decreasing installation costs, federal investment tax credits, and state and utility rebates all 

contribute to growth in commercial photo-voltaic capacity, which increases by 5.7%/year from 

2012 to 2040 in the Reference case. The current 30% federal investment tax credit continues 

through 2016, after which it reverts to 10%. In the No Sunset case, with investment tax credits 

for all distributed generation technologies extended through 2040, photo-voltaic capacity 

increases by an average of 7.0%/year. To conclude, the solar photo-voltaic contributes to more 
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than 60% of the energy gained from renewable energy source and that percentage is till 

increasing annually. 

 

 

Figure 2.3.2 Additions to electricity generation capacity in the commercial sector in two cases in 

Gigawatts 25 

 

This graph shows the electricity generation from solar power in eight different cases in 

year 2012, 2020, 2030 and 2040. When compared the amount of electricity generation in 

different years it is clearly that the amount is growing each year. But for different condition the 

amount could be difference at about 300%, for example the amount of no sunset condition and 

low economic growth condition in year 2040. In all the growth of total amount is closely related 

with economic condition and the price of oil and gas. Right now in year 2014 the global annul 

amount of electricity generate by solar energy is about 40 billion kilowatt hours. And in the 

worst case when there is low economic growth it still going to increase to 60 billion kilowatt 

hours in 2040 and in the most optimistic case it will grow to 280 billion kilowatt hours per year. 
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The Low Renewable Technology Cost case assumes that renewable technology capital costs are 

20% lower than in the Reference case. The No Sunset case assumes the extension of existing 

federal energy policies that contain sunset provisions—in particular the production and 

investment tax credits for certain renewable electricity generation technologies. The GHG25 case 

assumes a policy that applies a fee on carbon dioxide emissions (in 2012 dollars) starting at $25 

per metric ton in 2015 and escalating by 5% per year to about $85 per metric ton in 2040. The 

High Oil and Gas 

Resource case adjusts oil and gas resource and productivity assumptions that result in 

natural gas prices to the electric power sector in 2040 that are 37% lower than in the Reference 

case. The Low Oil and Gas Resource case adjusts assumptions about oil and gas resources that 

result in natural gas prices to the electric power sector in 2040 that are 33% higher than in the 

Reference case. The High Economic Growth and Low Economic Growth cases assume higher 

and lower levels of real GDP growth from 2012 to 2040 than in the Reference case. 25 



     Interactive Qualifying Project  

53 

 

 

Figure 2.3.3: Electricity generation from solar power in eight cases in billion kilowatt hours 25 

 

2.3.3 The cost of solar energy 

The SunShot Initiative aggressively supports development of low-cost, high-efficiency 

photo-voltaic (PV) technologies in order to to make solar electricity cost-competitive with other 

sources of energy by 2020. As of February 2014, only three years into the decade-long SunShot 

Initiative, the solar industry is already more than 60% of the way to achieving SunShot’s cost 

target of $0.06 per kilowatt-hour for utility-scale PV (based on 2010 baseline figures). The 

technology they try to use is CSP technologies. CSP technologies are deployed primarily in four 

system configurations: parabolic trough and linear Fresnel focus sunlight in a linear fashion 
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whereas dish engines and power towers (also known as central receivers) focus sunlight to a 

point. Though CSP systems use different configurations to focus the sunlight, they share similar 

components such as collectors, receivers, power block, and thermal storage. DOE funds CSP 

research and development focused on developing the component technologies to achieve the 

technical and economic targets of the SunShot goal. The program also funds systems analysis on 

all of the CSP technologies to assess performance, longevity, and cost. 

 

 

Figure 2.3.4 Falling price of utility-scale solar photovoltaic projects 26 

 

The price of solar energy is kept falling in recent years due to the development of new 

technology and mostly reduced price is the cost of module while the soft cost falls the second 

fastest. The total price fells about 50% in this three years but the goal is to reduce the price to 

6c/kWh in 2020. Consider the average electricity price which is 10.47 c/kWh that cost in pretty 

satisfying. 26 
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2.3.4 New technology and better use of solar energy. 

Stanford researchers say new materials could help lower the cost of producing fuel with 

solar energy. 

By making a solar photo-voltaic material more resilient, researchers may have found a 

way to make artificial photosynthesis—that is, using sunlight to make fuel—cheap enough to 

compete with fossil fuels. 

If you want hydrogen to power an engine or a fuel cell, it’s far cheaper to get it from 

natural gas than to make it by splitting water. Solar power, however, could compete with natural 

gas as a way to make hydrogen if the solar process were somewhere between 15 and 25 percent 

efficient, says the U.S. Department of Energy. While that’s more than twice as efficient as 

current approaches, researchers at Stanford University have recently developed materials that 

could make it possible to hit that goal. The work is described in the journal Science. 

One way to make hydrogen using sunlight is to use a solar panel to make electricity and 

then use that electricity to power a commercial electrolyzer that splits water, forming hydrogen 

and oxygen. But combining the solar panel and the electrolyzer in one device might be cheaper 

and more efficient. The electrons produced when light hits a photo-voltaic material could 

facilitate chemical reactions, and the capital costs of one machine would likely be lower than the 

cost of two. 

For some time now researchers have known that you could approach 15 to 25 percent 

efficiency if you combined two solar cell materials in such a system. One solar cell would power 

half of the water-splitting reaction—forming hydrogen. The other could form oxygen. 27 

Use Solar Energy at Night 

Near Granada, Spain, more than 28,000 metric tons of salt is now coursing through pipes 

at the Andasol power plant. That salt will be used to solve a pressing if obvious problem for solar 

power: What do you do when the sun is not shining and at night? The answer: store sunlight as 

heat energy for such a rainy day. 

Part of a so-called parabolic trough solar-thermal power plant, the salts will soon help the 

facility light up the night—literally. Because most salts only melt at high temperatures (table salt, 
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for example, melts at around 1472 degrees Fahrenheit, or 800 degrees Celsius) and do not turn to 

vapor until they get considerably hotter—they can be used to store a lot of the sun's energy as 

heat. Simply use the sunlight to heat up the salts and put those molten salts in proximity to water 

via a heat exchanger. Hot steam can then be made to turn turbines without losing too much of the 

original absorbed solar energy. 

The salts—a mixture of sodium and potassium nitrate, otherwise used as fertilizers—

allow enough of the sun's heat to be stored that the power plant can pump out electricity for 

nearly eight hours after the sun starts to set. "It's enough for 7.5 hours to produce energy with full 

capacity of 50 megawatts," says Sven Moormann, a spokesman for Solar Millennium, AG, the 

German solar company that developed the Andasol plant. "The hours of production are nearly 

double [those of a solar-thermal] power plant without storage and we have the possibility to plan 

our electricity production." 28 

2.3.5 Conclusion and summary 

The solar energy is in the major source of renewable energy although renewable energy 

only take about 10% in the total energy supply. Solar energy usage is growing rapidly recently 

and its growth is closely related to economic growth, government policy support, the supply of 

fossil fuel, and the cost of the solar energy. The most optimistic estimation is the total amount of 

energy provided but solar energy will be 20 time that of right now.  Right now solar power 

provide us about 40GW annually. The price of the solar power is twice as high as average price 

of electricity now but the goal is to make it half that of the electricity price now. There are many 

new technology to enhance solar power’s efficiency and reduce its price basically through 

finding method to make use of solar power at night and bad weather, developing more efficient 

solar plate and finding ways to use solar power to produce hydrogen and oxygen as fuel. 
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2.4 Bio-Fuel 

2.4.1 Definition 

Biodiesel is a non-petroleum based alternative fuel for compression ignition engines. 

Biodiesel is defined as an ethyl or methyl ester derived through a transesterification reaction, 

from animal fat, vegetable oil, or algae. 29  

Transesterification is a catalyzed reaction that converts the raw material, such as 

vegetable oil, into usable biodiesel. 30 The reaction occurs at low temperatures (approximately 

150oF) and pressures (approximately 20 psi) and has a high recovery rate of about 98% so there 

is minimal waste. The glycerin that is produced as a by-product can then be used in other product 

such as soap.  

 

Figure 2.4.1: The production of biodiesel in block diagram form. 31 
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Figure 2.4.2: Schematic of energy production in the form of gas from biodiesel 

 

Once biodiesel has been created it is placed in the biodiesel tank shown at the far left of 

the sketch above.  An electric pump then pulls the biodiesel from the tank and pushes it through 

a network of PVC pipes as shown in the above diagram. Once the fuel reaches the liquid fuel 

burner, it is pushed through to the atomizer, which sprays the biodiesel to a fine mist.  A pilot 

light or spark then ignites the atomized fuel, which creates thermal energy for the water boiler. 

Biodiesel has better lubricity than current low-sulfur petroleum diesel. The presence of oxygen in 

biodiesel improves combustion and therefore reduces hydrocarbon, carbon monoxide, and 

particulate emissions; but oxygenated fuels also tend to increase nitrogen oxide emissions. 

Engine tests have confirmed the expected increases and decreases of each exhaust component 

from engines without emissions controls. Biodiesel users also note that the exhaust smells better 

than the exhaust from engines burning conventional diesel. 
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That isn’t unusual: anything with a diesel engine -- plane, boat, and motorcycle -- can run 

on diesel, SVO or biodiesel. SVO is a broad term, and covers a range of materials beyond 

vegetable oil including animal fats (chicken, tallow, lard and byproducts of omega-3 fatty acid 

from fish oil) and algae. SVO can be from virgin feedstock, meaning crops grown specifically as 

a fuel source, or recycled from other uses, such as used cooking oils (WVO for waste vegetable 

oil). Biodiesel is considered nontoxic, biodegradable, renewable and domestically produced. 32 

Little or no modifications are needed to make a compression ignition engine (diesel 

engine) run on biodiesel (performance 10% less than that of regular diesel). And higher lubricity 

than regular diesel which increases the engine’s life. 

  That’s the basics: diesel engine originally designed to run on vegetable oil; no 

modification needed to run a diesel engine on biodiesel; heating mechanism needs to be added to 

run engine on SVO. 

There are two basic choices for dealing with the viscosity of SVOs: add a heating 

mechanism to the fuel line or tank, or process the oils. I do both. I use SVO -- always in the form 

of local WVOs – in a second fuel tank in the trunk of the car where the SVO is heated by a coil 

running from the radiator. The second option, modifying the oil, means using biodiesel. 

Biodiesel is made through a process called transesterification, a fairly simple process that uses 

lye to remove the coagulating properties of the oils. The byproduct of biodiesel processing is 

simple glycerin, used in soaps and other products).” 33 
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Figure 2.4.3: Comparison of Bioethano/Corn and Petrol Oil Prices over the years (1975-2010). 34 

 

Research about machinery efficiency of % of biodiesel gives the following tables 

Investigations have been carried out by the authors using different blends of biodiesel and diesel 

oil (i.e. 100%, 80%, 70%, 50%, 30%, 20% and 0% volume of biodiesel. 
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Figure 2.4.4: Nm Vs Rpm of Diesel Cons in Biofuel 35 

 

 

Figure 2.4.5: Power Vs engine speed between different Biofuels and Diesel Oil 35 
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Fuel type Calorific 

value 

(kJ/kg) 

Density 

(g/dm3) 

Viscosity (mm2/s) Cetane 

number 

Flame 

point 

(°C) 

Chemical 

formula 
27°C 75°C 

Diesel fuel 43 350 815 4.3 1.5 47a 58 C16H34 

Raw 

sunflower oil 

39 525 918 58 15 37.1a 220 C57H103O6 

Sunflower 

methyl ester 

40 579 878 10 7.5 45–52 85 C55H105O6 

Raw 

cottonseed oil 

39 648 912 50 16 48.1a 210 C55H102O6 

Cottonseed 

methyl ester 

40 580 874 11 7.2 45–52 70 C54H101O6 

Raw soybean 

oil 

39 623 914 65 9 37.9a 230 C56H102O6 

Soybean 

methyl ester 

39 760 872 11 4.3 37 69 C53H101O6 

Corn oil 37 825 915 46 10.5 37.6a 270–295 C56H103O6 

Opium 

poppy oila 

38 920 921 56 13 – – C57H103O6 

Rapeseed oilb 37 620 914 39.5 10.5 37.6a 275–290 C57H105O6 

Table 2.4.1: Physical and chemical specifications of the vegetable oil fuels used 36 

 

http://www.sciencedirect.com/science/article/pii/S0196890400000807#TBLFN1
http://www.sciencedirect.com/science/article/pii/S0196890400000807#TBLFN2
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2.4.2 How to grow algae and make it fuel 

Algae oil production system: the algae is harvested from the growing process as algae 

paste. Then we take off the water in the algae either by heat drying or de-watering presses. 

Centrifuges are also another way in which the algae past can be de-watered. 

 

Figure 2.4.6: Algae oil production system 37 

The oil is then separated from the paste wither by a chemical process or by pressing in a 

high pressure device such as a screw press. The finished product is algae oil in a form that is then 

suitable for use in the transesterification process to make biodiesel fuel. 38 

2.4.3 The cost of bio-fuel from Algae  

A number of methods are being used for harvesting microalgae and more are being 

experimented. We have provided the indicative capital and operating costs for the most common 

methods for microalgae harvesting.  
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Figure 2.4.7: Details of biofuel harvesting cost. 39  

Biomass gasification and combustion technologies are evolving fast and as a result the 

capital and operating costs for gasification vary widely.  For costs specific to your requirements, 

it is best to consult with suppliers of individual systems. Some indicative data are reported here. 
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Figure 2.4.8 Cost of Gasification / Pyrolysis & Catalytic Synthesis 39 
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Figure 2.4.9: DOE projections of costs for biofuel from MTG, pyrolysis, and FT routes. 40 

 

This slide projects a future best case scenario of about $3.50/gallon for the MTG route, 

$2/gallon for the pyrolysis route, and $5/gallon for the FT route.  
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Figure 2.4.10: Projected cost reductions for biofuel from pyrolysis oil. 40 

 

This slide shows that in 2009 they were estimating costs of production for biofuel based 

on pyrolysis of $7.68/gallon. By this year (2012) they projected the cost dropping to $4.55, and 

then over the next 5 years they project costs will fall to $2.32 (again, the Nth plant cost for 

pyrolysis was projected at $2.00/gallon). They project that the largest savings will come from the 

upgrading step. 
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Figure 2.4.11: Baseline costs for algal fuel. 40 

 

This slide shows the 2012 selling price for algal products in four categories: Triglycerides 

(TAG) from open ponds (OP) at $9.28/gallon and from photo bioreactors (PBR) at 

$17.52/gallon, and then the finished diesel (which requires hydro treating the TAG) at $10.66 

from OPs and $19.89 from PBRs. 

The following slide projects future algal fuel costs under a number of different scenarios: 
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Figure 2.4.12: Projected future algal fuel costs. 40 

 

The production cost of the algal oil depends on many factors such as the yield of biomass 

from the culture system, the oil content, the scale of production systems, and the cost of 

recovering oil from algal biomass. Currently, algal oil production is still far more expensive than 

petroleum diesel fuels. For example, Chisti (2007) estimated the production cost of algae oil 

from a photo bioreactor with an annual production capacity of 10,000 tons per year. Assuming 

the oil content of the algae to be around 30 percent, the author determined a production cost of 

$2.80/L ($10.50/gallon) of algal oil. This estimation did not include the costs of converting algal 

oil to biodiesel, or the distribution and marketing cost for biodiesel and taxes. At the same time, 

the petroleum diesel price was $2.00 to $3.00 per gallon. 
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Table 2.4.2:  Overall Average Fuel Price 41 

 

Table 2.4.3: Oil Yield in Gallons per Crop 42 
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Algae is an important source of Biofuel but its costs are too high to compete the other 

energy sources. Just the cultivation of algae is from 17 to 26$ per gallon, thus the companies that 

want to invest in algae for the production of biofuel see a 30$ cost per gallon. 

 

Table 2.4.4: Algae has far greater oil yield per acre than conventional crops, making it ideal for land-

scarcity 43 

2.4.4 Environmental Impact 

One environmental concern with biofuels is the utilization of land and water resources. 

Unlike fossil fuels or certain renewable energy (such as wind and solar), biofuels require 

resources to grow that may be needed for other purposes and can impact the environment they 

are chosen to grow in. However algae can be grown on arid lands, as well as with salt water, 

making it extremely conservative with the scarce resources needed for agriculture. This makes 

algae very appealing due to not requiring a drain on other resources such as drinking water or 

high-yield farm land 27. Because it is not impacting significant ecological systems, it would have 

little impact on overall biodiversity as well. Additionally, algae doesn’t require the use of 

insecticides or herbicides, meaning there would be no additional chemical pollution to the 

environment 44. One problem with algae production, however, is that it requires a large amount 
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of resources to maintain. Unlike corn and other biofuels, algae takes nutrients from its 

environment without putting much else back, and once harvested algae is stripped from the 

environment entirely. Because of this algae requires fertilizer and other resources to grow it that 

may not be needed with conventional crops. This results in having a less maintainable system 

than other biofuels, as algae cannot be cyclically grown with other crops as normal. 45 

 

Figure 2.4.13: Algae-based ethanol has a far smaller carbon footprint than most other fuels. 46 

 

Algae fuel is also very appealing in terms of its emissions as well. The combustion of 

algae fuel produces less carbon monoxide, unburned hydrocarbons, and harmful pollutants 

compared to diesel and petroleum, as well as emits no sulfur oxides. 44  It has also been shown 

that replacing fossil fuels with algae could reduce CO2 emissions by up to 80%. While this 

seems like an incredible improvement, it should be noted that this is a result of algae’s 

consumption of CO2 during production. When burned, the CO2 will be released again into the 

atmosphere, resulting in a net increase of CO2 emissions. Therefore, while algae does have the 

benefit of consuming CO2, it should not be seen as a way to decrease the amount of CO2 in the 

atmosphere but instead as a means to maintain it. 47 
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Figure 2.4.14: Algae takes nutrients from waste as well as bacteria and uses it to grow.  

 

Additionally, microalgae has a strong impact on waste water as well. Systems for 

producing microalgae have the unique ability of being able to use saline waste, as well as CO2 

streams, as an energy source. 44 This is because the algae from microalgae bioreactors is capable 

of capturing organic compounds and heavy metal contaminants in wastewater. 48 As a result, the 

production of algae has the side effect of being able to recycle formerly unusable water. In fact, 

not only does this process clean waste water but it also recovers phosphorus from it. Phosphorus 

is a highly limited resource, so much so that the last reserves of phosphorus are estimated to have 

already been depleted. 49 
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2.4.5 Case Study 

 

Figure 2.4.15: A 1-acre algae pond in Karratha, Western Australia. 50 

One company utilizing algae for a number of purposes is Aurora, Inc. They began in 

2006 and now have an algae-farming facility in Karratha, Western Australia that spans nearly 

1,000 acres. Karratha was chosen by Aurora for very specific reasons: the region is consistently 

hot and has little precipitation, and as a result has an abundance of arid land that is unsuitable for 

conventional farming. Additionally, Western Australia has a large amount of industrialization 

due to these conditions, making CO2 emissions abundant. Aurora uses these emissions as 

feedstock for the algae, doing away with the majority of external nutrients needed. In fact the 

system they developed is highly successful, capturing over 90% of the carbon dioxide given to 
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the algae. When implemented in their commercial scale facility in Maitland (fifty 5-acre ponds), 

this was estimated to consume 40 tons of CO2 per day. 50 

Aurora’s method of growing, harvesting, and processing algae is what they claim has 

made their business a revolutionary success for algae production. In Karratha they have 38 

microponds (approximately 2 m2) used for researching optimization of growth parameters, 

automated harvest and nutrient feed, and a number of other methods to be decided upon before 

moving on to larger scale models. This is important because all of operations dealing with the 

algae are automatically controlled, including growing, harvest, nutrition, temperature, pH levels, 

turbidity, and more. When the strain of algae is believed to have been fully evaluated, Aurora 

moves on to their four 50 square meter and four 400 square meter inoculation ponds to produce 

the algae cultures. These cultures are used to seed six 1-acre production ponds, which all 

together produce around 15 tons of algae biomass per month. When the pond reaches a certain 

population density, a portion of the algae is moved to a flocculation tank to undergo dissolved air 

flotation (DAF) for separation. While this may seem like a large amount of water, keep in mind 

that the algae is actually being grown in seawater. Brackish, farm-filtered water is then used to 

harvest and process the algae. In total this results in the amount of water required being less than 

1 percent of the water used to grow soy. Between this and the CO2 consumption of the algae, 

Aurora is able to produce bioenergy with a facility footprint 5% the size of cellulosic 

technologies. 50 

Figure 2.4.16: Processing algae has a number of different applications. 51 
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In addition to being environmentally friendly with both water and CO2 consumption, 

Aurora claims to use all components of their algae to completely eliminate waste. They produce 

pharmaceuticals and health supplements due to the Omega-3 fatty acids produced by algae as 

well as the algal oil containing 65% EPA (a recognized treatment for lipid management, anti-

inflammation, depression, and other diseases), food/beverages from the Omega-3 along with 

protein extracts, fish feed from algal biomass and nutrients, and lastly biodiesel from algal oil. 

Any remaining constituent is recycled into their system for nutrients, creating zero net waste. 

 

2.5: Others 

2.5.1 Heat Engines 

These use energy in the form of heat in order to produce work and dump the rest of the 

heat that couldn’t be converted into work. Thus a heat engine cannot convert the heat from a hot 

reservoir into an equal amount of work (such a thing could be done only by machines of second 

generation (doesn’t exists) 

 

Figure 2.5.1: Heat engine 52 

Its efficiency is given by: 

 Ef = 1-Tc/Th= 1+Qc/Qh=Wcycle/Qh 

Thus the efficiency of a system increases as the Tc goes closer to absolute zero (O Kelvin) 



     Interactive Qualifying Project  

77 

 

Here are some examples that will help us solve possible questions concerning the energy 

production and the work done.  

 

Figure 2.5.2: Heat exchanger 

 

These are just two examples which can help us determine the heat losses based on work and 

temperature difference in each case. In addition there is a categorization of the two different 

kinds of heat engines used. 
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Figure 2.5.3  Thermal and Hydraulic machine equations 53 

 

The two different types of heat engines: 

 

Figure 2.5.4: Heat Engines 54 

 

http://books.google.com/books?id=LwVsAKrctL8C&pg=PA102&lpg=PA102&dq=energy+machine+taking+anergy+due+to+difference+in+temperature&source=bl&ots=8-RnH0HJKM&sig=i9iseDt_nNdQv77z8JNi9gjZ-4M&hl=en&sa=X&ei=DxEwVMqNO4WsyAStk4LYAQ&ved=0CCoQ6AEwAg#v=onepage&q&f=false
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2.5.2 The Stirling engine  

 

Invented in 1816 by Roberst Stirling who tried to create a safer steam engine that 

wouldn’t explode due to their boilers. A Schematic of such a device is the following: 

 

Figure 2.5.5: Electric Power Generation By external Combustion engine (Stirling Engine) 55 

 

It is a closed (only heat can transfer no mass) cycle heat engine. It is totally sealed from the 

outside environment and it works using the expansion and compression of gas (i.e. air, helium or 

hydrogen or a combination which will allow a maximization of expansion and compression 

difference) that is trapped in this engine. The one side is heated and the other I is cooled causing the 

gas to be compressed and expanded cycles. So if we see the energy conversion we have: Heat to 

work/ kinetic energy. 

Stiriling engines working on low temperature differences are called LTD that can create work 

only from the heat of our hand or coffee. 

There are two aluminum plates where one is hot and one is cold. Since the machine can work 

in reverse so we can heat either side. The displacer takes the gas to the hot and to the cold location. 

When the displacer is at the hot location the gas is pushed to the cold location as it is expanded and it 

is pushed back to the hot side as it is compressed.  
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“As we add heat to the system through the bottom plate, the temperature of the air increases, 

therefore increasing the pressure between the lower plate and the displacer. The displacer is pushed 

upwards by this pressure which moves the flywheel, directly turning the energy from the heat into 

rotational mechanical energy. As the flywheel turns it moves a small piston on the other side 

downward, increasing the pressure on the top of the plate pushing the displacer down. Now the air 

has been pushed into the space above the displacer and below the cold plate. The air is cooled by the 

cold plate and drops, further pushing the displacer down. This in turn moves the piston the opposite 

direction which moves are below the displacer that this process may repeat itself.” 

 

Figure 2.5.6 Stirling Engine 56  
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Figure 2.5.7: Naming the parts of the device  

                        

Figure 2.5.8: Charging our now using a Stirling device  
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Epiphany labs created a stirling engine (epiphany onE puck) which works by heating or 

cooling down a fluid that it is held in the device. They support that if u heat the one side or cool the 

other then it can create a charge of 5W which can charge most of the smartphones. (Successfully 

funded on April 6 2013). 2 

Radiofrequency generator machine can release the hydrogen and oxygen form saltwater 

and create a lot of energy (flame) if we place a bulb in-between it lights and that is a way how 

we could heat the one side of the pipe much more! The energy needed will be supplied from the 

initial T difference between the two plates in the ocean. However, it is inefficient thus; easy 

thermal energy could really help. 

But since there are great heat loses maybe an idea of perfecting it is by isolating the whole 

system again. The hot water going in should not be allowed to be disposed without gaining from it 

most of its heat thus we would need to have sensors that would open and close valves allowing the 

water to go in and out but we should keep the cold reservoir as cold as possible thus it should be open 

from the bottom. How to heat the water up to the point we need. We would use a radiofrequency 

machine to heat the water to higher T in order to increase the energy produced. The energy form this 

machine will be supplied from the engine and that is a restriction as in the beginning it will take more 

time for the supply of energy to increase. So, what should be the seawater difference in 

temperature? 
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Figure 2.5.9: Temperature of Ocean water 58 

 

But we need to take under consideration that the T changes between summer and winter 

and also changes depending from which place around the world we are. 
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Figure 2.5.10: How much energy can a Stirling device produce? 56 

 

Thus assuming the CV (heat capacity) of water to be around 74 J/ (K*mol) and we 

assumed that the volume of the water when heat (v2) is twice as when it is cold(v1) and 1 mole 

of sea water and a ΔΤ of 16 degrees Celsius  we get an efficiency of 3% but if we use the firstly 

stated equation which takes into account only the ΔT then we get a 5% efficiency. Under the 

same condition the amount of work done is -92 J.  

There are no data about such a construction yet thus further team research is needed. 

Hopefully with the correct assumptions and work we can give you a correct approximation of the 

total cost of such a machine working independently in the ocean. 

Using the Thomson Coefficient theory μ. It states that if μ is greater than 0 then the gas when 

expanded it is cooled. Also if μ is less than 0 then the gas when expanded it is heated. 

Thus the new question is what kind of gas do we need, and should it be bimolecular 

unimolecular or other. 

My opinion is that we need to find a unimolecular Substance that is heated when 

expanded. The reason for the second reason is because the ocean can’t be that hot so the greater 

the heat produced the more beneficial is for us.  
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Figure 2.5.11: Sea water Stirling Device Model 

2.5.3 Hydroelectric 

 One form of alternative/renewable energy that will contribute to future energy needs is 

hydroelectric. This is the process of capturing energy from flowing water and turning it into 

electricity. It is currently the largest supplier of energy of any renewable resource, as well as the 

most efficient method of harvesting energy out of any resource. Hydroelectric power is most 

commonly seen in dam, however they are far from the only source of hydroelectric power. 

Turbines can be implemented in flowing bodies of water (such as rivers/streams) to channel 

energy without the need of a reservoir (known as run-of-the-river hydroelectricity). They can 

also be implemented within man-made conduits to gather energy from water being transferred 

(known as conduit hydroelectricity). Lastly, marine power is energy taken from the ocean 
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through a variety of resources. These include marine current power, ocean thermal energy 

conversion, osmotic power, tidal power, and wave power. 2 

Dams are placed on a river or other medium sized body of water to create a reservoir. 

This reservoir releases water through a turbine, which is spun by the water and powers a 

generator. Dams and similar constructs also have a variant known as a pumped storage plant, 

which uses pumps (consuming energy) to move water from a lower reservoir/water source to a 

higher one, which can then flow back through the turbines to reproduce the energy. As the name 

suggests, this method is a way for hydroelectric power sources to store energy until it is needed. 

Dams have been shown to be particularly harmful to their surrounding ecosystem, however, 

causing shifts in sediment depositories, flooding surrounding land, and killing some of the 

wildlife that travels through them. Despite this, it is the world’s largest renewable energy 

resource, generating 654 GW. There is an estimated 4,000 GW potential to be harvested, 

however only 1,000 GW is estimated to be feasibly obtainable. 58 

While hydroelectric power from freshwater sources often has a detrimental effect on the 

environment, its usage is undeniable. This is due in part to the relative cost-efficiency of such 

systems. Below is a graph that demonstrates the levelized cost of various sources of energy. This 

cost is calculated based on the initial start-up cost, maintenance costs, operational/fuel costs, and 

government incentive programs. Because of this last variable, the chart cannot be taken as a pure 

representation of each source’s relative cost. However the insight it provides shows why 

hydropower is such an appealing resource right now. 
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Figure 2.5.12: Levelized cost of various energy sources. 59 

 

           Ocean waves are formed from the interaction of long-lasting wind and surface water. The 

momentum of these waves can be captured in order to retrieve and energy. There are a number of 

different devices/models that can be used to capture this energy, however there are still very few 

ever produced or in actual use today. The “Salter’s duck” is one such device, which uses a 

floating body anchored to the sea bed (or cliffs) by various lines. These lines have devices on 

them such that when the floating body pulls on them (when moving over a wave), the devices 

will gather mechanical energy from the tension. This was found to extract 90% of the energy in 

waves during tests, however was never put into production. Another, the “Anaconda”, is a 

suspended rubber “snake” that works by sucking in water during a pressure difference brought 

on by a wave. This water evens out the pressure of the snake by running through the middle of it, 

past a turbine, and the out the other end. Wave energy has been estimated to have a potential of 

generating 1,000-10,000 GW, with a practical estimate being 500-2,000 GW. To date, however, 

only 2.5 GW are being harvested. 58 This is due in part to the large cost associated with the 

development, installation, and maintenance of the machines required to harvest the energy, as 
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well as the risk of storms destroying them. The Anaconda is currently one of the best candidates 

however, due to its potential to be able to withstand sever conditions during storms. 2 

           Tides are caused primarily by the gravitational pull of the sun and moon on Earth’s 

bodies of water. Because of this, tidal strength varies greatly depending on location as well as the 

time of year. Tidal current below the water’s surface can be harnessed using turbines, however 

this often doesn’t produce very much energy due to the small area of effect. The advantage of 

this method is that the machines needed are low cost, have minimal impact on the environment, 

and don’t require further infrastructure. Another way to harvest tidal energy is with a “tidal 

barrage” (known as impoundment tidal energy), which uses a dam built beneath the water that 

utilizes tides to gather water. This then water flows through the dam and powers turbines. These 

dams have a moderate environmental impact however, leading to the alternative “tidal lagoon”. 

These lagoons are built near bodies of water that will be brought in by the tide to fill them. The 

water can then flow back into the body of water and power turbines on its way out. Because they 

don’t need to be directly in bodies of water, tidal lagoons are more environmentally friendly. 

Finally, dynamic tidal power is a way to make normally unusable tides practical. It involves 

building a bent T-shaped dam out from a coast, and then allowing a head to form on either side 

of the dam due to tidal shifts from the moon. These would power bi-directional turbines as they 

leveled out, resulting in a reliable source of energy. This is, however, one of the most expensive 

forms of tidal energy leading it to be less practical. There is an estimated 2,500 GW of energy to 

be gathered from tides, 1,000 GW of which would be practical. To this day only 59 GW of 

energy is being harnessed. 58 This is due, in part, to tidal power’s steep cost of implementation, 

requiring unusually strong tides in order to be affordable. These tides do exist, however only in 

certain areas around the globe, making tidal power limited to these areas for the time being. 

Though the availability and cost make tidal power unappealing, it does offer the advantage of 

predictability which is a valuable attribute in renewable energy. 2 

           The current costs to implement wave and tidal powered hydroelectric systems is too high 

to be effective. This is due in part to the large initial cost to implement these systems, however 

also because of the dramatic change in efficiency based on location. Currently, the leveled cost 

of wave energy is estimated to be between 10 and 30 cents per kWh. Tidal energy is estimated to 

be between 8 and 12 cents per kWh. Future development however will see a steady decline to 
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these costs, bringing wave energy down to 5-6 cents/kWh and tidal to 4-6 cents/kWh. 60 These 

are only estimates for the time being, so it is unclear whether they will come to fruition. Still, the 

potential for localized markets is very real and will most likely be acted upon in the future. 

 

Figure 2.5.13: Wave/tidal pipeline capacity for 2010-2015 61 

 

           Lastly, ocean thermal energy conversion (OTEC) is a proposed system of gathering 

energy from the heat difference between surface and deep ocean water. A heat engine would be 

used to connect the surface to the bottom (or sufficient depth) and produce energy based on the 

differing temperature. This difference would be very small, resulting in a small amount of 

efficiency (about 6-7%). Despite this, however, the available locations worldwide where this 

system could be implemented makes it extremely attractive. The estimate energy potential is 

200,000 GW, with the feasibly gatherable energy being around 10,000.58 There are currently no 

large-scale OTEC systems in place today, and will probably not be for the foreseeable future. 

This is largely due to the financial aspect of the system, both for installation and maintenance 

(running water throughout the system). Because there are no systems currently in place, it is 
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unclear what the actual cost-per-mWh of OTEC would be. It is rumored that the cost could be as 

low as 7 cents, however there isn’t substantial data to support this. 2 

 

 

Potential (GW) Feasible (GW) Current (GW) 

Freshwater 4.000 1,000 654 

Wave 1,000-10,000 500-2,000 2.5 

Tidal 2,500 1,000 59 

OTEC 200,000 10,000 0 

Figure 2.5.14: Hydroelectric power sources and their estimated/actual power output. 58 

 

Figure 2.5.15: Energy Pie in EU 62 
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Chapter 3: Proposed energy source 

3.1 Jet Stream 

Fast flowing and narrow air currents in the atmosphere of Earth. They are at the altitude 

of troposphere and stratosphere. The strongest are the polar jets. They are found at the upper 

levels of the atmosphere 10-12 km from sea level. The weaker subtropical jets are around 10-16 

km from the sea level.  The current is thousand kilometers long, few hundred Km wide and a few 

Km thick. Each hemisphere has a pair of each jet stream. The north polar jet stream flows over 

Asia, Europe and North America where at the south they flow around Antarctica all year long.”63 

 

Figure 3.1.1: The four Jet streams flow paths 2 subtropical and 2 Polar  

 

The air Wind speed is sometimes over 200 mph. 
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Figure 3.1.2: Photo on the Temperature difference around the globe and the Jet streams. 64 

 

The main reason of the existence of the jet stream is the temperature difference of the 

Warm and the cold air masses. Warmer clouds are less dense than the colder air creating an air 

pressure difference at any altitude.  This temperature difference is exactly the reason why during 

the winter months the Arctic and tropical air masses create a much stronger jet stream; when in 

the summer months the stream is not that strong. Another point is that although the jet stream 

wants to go from high to lower pressure point the rotation of the Earth doesn’t allow so causing it 

to flow to the right in air masses around the Earth. It is important to state that Jet streams don’t 

affect the weather of different areas. In addition, this airflow difference can move air masses thus 

people can predict towards where different air masses will move i.e. colder masses or the ones 

that are more humid will move.  How important the Jet streams are, was found in WW2 when the 

American bombers could not go fast enough against the strong winds when moving from east to 

west. Nowadays airplane companies take the jet streams under account in order to have cheaper 

and faster flights. 64 

"The total wind energy in the jet streams is roughly 100 times the global energy demand," 

writes Cristina L. Archer and Ken Caldiera in a 2009 edition of the journal Energies. 

Two ways of harvesting The Jet stream: 

 The Italian company Kite Gen has the idea of producing energy form the strongest wind 

flows using a kite; The idea as the president of the company described it Mr Massimo 
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Ippolito “Just like a fishing rod has a fish pulling it and spins the string, now instead of 

fish, we have a kite that pulls the wire with the help of the wind creating energy by 

adding an alternator to the reel.”   Each kite measures around 50 m^2 where they imagine 

of lofting kites to be tree times this size. 65 The turbines produce enough wind in order 

for the kite to be elevated to a higher altitude. Then the kite makes the eight shape cycles 

increasing in altitude every after each finished cycle.  At some point, it reaches a 

maximum altitude and the kite falls off the sky. (At that point one of the cables on the 

end of the kite pulls back down for 20 seconds and then release it back to the wind for 2 

more minutes.) The machine pulls the wire until the kite reaches a lower airflow that will 

lift it again higher in the sky (lifting flight restart point).   The energy is produced every 

time the kite is pulling the wire away from the machine. 66 

 

 

 

Figure 3.1.3: The cycle of a flight of the kite with its eight shaped cycles 637 

 

 Ippolito says “we have proven the concept” as the company has numerous successful 

trials in Sommariva Perno (Italy) which is placed at almost 1312 ft. above sea level. The 

company is testing different kite fabrics. It has been used Nylon and Dacron until now, but more 

fabrics will be tested, as a stronger and lighter fabric will be better for the project’s efficiency. 

The STEM system has pulleys and manipulators (two parts that pull on the kite strings from its 
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ends from a long rod) and a high-tech IT system which has many sensors and software that 

determines and keeps the kite at the optimum altitudes and angles. 

 

Figure 3.1.4: The parts of the STEM  and its pulleys  

 

How many years will it take for these sources to be done? How much of the world demand 

of energy can they cover? How much would they cost? 

 

  The project idea was initiated in 2003. It has earned 20 dissertations an ENI Award in 

2010 many patents and even more innovating awards signifying the importance of the project 

towards new paths for sustainable energy, it is recognized by over 150 countries and has property 

protection of 2.5 million Euros. Through this project we have the creation of innovative ideas 

and a point of gaining “free” energy that we hadn’t till now though about.  In 2006 a prototype of 

30 kW was tested, later in 2012 a prototype of 3 MW was tested. We see that for a company to 
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keep finding new patterns and keep being distinguished means that it does something correctly 

and that it is efficient. The total costs of the activities and costs of production of the project till 

now is around 10 million euro. From this money, 95% comes from private resources and 5% 

from EU for research and development. Activities of development and of industrialization 

include an 1800 square meters of office and 8000 square meters of workshop in S. Mauro 

Torinese. In addition a partnership with Saudi Arabian Basic Industries Company (SABIC), 

aimed to provide the energy needed for the operation of the world biggest capture and 

purification of CO2. The company has earned people’s respect and that is exactly the reason why 

they it. 

Is it feasible in the future? 

Additional funds could well help Kite Gen get rid of its engineering barriers and then the 

company could create something that will satisfy our energy needs or it just might be the end of a 

good start; According to Ippolito.  

If we assume that an area runs completely with these units then the need of electric power 

storage is required. This is for whenever weather conditions (no wind or storm) don’t allow the 

production of energy or when the energy produced isn’t sufficient. 

Power efficiency, places etc.: 

At high altitudes the wind is much more constant and faster than the ones closes to the 

surface of the earth at an average of 6000 hours/year compared to 1500 hours/year respectively 

for ground wind turbines use.  Any increase in the wind flow velocity will increase the power 

generated tree times according the formula: where ρ is the density, A is the area and v is the 

velocity. Scientist Ken Caldwiea from the Carnegie Inst for science at Stanford University stated 

that “the raw power of the jet stream is between 10,000-30,000 watts/m2” 68. The journal Nature 

Climate Change in September 2012 estimated that the power extractable from tropospheric wind 

without any significant changes of climate is close to 1800 TW. This amount is almost 100 times 

more that the total humanity’s energy needs which is 16-18 TW. On a flow over Italy the power 

was found to be around 100 TW.  Even if we are able to extract 0.1% of that energy (100 GW) 

this number would correspond to 800 TWh/year. This number is equal to the amount of Italy’s 

wealth production in a year (60 billion euro). 
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The KiteGen has created two configurations, the yoyo or stem, and now in an advanced 

stage Sommariva Perno, is the configuration of carousel. In the yoyo or stem, the wing moves 

along the wind and along the anchor to the ground generators. This is the speed and strength that 

is transmitted along the cables and finally rotating the generators; 

 

Figure 3.1.5: The carousel 69 

 

“In the case of the carousel, the speed and the strength are almost aligned with the 

direction of the shift to the beam below the kite. There is not the performance of the cables for 
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the production of energy. The aerodynamic forces cause the rotation of a ring to which is 

connected generators. 

Thus, we see the two great differences. The first project named Stem can produce energy 

from wind of much lower intensity. The carousel cannot be thought below a certain size (few 

hundred meters in the diameter of the ring). Thus the “training ground “ in Sommariva Perno is 

just a test of how big and what kind of other technologies can be applied in the future for the 

better and maybe bulk conversion of wind energy into power i.e. the carousel.” 

“From an initial 150 MW farm carries a cost per kWh equal to the average price on the 

electricity market. If we take into consideration that there is still research and development on 

this field to be done we can improve its performance up to 3400 hours in 2020 (which is only 

half of the theoretical maximum). At the same time if we assume that there will be 100% annual 

growth in the installations then we can predict a production 65 TWH in 2020 without any 

modifications to the network.” 

Such a technology would create many jobs positions and at the same time it will be 

environmental friendly. 

The energy produced would allow: 

1)   The goal of SEN+60 TWh of renewable energy will be reached without any increase in the 

amount spent. 

2)  A network of KiteGen farms and by monitoring the wind flow at high altitude will allow us to 

predict and efficiently distribute the amount of energy produced. 

3) It will allow Italy to reduce its electricity imports by 5 TWh. 

4)  Reduce even more the import of gas and oil 

5) Reduce the CO2 emissions” 

But let’s compare the KiteGen STEM plant with a wind turbine: 

KiteGen their plant life is of about 20 years, the factor productivity at a rate of 5000 

MWh / MW and the rated power at 3MW. The traditional wind tower has s plant life of about 20 

years, a factor productivity of a value of 2500 MWh / MW and a rated power of 3MW. The 



     Interactive Qualifying Project  

99 

 

visual impact in STEM is limited because the dome is only 6 meters high and the arm is 

additional 20 meters long plus it is thin. The cables are not easily noticeable and when they are 

up to kilometers off the ground it is even harder to be noticed. If we neglect the tower of the 

wind turbine and the dome for the Stem, the area of the blades that are 44 m and thus 6082 

square meters the stem kite is 150 square meters. Thus it is shown that the new project occupies 

even less space than the previous created wind turbines. Thus the amount of bird deaths/ impact 

are even less. First reason is the fact that the new project does not occupy that much space. The 

second is because the sail is up to the troposphere where not many birds use to be if any. If we 

think about any danger-associated with the cables we can say that they move fast only close to 

the ground where again not many birds fly. 

Assuming that we use the more advanced project of the KSU named carousel, the amount 

of noise that it produces is similar to that of a railway station at low speed.  The reason is the fact 

that the rotation of the generator is of 70 km / h. The only noise created from the Stems is the 

ones from the sails and the cables. The machinery inside the dome may be avoided by using a 

soundproof dome. 

STEM is one of the most important parts of the project. It is a robotic arm with a number 

of sensors made of light materials (aluminum or carbon fiber). It is allowed to move 360 degrees 

a placed onto the supporting structure (dome) by means of a fifth wheel. 

The stem is not a decorative element. The main problems associated with lifting the kite 

takes place during the initial takeoff, which are associated with the destruction of the kite. The 

stem being allows a kite takeoff at an altitude of 20 m. In addition at that height the wind is much 

more intense allowing an easier take off compared to one from the ground. As a robotic arm is 

operating at a high degree of freedom, it can be programmed for rapid movements (maneuvers). 

This rapid motion can generate enough wind for the sail to be raised even when the currents are 

not that strong. In addition, the stem allows the output cables to remain aligned to several meters 

reducing fatigue and vibration. Multiple sensors are placed along the Stem which allows us to 

gain information about the position of the arm and the mechanical deformations that take place. 

Such sensors are: 9 nanogauge (strain sensors) and encoders that measure the angles of rotation 

of the arm with respect to the horizontal plane and vertical. “When the sail is hit by strong wind 

the stem is the first component that realizes this force.  The strain sensors send information to the 
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control that, if too intense bursts are detected, is able to respond appropriately with maneuvers 

designed to remove the sail from the window of power by reducing the mechanical stress. During 

the processing time and the reaction of the central control, which however short is not null, the 

stem allows it to absorb the mechanical stress by means of a suitable elastic deformation, while 

maintaining the fine mechanics”. The hand mounted on the top of the stem, the degree of 

freedom and the two “fingers” assist the Stem to avoid any plots/twists. 

“Given the success of the trial will begin the construction of farm tropospheric wind 

farms totaling 600 MW, or 200 units KiteGen stem from 3 MW, intended to supply the complex 

of Portovesme providing electricity at a cost of less than 25 € / MWh considered competitive by 

Alcoa. The blue line is attributable to KiteGen, the red line is due to wind turbines. The vertical 

axis indicates the size of the surface that intercepts the wind, compared with the rate of 

extraction of kinetic energy on the abscissa.” 

 

Figure 3.1.6: Graph of the density of the air Vs its Kinetic energy extraction rate 

 

 The idea can be applied worldwide under the circumstance that strong streams are over that 

area. Many sensors will allow us for a better distribution of energy as they will inform where the 

stream will be stronger. Thus, energy can be distributed more evenly. The natural effects 

movement can be bitterly followed as they move from one area to another due to the jet streams. 
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Furthermore, a greater analysis of these interesting winds will be allowed and an 

algorithm/formula of its sequence can be created. Results will be for the world to increase the 

CO2 absorption capability and at the same time decrease the amount produced, as these kind of 

companies will start taking over and substituting the old energy sources. Also they can contribute 

in ways for “purifying” the atmosphere.  An idea is for the government to sponsor people/ 

companies to contribute to this goal. 70,71 Ships can use higher altitudes (about 200 meters) winds 

energy in order to be more efficient in their trips. The efficiency can reduce the costs of fuels up 

to 10-50% as the company Sky sails states. The development of this project took more than 4 

years and the costs of the system varies from 380,000- 3.2 million depending on the size of the 

ship that it is needed to be pulled. Skysail system is composed by a big kite that is lifted up in the 

sky and a navigation software that allows the ship to use the most economical way through to 

points by maximizing the existing wind energy. This technology is designed and tested for ships 

(cargo ships/ yachts) which are at least 79 feet. The ships should use their engines to initiate and 

end the trip; the kites can be used only during the trip. If there is a need for higher speeds, the 

engines can assist. The restrictions that exist are that this cannot be done if the weather is not 

good and if the wind is towards the opposite direction. 

 

Figure 3.1.7: Usage of a kite for making long journeys more economically. 72 
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The second Company that tries to take advantage of the Jet streams is: 

 Sky Wind power; A company at San Diego “Sky Wind Power” decided to use helices to 

get the machine up to the sky using their own power. When the machine reaches the 

optimum level where the flow is stronger, the helices are then turned off and they are 

turned into generators which are turned by the wind power.  The aluminum conductor 

machine would take the electricity through the wire to the earth and distribute it.  Due to 

low wind intensity, these wind farms can only operate at their peak capacity 19-35% of 

the time. They do not have to be settled at a fixed location, we can just move them from 

place to place depending on our needs and wind intensity fluctuations. One flying 

Windmill of 240kW with a rotor of 35 ft. can generate power for less than 2 cents per 

KWh. 

 

Figure 3.1.8: The flying wind turbines. 73, 74, 75 
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Figure 3.1.9: Image of Magenn rotating helium filled balloon. 

Magenn was invented by Fred Ferguson. The balloon is filled with helium. The idea is 

that this balloon can rotate and produce energy at the generators attached to the balloon which is 

then send to ground. As the wind gets stronger, the number of rotations increases as well.  Their 

cost of production by the Ottawa-area company is in the order of 10 thousand dollars and it can 

produce 4 kW. This technology can produce a cheaper electrical energy compared to the wind 

power systems. It has an efficiency of 40-50 % which means that as the amount of energy 

produced decreases its costs of production even more.  They can be placed wherever we want. It 

is a great idea for isolated areas where energy is vital and difficult to be sent.   Magenn air Rotors 

can operate to wind flows down to 1m/s and up to 28 m/s where is it full capacity. It is operating 

at altitudes of 400-1000 ft. above ground level without the need of any expensive 

infrastructure.  There is high mobility which allows emergency deployment.  The only issue 
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concerning the countryside is that they are visible and not that nice to the eye especially in big 

cities. 76
 It is safer for birds and planes as they are easily visible and softer than other 

technologies. 

 

 

Figure 3.1.10: Floating Wind Turbines detailed schematic. 77 

 

 

Figure 3.1.11: “Pushing” air down to the earth 
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The idea is of placing a blimp to tie a blimp with a rope and at its end tie a WW2 style 

parachute with a hole at the middle. The hole will be connected to a pipe made of elastic 

materials. The air would be lead to a grounded motor generating in this way energy. 78
   Problems 

with affecting/ creating “dams” for the stream is that we can change the temperature of the areas 

where the stream used to pass by and of the new ones where it is going to pass by.  In addition 

the Jet streams are not air dense causing a decreased ability to generate enough energy. 79 
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Figure 3.1.12: Schematic of a turbine lifted in the sky with the use of a kite 

 

Here is a similar idea where it has been thought of having a turbine lifted up with a “kite” 

generating energy directly from the wind. The Issues with this project is how can a turbine that 

light could be manufactured so that it can flow in the jet streams for days. 80 
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3.2 Tidal Energy 

3.2.1 Introduction 

Tidal power, also called tidal energy, is a form of hydro-power that converts the energy 

of tides into electricity or other useful forms of power. The first large-scale tidal power plant (the 

Rance Tidal Power Station) started operation in 1966. 

Although not yet widely used, tidal power has potential for future electricity generation. 

Tides are more predictable than wind energy and solar power. Among sources of renewable 

energy, tidal power has traditionally suffered from relatively high cost and limited availability of 

sites with sufficiently high tidal ranges or flow velocities, thus constricting its total availability. 

However, many recent technological developments and improvements, both in design (e.g. 

dynamic tidal power, tidal lagoons) and turbine technology (e.g. new axial turbines, cross flow 

turbines), indicate that the total availability of tidal power may be much higher than previously 

assumed, and that economic and environmental costs may be brought down to competitive 

levels. 

Tidal power traditionally involves erecting a dam across the opening to a tidal basin. The 

dam includes a sluice that is opened to allow the tide to flow into the basin; the sluice is then 

closed, and as the sea level drops, traditional hydro-power technologies can be used to generate 

electricity from the elevated water in the basin. In this report, there are three ways of using tidal 

power, which is tidal stream generator, tidal barrage and dynamic tidal power. 

 

3.2.2 Tidal Steam Generator 

A tidal stream generator is a machine that extracts energy from moving masses of water, 

or tides. These machines function very much like underwater wind turbines, and are sometimes 

referred to as tidal turbines. 

Tidal stream generators are the cheapest and the least ecologically damaging among the 

three main forms of tidal power generation. 
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Figure 3.2.1: The world’s first commercial-scale and grid connected tidal stream generator 81 

 

Since tidal stream generators are an immature technology, no standard technology has yet 

emerged as the clear winner, but large varieties of designs are being experimented with, some 

very close to large scale deployment. Several prototypes have shown promise with many 

companies making bold claims, some of which are yet to be independently verified, but they 

have not operated commercially for extended periods to establish performances and rates of 

return on investments. 

Various turbine designs have varying efficiency and therefore varying power output. If 

the efficiency of the turbine "Ǐ" is known the equation below can be used to determine the power 

output of a turbine. The energy available from these kinetic systems can be expressed as:  
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Where: 

Ǐ = the turbine efficiency 

P = the power generated (in watts) 

ǒ = the density of the water (seawater is 1025 kg/m³) 

A = the sweep area of the turbine (in m²) 

V = the velocity of the flow 

Relative to an open turbine in free stream, depending on the geometry of the shroud shrouded 

turbines are capable of as much as 3 to 4 times the power of the same turbine rotor in open flow. 

While initial assessments of the available energy in a channel have focus on calculations 

using the kinetic energy flux model, the limitations of tidal power generation are significantly 

more complicated. For example, the maximum physical possible energy extraction from a strait 

connecting two large basins is given to within 10% by: 

 

 

 

Where ǒ = the density of the water (seawater is 1025 kg/m³), g =\gravitational acceleration (9.81 

m/s2), ƦHmax = maximum\differential water surface elevation across the channel, Qmax= 

maximum volumetric flow rate though the channel. 
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3.2.3 Tidal Barrage 

A Tidal barrage is a dam-like structure used to capture the energy from masses of water 

moving in and out of a bay or river due to tidal forces. Instead of damming water on one side like 

a conventional dam, a tidal barrage first allows water to flow into the bay or river during high 

tide, and releasing the water back during low tide. This is done by measuring the tidal flow and 

controlling the sluice gates at key times of the tidal cycle. Turbines are then placed at these 

sluices to capture the energy as the water flows in and out. 

The barrage method of extracting tidal energy involves building a barrage across a bay or 

river that is subject to tidal flow. Turbines installed in the barrage wall generate power as water 

flows in and out of the estuary basin, bay, or river. These systems are similar to a hydro dam that 

produces Static Head or pressure head (a height of water pressure). When the water level outside 

of the basin or lagoon changes relative to the water level inside, the turbines are able to produce 

power. The basic elements of a barrage are caissons, embankments, sluices, turbines, and ship 

locks.  
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Figure 3.2.2: An artistic impression of a tidal barrage. 81 

 

Ebb generation 

The basin is filled through the sluices until high tide. Then the sluice gates are closed. (At 

this stage there may be "Pumping" to raise the level further). The turbine gates are kept closed 

until the sea level falls to create sufficient head across the barrage, and then are opened so that 

the turbines generate until the head is again low. Then the sluices are opened, turbines 

disconnected and the basin is filled again. The cycle repeats itself. Ebb generation (also known 

as outflow generation) takes its name because generation occurs as the tide changes tidal 

direction. 

Flood generation 

The basin is filled through the turbines, which generate at tide flood. This is generally 

much less efficient than ebb generation, because the volume contained in the upper half of the 

basin (which is where ebb generation operates) is greater than the volume of the lower half 

(filled first during flood generation). Therefore the available level difference — important for the 
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turbine power produced — between the basin side and the sea side of the barrage, reduces more 

quickly than it would in ebb generation. 

Rivers flowing into the basin may further reduce the energy potential, instead of enhancing it as 

in ebb generation. Of course this is not a problem with the "lagoon" model, without river inflow. 

Pumping 

Turbines are able to be powered in reverse by excess energy in the grid to increase the 

water level in the basin at high tide (for ebb generation). This energy is more than returned 

during generation, because power output is strongly related to the head. If water is raised 2 ft. (61 

cm) by pumping on a high tide of 10 ft. (3 m), this will have been raised by 12 ft. (3.7 m) at low 

tide. The cost of a 2 ft. rise is returned by the benefits of a 12 ft. rise. This is since the correlation 

between the potential energy is not a linear relationship, rather, is related by the square of the 

tidal height variation. 

Two-basin schemes 

Another form of energy barrage configuration is that of the dual basin type. With two 

basins, one is filled at high tide and the other is emptied at low tide. Turbines are placed between 

the basins. Two-basin schemes offer advantages over normal schemes in that generation time can 

be adjusted with high flexibility and it is also possible to generate almost continuously. In normal 

estuarine situations, however, two basin schemes are very expensive to construct due to the cost 

of the extra length of barrage. There are some favorable geography, however, which are well 

suited to this type of scheme. 

Tidal lagoon power 

Tidal pools are independent enclosing barrages built on high level tidal estuary land that 

trap the high water and release it to generate power, single pool, around 3.3W/m2. Two lagoons 

operating at different time intervals can guarantee continuous power output, around 4.5W/m2. 

Enhanced pumped storage tidal series of la goons raises the water level higher than the high tide, 

and uses intermittent renewable for pumping, around 7.5W/m2 i.e. 10 x 10 km delivers 750MW 

constant output 24/7. These independent barrages do not block the flow of the river and are a 

viable alternative to the Severn Barrage. 



     Interactive Qualifying Project  

113 

 

 

The energy available from a barrage is dependent on the volume of water. The potential 

energy contained in a volume of water is: 

 

Where h is the vertical tidal range A is the horizontal area of the barrage basin, ρ is the 

density of water = 1025 kg per cubic meter (seawater varies between 1021 and 1030 kg per cubic 

meter) and g is the acceleration due to the Earth's gravity =9.81 meters per second squared. The 

factor is half due to the fact that the basin flows empty through the turbines; the hydraulic head 

over the dam reduces. The maximum head is only available at the moment of low water, 

assuming the high water level is still present in the basin. 

3.2.4 Dynamic Tidal Power  

Dynamic tidal power or DTP is a new and untested method of tidal power generation. It 

would involve creating large dame like structure extending from the coast straight to the ocean, 

with a perpendicular barrier at the far end, forming a large 'T' shape. This long T-dam would 

interfere with coast-parallel oscillating tidal waves which run along the coasts of continental 

shelves, containing powerful hydraulic currents. 



     Interactive Qualifying Project  

114 

 

 

Figure 3.2.3: Top-down view of a DTP dam. 81 

A DTP dam is a long dam of 30 to 60 km which is built perpendicular to the coast, 

running straight out into the ocean, without enclosing an area. The horizontal acceleration of the 

tides is blocked by the dam. In many coastal areas the main tidal movement runs parallel to the 

coast: the entire mass of the ocean water accelerates in one direction, and later in the day back 

the other way. A DTP dam is long enough to exert an influence on the horizontal tidal 

movement, which generates a water level differential (head) over both sides of the dam. The 

head can be converted into power using a long series of conventional low-head turbines installed 

in the dam. 

A single dam can accommodate over 8 GW (8000 MW) of installed capacity, with a 

capacity factor of about 30%, for an estimated annual power production of each dam of about 23 

billion kWh (83 PJ/yr). To put this number in perspective, an average European person consumes 

about 6800 kWh per year, so one DTP dam could supply energy for about 3.4 million Europeans. 

If two dams are installed at the right distance from one another (about 200 km apart), they can 

complement one another to level the output (one dam is at full output when the other is not 

generating power). Dynamic tidal power doesn't require a very high natural tidal range, so more 

sites are available and the total availability of power is very high in countries with suitable 
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conditions, such as Korea, China, and the UK (the total amount of available power in China is 

estimated at 80 - 150 GW). 

A major challenge is that a demonstration project would yield almost no power, even at a 

dam length of 1 km or so, because the power generation capacity increases as the square of the 

dam length (both head and volume increase in a more or less linear manner for increased dam 

length, resulting in a quadratic increase in power generation). Economic viability is estimated to 

be reached for dam lengths of about 30 km. Other concerns include shipping routes, marine 

ecology, sediments, and storm surges. Amidst the great number of challenges and few 

environmental impacts the method of utilizing tidal power to generate electricity has great 

potential and is certainly a technology most of the countries will try to harness in near future. 81 

The “tidal lagoon”: waves go in the capture chamber and push the air upwards. Then the 

air passes through a turbine generating energy. As the tidal falls water goes downwards and air is 

forced through the turbine and energy is again generated.  

 

Figure 3.2.4: Schematic of a way that tidal energy can be converted into useful energy. 82 
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Figure 3.2.5: The Push Plates  

 

The plates are connected with a chain which is gripped with the oval channel shape 

shown. As the water flows in, it pushes plate A by the time plate A reaches point X plate B is 

moved to point Y and the process is repeated. This motion converts work into energy. It can be 

used in narrow rivers and in general narrow water canals. An improvement would be not to allow 

water pass by the edges by having a solid dam around the machine. In addition depending of the 

average amount of water coming through the canal appropriate gears must be used.  83 

http://www.renewableenergyspot.com/tidal-wave-energy/
http://www.renewableenergyspot.com/tidal-wave-energy/
http://www.renewableenergyspot.com/tidal-wave-energy/
http://www.renewableenergyspot.com/tidal-wave-energy/
http://www.renewableenergyspot.com/tidal-wave-energy/
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The “THAWT” (transfer horizontal axis water turbine) machine 84 

The machine has a similar idea of wind power energy machines but it is used for water 

energy motion harvesting. As the water passes through the machines comes into contact with two 

sets of blades one at the frond and one at the back of the machine.   

 

Figure 3.2.6: The THAWT device 

 

Figure 3.2.7: The THAWT device 

 

The blades are designed so that the power to be distributed evenly across the blades and thus 

increasing the life cycles to failure. The costs of production are significant lower compared to 

http://www.renewableenergyspot.com/tidal-wave-energy/
http://www.renewableenergyspot.com/tidal-wave-energy/
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other projects (by 60%) and similarly are the maintenance costs (40% lower).  It is 50% more 

efficient than any other turbine/propeller model used under the same conditions. Its production 

costs are low as it has: 

 Only two turbines 

 A “central direct drive generator” 

 Four supporting legs 

 Three ground bases  

   This allows lower weight compared if we had a system of turbines. A turbine rotor used will be 

around 10 m in diameter, 60 m long and for an average depth of 20 min.  When tests were made 

on a full-scale model of 10 m diameter and 125 m length unit that required one generator and 

two turbines it was found that when the water velocity was 2m/sec then the amount of electricity 

produced was   about 4.4 MW. When the water velocity was 2.5 m/sec the amount of energy 

produced was around 5.3 MW.  Another advantage of the unit is that it can operate efficiently 

even at small in scale water velocities. 84, 85  

 

How are the water flows being created? 

The surface currents are created mainly from the wind.  Deep Ocean currents are due to 

water density difference. This phenomenon is known are thermohaline circulation.  Density has 

to do with how close are the particles are to each other at certain temperatures and it is expressed 

as mass per unit volume.  As the temperature increases, the volume of its molecule increases as 

well causing a decrease in its density. Thus, we will have a flow of higher density water 

downwards and lower density water upwards.  When this energy is sufficient, the water 

molecules break their bonds and turn into gas molecules. i.e. when we boil water.  The water 

freezes at the north and south poles of Earth. Due to the fact that the water is salty it doesn’t 

freeze that easily. Thus, large amounts of dense cold water move towards the seafloor. This 

movement causes the water masses that were already there to move, and cycle repeats 

itself.  This exact motion causes the ocean currents all around the world. 86 
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Figure 3.2.8: The “Searaser Pistons” 

As there are waves these “balloons are making a periodic up and down movement. They 

pump in this way water to an elevated reservoir. Then we can convert its potential energy into 

kinetic and using a turbine create energy. It a clear and inexpensive source of energy. 87 

 

3.2.5 Tidal Energy Project in the Bay of Fundy 

On a flood tide, 160 billion tons of seawater flows into the Bay of Fundy — more than 

four times the estimated combined flow of all the world’s freshwater rivers during the same 6-

hour interval. 

http://www.renewableenergyspot.com/tidal-wave-energy/
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Figure 3.2.9: Hopewell Rocks, Bay of Fundy, New Brunswick, Canada 88 

The vertical tidal range can be over 16 meters — giving the Bay of Fundy the highest 

tides in the world.  The horizontal range can be as much as 5 kilometers, exposing vast areas of 

ocean floor. The tidal currents in the Bay of Fundy are fast, reaching 10 knots (5.1 m/s) at peak 

surface speed. Research from California-based Electric Power Research Institute (EPRI) 

identifies the Bay of Fundy as potentially the best site in North America for tidal power 

generation, with a world-class resource close to an existing electricity grid. In the Minas Passage 

alone, EPRI estimated a nearly 300 megawatt potential (equal to enough power for about 

100,000 homes). 
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Figure 3.2.10: High and low tide at Bay of Fundy 88 

More recent research suggests there is more than 7,000 megawatts of potential in the 

Minas Passage, 2,500 megawatts of which can be extracted without significant effects. Models 

indicate upwards of 50,000 megawatts of energy exists in the entire Bay of Fundy. 

The Guinness Book of World Records states the world’s highest average tides are in the 

Bay of Fundy, where the mean spring range in the Minas Basin is 14.5 meters (47.6 feet). The 

highest tide on record in the Bay was 21.6 meters (70.9 feet) in 1869. 

The primary cause of the immense tides of The Bay of Fundy is a resonance of the Bay of 

Fundy/Gulf of Maine system. The system is effectively bounded at its outer end by the edge of 

the continental shelf with its approximately 40:1 increase in depth. The system has a natural 

period of approximately 13 hours, a Q-value (efficiency) of about 5, and is driven near 

resonance, not directly by the Moon, but by the dominant semidiurnal tides of the Atlantic 

Ocean. 
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The gentle Atlantic tidal pulse pushes the waters of the Bay of Fundy/Gulf of Maine 

basin at nearly the optimum frequency to cause a large vertical range of the tide in the Bay of 

Fundy, particularly at its eastern end in Minas Basin.88 

The Fundy Ocean Research Center for Energy (FORCE) was incorporated in 2009 as a 

not for profit corporation with two roles. The first was to operate a tidal turbine demonstration 

facility; and the second was to enable public and private research into tidal energy extraction and 

its effects. Establishing FORCE was a requirement of the request for proposals issued in 2007 by 

the Province of Nova Scotia for the demonstration of tidal turbines. The project will permit, 

construct and operate a facility in the Minas Passage of the Bay of Fundy where devices will be 

demonstrated by up to four Berth Holders. 

FORCE is Canada’s leading test center for in-stream tidal energy technology. FORCE 

works with developers, regulators, and researchers to study the potential for tidal turbines to 

operate within the Bay of Fundy environment. FORCE provides a shared observation facility, 

submarine cables, grid connection, and environmental monitoring at its pre-approved test 

site.FORCE receives funding support from the Government of Canada, the Province of Nova 

Scotia, Encana Corporation, and participating developers. 89  

 

Figure 3.2.11: Turbine used by Altantis 89 

Atlantis, which announced its listing on the London Stock Exchange in February 2014, 

has been working with Lockheed Martin and Irving Shipbuilding on a project that will see the 

company’s state of the art AR-1500 turbine deployed at FORCE, supported by a $5 million grant 

from Sustainable Development Technology Canada. 



     Interactive Qualifying Project  

123 

 

Atlantis’ new 1.5-megawatt tidal turbine, the AR1500, is designed to facilitate 

operation in highly energetic tidal locations. The AR1500 turbine will be one of the largest single 

rotor turbines ever developed and will have active rotor pitch and full nacelle yaw rotation. The 

increased capability and integrated, advanced functionality will help bring commercial tidal 

energy to reality, and will initially support the MeyGen project in Scotland’s Pentland Firth and 

deployment in Canada’s Bay of Fundy. 

The Singapore-headquartered company has deployed and operated a similar 1MW turbine 

in the North Atlantic off Orkney, Scotland. 

 

Figure 3.2.12 Design proposed by Minas Basin Pulp and Power Co. Ltd. 89 

 

In January 2008, the Nova Scotia Provincial Government awarded Minas Basin Pulp and 

Power Co. Ltd. (now Minas Energy) the right to construct the FORCE tidal energy 

demonstration and research facility. Minas Basin is a privately owned company, based in 

Hantsport, Nova Scotia, which has a strong commitment to being part of the greening of 

Canada’s energy sector. Minas Energy has partnered with Marine Current Turbines Ltd. (MCT, 

owned by Siemens) to test its technology at FORCE. 

Minas Energy and MCT will be installing an axial horizontal flow turbine with pitch 

controlled rotors. MCT’s “SeaGen” – one of the largest working prototypes in the world – is 

presently installed in Strangford Narrows,Northern Ireland. The SeaGen rotors are 16 meters in 

diameter and sweep 200 square meters of flow. The rotor blades can be pitched through 180 

degrees allowing for operation in both the ebb and flood tides. 
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SeaGen has proven its capabilities in the fast moving tidal waters of Strangford Narrows. 

It is now being modified to take on the challenge only the Bay of Fundy can offer. Marine 

Current Turbines Ltd. (MCT), a Siemens company, and Bluewater Energy Services B.V. 

(Bluewater) have agreed to jointly develop a 2 megawatt floating tidal current turbine, called 

SeaGen F. This turbine will be the first of its kind to be installed in Canada’s Bay of Fundy, in 

cooperation with Nova Scotian project developer Minas Energy. The turbines will produce 

enough clean and reliable energy to supply up to 1,800 Nova Scotian households. Plans are 

under development to build-out a commercial multi-megawatt array at the tidal energy facilities 

of FORCE. 

 

Figure 3.2.13: Illustration of the turbine proposed by Open Hydro 89 

OpenHydro has been selected by the Nova Scotia Department of Energy for a second 

tidal energy demonstration project at the FORCE test site. 

OpenHydro, a DCNS company, will proceed with plans for the deployment of a fully grid 

connected 4MW tidal array to be in place later in 2015. The array will consist of two 16m 

(2.0MW) commercial scale turbines. On successful completion, this project has the potential to 

be the world’s first multi-megawatt array of interconnected tidal turbines, providing energy to 

over 1,000 customers in Nova Scotia. OpenHydro’s 16 meter tidal turbine has already been 

successfully deployed and is currently operating off the coast of France.A group led by 

OpenHydro together with Nova Scotia-based energy company Emera, will deliver the project. 

The projects key local industrial partners are Irving Shipbuilding, Irving Equipment and Atlantic 

Towing. The group has ambitious future plans for tidal energy in the region and are looking to 
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use this initial demonstration project as the first phase of a commercial scale project in the Bay 

of Fundy, which subject to regulatory approvals, will see the array grow to 300MW. 

OpenHydro is committed to establishing a local manufacturing hub in the Bay of Fundy 

area using local skills and predict that 950 direct and indirect jobs will be created as the project 

moves to commercial scale. It is OpenHydro’s strategy to develop local manufacturing hubs in 

regions located close to major areas of tidal resource. OpenHydro and its industrial partners will 

progress work schedules and engage with the procurement cycle before mobilization and 

deployment in 2015. 

 

Figure 3.2.14: Illustration of the generator from Black Rock Tidal Power 89 

Founded in 2013 and located in Halifax, Black Rock Tidal Power is a privately-owned 

company offering tailor-made tidal energy converter systems and related services for the Bay of 

Fundy, as well as other tidal and river applications. 

BRTP is a system-integrator that delivers cost-effective, turn-key solutions of in-stream 

tidal power generation. It is specialized in the development and implementation of TidalStream 

Triton platforms that carry a multitude of SCHOTTEL STG tidal turbines. BRTP is collaborating 

with a team of experienced Nova Scotia experts to demonstrate the technical and economic 

feasibility of the technology at the Fundy Ocean Research Center of Energy (FORCE).Most of 

the existing tidal current energy systems that have been deployed to date are single turbines 

designed to rest on the seabed. 
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The single turbine approach leads to enormous machines. Besides the high capital 

expenses for these huge machines, the operating expenses are significantly driven by the 

necessity to transport the devices to a maintenance base, requiring heavy gear, expensive vessels 

and suitable onshore infrastructure. BRTP is directly addressing these cost drivers with a unique 

approach that combines the innovative TRITON platform developed by Tidal Stream, which is 

semi-submerged, floating and freely rotates to the flow, with inexpensive small and robust STG 

tidal turbines made by SCHOTTEL.A gravity base foundation is used to anchor the platform 

system and lowered down to the seabed prior to the final installation. The whole structure is 

assembled at shore and then towed out to the installation location. TRITON S36 supports 36 

lightweight horizontal axis SCHOTTEL STG turbines and related electrical power conversion 

equipment for the autonomous production of 2.5MW of electrical power in high tidal flow 

velocities. 89 

 

3.2.6 Sihwa Tidal Power Plant 

 

Country: South Korea 

Location: Sihwa Lake, Gyeonggi Province 

Coordinates: 37.31306°, 126.6127778° 
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Figure 3.2.15 Location of Sihwa Tidal Energy Plant 90  

Timeline 

1994.01. Completion of Sihwa Tide Embankment (11.2 km) 

2000.12. Lake use plan was changed (Freshwater Lake→ Seawater Lake) 

2002.12. Sihwa Tidal Power Plant Project decided 

2004.12. Commencement of Construction123 

 

Purpose 

To develop clean, renewable energy supplies 

To improve the water quality of Sihwa Lake 

- Annual oil substitution Effect: 862,000 barrel 

- Annual reduction of CO 2 emission: 315,000 ton 
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Project Summary 

Employer: Korea Water Resources Corporation 

EPC Contractor: Daewoo Engineering & Construction Co., Ltd. 

Mean Tidal Range: 5.6m 

Spring Tidal Range: 7.8m 

Basin Area: 43km^2 

Generation Type: Single-Effect Flood Generation Type 

Capacity: 254MW (25.4MW per turbine, 10 units) 

Annual Generation: 552.7GWh 

Water Gate: 8 Sluice Gates (Culvert Type) 

Project Period: 2003~2010 

Project Cost: US$ 355.1 million 

Completion: 2009 90 

 

Design 

The Sihwa tidal power plant use single direction units and the direction is from sea to basin. 
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Figure 3.2.16:  Design of the Sihwa tidal plant 191 

  

Capacity: 254M (25.4MW x 10 units). Structure provides 2 level road 

 

Figure 3.2.17: Design of the Sihwa tidal plant 2 91 
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Culvert Type, 8 units 

Dimension :B19.3m× H24.0m× L44.3m 

Max. discharge : 1,098m3 /sec 

 

Figure 3.2.18: The tidal bulb design for Sihwa tidal power plant . 91 

  

The turbine is made of stainless steel and the frame is made of carbon steel all with 

catholic protection. After the seawall was built, severe pollution built up in the newly created 

Sihwa Lake reservoir, making its water useless for agriculture. In 2004, seawater was 

reintroduced in the hope of flushing out contamination; inflows from the tidal barrage are 

envisaged as a complementary permanent solution. The tidal power station is providing indirect 

environmental benefits as well as renewable energy generation. During commissioning of the 

project a diffusion of pollutants to the sea was expected. To reduce this effect a gradual increase 

in power generation was implemented as part of commissioning procedures. 
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It is also expected to play a big role in restoring the Lake Sihwa ecosystem and water 

quality through the continuing circulation of sea water. The plant is to open the existing dam to 

allow the circulation and exchange of water between the Lake Sihwa and the sea. The tidal plant 

will improve the lake by circulating 60 billion tons of seawater annually. 92 

3.2.7 La Rance Tidal Power Plant 

 

Figure 3.2.19: Location of La Rance Tidal Power Plant 93 

 

La Rance Barrage is the world's first tidal power station. The facility is located on the 

estuary of the Rance River, in Brittany, France. 
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Figure 3.2.20: La Rance estuary 94 

Highest tidal range in France: average 8.2m - maximum 13.5m 

A large reservoir: 184,000,000 m3 , spread over more than 20km upstream (22km2 basin area) 

Only a 750m wide estuary to be cut off 

1.3 Data of La Rance Tidal Power Plant 

 

Studied between 1943 and 1961, built between 1961 and 1966 

• Equipped with 24 bulb-units rated 10MW 

• Total installed capacity: 240 MW 

• Generation: 540,000,000 kWh/year 

• 20,000 boats/year passing the ship lock 

• 30,000 up to 60,000 vehicles/ dayon the road crossing the estuary 

• 70,000 visitors per year 
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• EDF Staff: 28 employees for operation and routine maintenance 

• Construction cost: €95m (1967) – about €580m (2009) 94 

 

Figure 3.2.21: Design of La Rance Tidal Power plant 1 93 

It is a cross-section of a bulb-unit bay with length: 332.5m. Note: +0 is the reference of the LAT 

level 

 

Figure 3.2.22: Design of La Rance Tidal Power plant 2 93 

Dyke has a length of 163.6m. Initial Project: 16 additional turbines! 
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Figure 3.2.23: Design of La Rance Tidal Power plant 393 

 

Barrage has a length of 145.1m and there are 6 gates (H: 10m * W: 15m; fixed wheel 

gates « Wagon »). The maximum flow is 9,600m3 /s 

 

Figure 3.2.24: Design of the powerhouse for La Rance Tidal Power Plant 93 

24 x 10 MVA alternators operating in air under 2bar (28.44psi) absolute pressure; AI3.5kV 
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• 6 x operational units (« assembly ») comprising 4 bulb-units each: ancillary components in 

common + turbine adjustment and alternator energizing purposes 

• 3 transformers units (3.5/3.5/225kV): 80MVA power, cooled by oil and blown-air circulation 

• Connection to the 225kV station by oil-filled cables under pressure 93 Operation 

 

Figure 3.2.25: Illustration of simple effect ebb generation 93 

 

Minimum head for turbines (ebb generation): 1.20m – Maximum reservoir level increased by 

pumping: +1.75m 
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F

igure 3.2.26: Illustration of double effect ebb generation 93 

Minimum head for turbines (flood generation): 1.70m 

 

La Rance average operation 

 

• Ebb generation (direct turbining): 60% 

• Reverse pumping (reservoir towards sea): 0% 

• Flood generation (reverse turbining): 2 to 6% 

• Direct pumping (sea towards reservoir): 15 to 20% 

• Free flow through the turbines orifices (mainly sea towards reservoir): 20% (when 0.3 m < 

Head < 1.2 m) 

• No pumping required when tidal range is above 7 or 10 m 

Now, flood generation only during high tides (tidal range > 12m) and maximum pumping 

capacity 56MW (according to contract with RTE) 
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Significant impact during the 3-year construction phases and closing of the estuary: 

disappearance of marine flora & fauna due to salinity fluctuations, heavy sedimentation and 

accumulation of organic matter in the basin 

• By 1976, the Rance estuary was considered again as richly diversified: a new biological 

equilibrium was reached and aquatic life was flourishing again… 

• By 1980, the basin was providing a habitat for 110 worm species, 47 crustacean species and 70 

fish species. Enhancement of fish species and invertebrates abundance 

• 2.5m rise of the mean level water and reduction of the hydrodynamic regime within the 

upstream estuary 

• New fishery activities: scallops and now Belon oysters 

 

Impact on birds 

• Bird species variety is the same than before (120 species) 

• A well-developed communities of fish-eating birds (gulls, guillemots, shags… ) 

• Birds adaptation: decrease of sand area (intertidal area) 

• Birds can also find food in the other Bays (mudflats) 94 

3.2.8 Swansea Bay Tidal Lagoon 

Swansea Bay (Welsh: Bae Abertawe) is a bay on the Bristol Channel on the southern 

coast of Wales. Places on the bay include Swansea and Port Talbot. The River Neath, River 

Tawe, River Afan, River Kenfig and Clyne River flow into the bay. 
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Figure 3.2.27: Location of Swansea Bay Tidal Energy Plant 95 

 

Swansea Bay Tidal Energy Plant is a 240MW tidal lagoon generating 420GWh net 

annual output. It can provides electricity for 120,000 homes (more than Swansea’s annual 

domestic use). An extremely reliable electricity source offering predictable, zero carbon, 

electricity for 100 years. Saving over 200,000 tones CO2 p.a. based on DEFRA guidelines. 

World’s first man-made lagoon capable of generating electricity 16 hours a day using 

both ebb and flood tides. It can be used for an iconic education, sports and art amenity, and an 

opportunity to develop a tidal range industry for the UK, centered on Wales. Low risk adaptation 

of proven components. Project is comprised of UK standard sand core breakwater & bulb hydro 

turbines mounted inside concrete turbine housings. Tidal power connected to the National Grid 

by 2020, as other power stations are closed down 
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Figure 3.2.28: Air view map of Swansea tidal energy plant 95 

 

Statistics for the planning 

Wall length 9.5km  Area 11.5km2 

Rated capacity 240MW (@4.5m head) 

Annual output (net) 400GWh 

Design life 50-100yrs  Height of wall  5-20m 

Wall above low water 12m Wall above high water 3.5m 
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Tidal range Neaps 4.1m Tidal range Springs 8.5m 

Lagoon wall is built using sandy materials gained from the sea bed inside the lagoon, 

hydraulically filled into geotextile casings known as Geotubes®. On top of these Geotubes and 

compact sand fill we place small rocks, and on top of this the larger rock armour. The 

construction has been modelled to withstand local sea/climate conditions, and to account for sea-

level change. 

 

 

Figure 3.2.29: Construction of bund for tidal lagoon 95 
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Figure 3.2.30: The structure of powerhouse for tidal lagoon 118 
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Figure 3.2.31: Sectional drawing of the sluice for Swansea lagoon. 95 

 

There are two designated bathing beaches within Swansea Bay (Aberafan Sands and 

Swansea Bay), which the Project avoids so as to preserve these amenities. Studies suggest there 

will be no impact on bathing beaches outside Swansea Bay. The site selected for the lagoon is on 

an intertidal area, which is not a designated bathing area, and which is predominantly backed by 

the Swansea docklands. We hope visitors to the lagoon will swim and enjoy watersports within 

its walls where access was previously difficult or unsafe. 

Swansea Bay faces complex water quality issues related to its major rivers, waste water 

facilities and industrial heritage for example. Water quality within the Bay is key to the 

enjoyment of the area and the local economy, and to our ambitions for leisure use of the lagoon. 

It is important to us that our development has minimal adverse impact on water quality in the 

Bay, as well as surrounding areas. The lagoon’s effect on water quality during construction, 

operation and decommissioning is a key part of the Environmental Impact Assessment (EIA), 

and the following areas have been assessed: 
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-Water quality at the designated bathing beaches in the Bay and surrounding area 

-Water quality at the designated shellfish monitoring points and shellfish waters, and 

-Water quality with respect to the objectives of the EU Water Framework Directive. 

The EIA used a water quality model already approved for use in Swansea Bay by Dwr 

Cymru Welsh Water. An independent team of experts has applied the model to the 14 lagoon 

designs, and to various options for water quality treatment. As for other parts of the EIA, the 

results were communicated to our engineering team who adjusted the design to minimize the 

impact where possible. Results presented in our ES show that, with installation of additional 

storm water storage and/or treatment at Swansea Waste Water Treatment Works, we may have a 

net positive impact on water quality in the Bay. 96 

Although not a major fishing port, commercial and recreational fishing is important to 

local residents as well as to the local economy – and many people are concerned about ecology 

for its own sake. Direct and indirect impacts on fish and marine mammals have been assessed for 

the construction, operation and decommissioning phases of the lagoon. We have consulted 

experts and local-interest groups to gain further input into our assessment approach and ensure 

we have considered all possible impacts. 

Assessments including noise/vibration disturbance, changes in habitat and changes in 

water quality were carried out to understand the impact. The significance of these potential 

impacts has been presented in our ES, and where possible we have identified measures to 

minimize any potential impacts. 

Detailed fish computer modelling was undertaken for key species, including behavior 

modelling (the likelihood of the various fish species coming into the lagoon area) and 

entrainment modelling (the effect on any fish that pass through the turbines). The size of the 

turbines (7-8m in diameter) mean that there will be large gaps through which fish can pass, and 

the modelling has been carried out to understand the extent of this. Furthermore, the use of sluice 

gates will allow free passage of fish in and out of the lagoon in the latter part of the tidal cycle. 

There will be some disruption to local fishermen, especially to any who ‘pot’ within the Project 

area. During operation, the lagoon would not be accessible to any fishing vessels which currently 
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use this area of the Bay and therefore this would result in a loss of some fishing grounds within 

the lagoon footprint. 96 

3.2.9 Tidal Energy Potential in the World 

 

Worldwide, the technically harvestable tidal energy resource from those areas close to the 

coast is estimated by several sources at1 terawatts (TW). The potential for tidal current 

technologies is larger than for tidal range. Total tidal range deployment in 2012 was around 514 

MW, and around 6 MW for tidal current (of which 5 MW is deployed in the UK). Extensive 

plans exist for tidal barrage projects in India, Korea, the Philippines and Russia adding up to 

around 115 gigawatts (GW). Deployment projections for tidal current up to 2020 are in the range 

of 200 MW.  

 

Figure 3.2.32: Illustration of the global tidal range 97 
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Figure 3.2.33: Worldwide ocean power installed capacity 98 

 

Ocean energies can be extracted with a large variety of technologies that exploit the 

composition of the water or the power obtained from the kinetic energy of large bodies of 

moving water. These include tidal range, wave and tidal current technologies, thermal and 

salinity gradient technologies, and flatting wind turbines. 

To date, ocean energies represent only 0.01% of electricity production from renewable 

sources. Except for the tidal range technology, no technology is widely deployed as most of them 

are still at an early stage of development. According to Ocean Energy Systems (OES), the 

international technology collaboration initiative on ocean energy under the International Energy 

Agency (IEA), total worldwide installed ocean power was about 530 MW in 2012, of which 517 

MW from tidal range power plants. Technologies to exploit tidal range power are today the only 

ones to have reached commercialization stages in the ocean energy group although they also 

involve high investment costs and considerable environmental impacts. Only four tidal range 

power plants exist in the world: two major plants, one in South Korea (254 MW) and one in 

France (240 MW), and two smaller plants, one in Canada (20 MW) and one in China (3.9 MW). 
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This technology could also undergo further developments as several projects are under 

development in the UK (Severn tidal) and especially in South Korea. 

The development of other forms of ocean energy (tidal current, wave, thermal, and 

salinity gradient and flatting wind technologies) has accelerated in the past five years, and some 

of them could reach commercial maturity by 2020. Wave power devices are currently being 

demonstrated, and underwater tidal turbines driven by currents are close to commercialization. 

Overall, 22 MW of wave and tidal current devices were installed in 2012. OES estimates a 

worldwide potential of up to 337 GW of wave and tidal energy capacity by 2050, and possibly a 

similar contribution from ocean thermal energy conversion. The European Ocean Energy 

Association estimates a European potential of 188 GW by 2050, which would satisfy 15% of 

European electricity demand and, in some countries, up to 20% of national demand. 

Several countries have recently developed national strategies to support the ocean energy 

sector. For instance, after various supporting programs, such as the Marine Energy Accelerator 

of the Carbon Trust, the UK Government established a new marine energy program in 2011 that 

is focusing on enhancing the UK marine energy sector’s ability to develop and deploy wave and 

tidal energy devices on a commercial scale. In June 2011, the UK Department of Energy and 

Climate Change (DECC) announced it was investing up to £20m in wave and tidal power to help 

develop marine energy technologies to support the Marine Energy Array Demonstrator (MEAD) 

Scheme. The DECC also supports these developments through feed-in tariffs: the UK and 

Scottish 

Governments confirmed in July 2012 the incentives for wave and tidal energy at 5 ROCs 

per MWh for projects up to 30 MW capacity that are installed and operational prior to 1 April 

2017. In 2012, Scotland also produced its Marine Energy Action Plan detailing key elements 

around which it would further develop and support the marine renewables industry. 

The last two years also saw other countries launch various initiatives aimed at developing 

the ocean energy sector: a new Danish strategy for development of wave energy was initiated in 

2011; Japan established its Ocean Energy Technological Development Research Center, which 

aims to promote ocean renewable energy; and the Spanish Government officially approved the 

Renewable Energy Plan 2011–2020. In 2012, the French Government presented a roadmap for 
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the development of tidal energy. Canada is also investing in the sector, especially the Nova 

Scotia region, which put in place a demonstrator site for tidal energy in the Bay of Fundy and 

released its Marine Renewable Energy Strategy in 2012. The US, China and Korea have also 

developed specific strategies targeting marine energy. Private actors are also investing in marine 

energy technologies. Investments have become more sustained in recent years with the 

positioning of multinational companies in this sector. Since 2011, an increasing number of 

acquisitions have taken place. This is the case in France, with Alstom’s acquisition of shares in 

AWS Ocean Energy Ltd. in May 2011 and of Rolls-Royce Tidal Generation Limited in January 

2013, as well as the finalization of DCNS’s acquisition of Open Hydro Group Ltd., to be 

finalized in 2013. Siemens AG also reinforced its participation in Marine Current Turbines Ltd. 

by acquiring a 55% additional stake in this Bristol-based tidal stream technology developer in 

February 2012. In March 2012, Andritz Hydro GmbH acquired a 22.1% stake in Hammerfest 

Strom AS, a Norway-based developer of marine current turbines. Investments in the ocean 

energy sector also involve fund-raising. For instance, in December 2012, Scotrenewables Tidal 

Power Ltd., an Orkney Island-based renewable energy research company for the wind, wave and 

tidal energy sectors, raised £7.6m (US$12.3m) in a private equity funding round. ABB, the 

global power and automation technology group, also led a US$12m investment in this company 

in March 2013 through its venture capital unit, ABB Technology Ventures (ATV). This recent 

development of marine energy should expand in coming years. Indeed, the IEA believes that 

ocean energy technologies could start playing a sizable role in the global electricity mix around 

2030. According to the agency’s technology initiative OES, ocean energy may experience 

similar rates of rapid growth between 2030 and 2050 as offshore wind has achieved in the last 20 

years. The IEA estimates the worldwide potential power of each type of energy as follows: 

• Wave power: 29,500 TWh/year 

• Tidal range power: 1,200 TWh/year 

• Ocean thermal energy: 44,000 TWh/year 

• Salinity gradient power: 1,650 TWh/year 

Future developments could create about 1.2 million direct jobs by 2050, according to 

OES. For instance, tidal energy could potentially create 10 to 12 direct and indirect jobs per MW 
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installed, and wave energy could potentially create about 8 to 9 direct and indirect jobs per MW 

installed. Regarding recent developments and demonstrators actually being tested, tidal and wave 

energy should be the first emerging ocean technologies to be commercialized in coming years. 

A public consultation held in September 2012 by the European Commission showed 

strong consensus over the potential of ocean energy. The European Commission has identified 

“blue energy” as one of the first focus areas that could deliver sustainable long-term growth and 

jobs in the “blue economy.” The same consultation also highlighted the constraints that need to 

be addressed to allow further development, such as the length and complexity of authorization, 

certification and licensing procedures in individual Member States. A large majority of 

respondents also think that there should be a specific policy supporting ocean energy 

development at the EU level, as well as long-term visibility. Regarding technical barriers to grid 

connection, the lack of agreed standards and technical specifications and of construction and 

installation vessels were the barriers most frequently cited by stakeholders to the development of 

ocean energy. A large-scale deployment of ocean energy will thus depend on the sector’s ability 

to address these technological and economic challenges. 140 

3.3 Current Energy 

3.3.1 Overview of Resources 

Global ocean currents possess a huge, relatively untapped potential. There have been a 

number of estimates about the total energy potential held by them, however these evaluations 

vary largely from study to study. Many of these also don’t look into a number of feasibility 

factors involved with extracting energy from ocean currents. One study reports that there’s about 

450 GW of potential energy (Ocean Current Energy), while another reports 5,000 GW. 99 

Clearly, with this level of disagreement, it would be more helpful to observe individual 

characteristics of potential current-energy sites, rather than just their potential energy. 

        Below is a diagram of the main ocean currents worldwide. It should be noted that these 

exist primarily along costs, or more specifically, along headlands and islands. This is to be 

expected, as the locations are natural bottlenecks for water and therefore produce stronger 

current. 
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Figure 3.3.1: Strongest ocean currents worldwide. 99 

Of course, not all of these currents are feasible for installing turbines. Some factors that 

impact this feasibility is distance from shore (meaning more costly cable infrastructure), seafloor 

depth (too deep will cause vastly more expensive turbines), and average power density (there 

needs to be enough space and power for a turbine farm). The following locations have been 

selected for observation and show promising power densities, so we will concentrate on them for 

now: South East U.S., Japan, South Africa, Indonesia, Somalia, Brazil, Madagascar, and 

Australia. Each of these locations have been found to have average power densities greater than 

0.5 kW/m2 at depths of 50m (explained below). 100 
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Figure 3.3.2: Ocean currents with power densities greater than 0.5 kW/m2 at 50m depth 100 

 

        The power density was calculated using the equation P = ½pV3, where P is the power 

density per unit area, p is the density of seawater, and V is free-stream current magnitude. The 

table below represents several pieces of information for each location. It contains spatial 

averages over a 3-year time period (PAvg), maximum power densities (PMax), normalized standard 

deviations (σ√P), area with average power density over 0.5 kW/m2 (A0.5), area with average 

power density over 1.0 kW/m2 (A1.0), and area with average power density over 1.5 kW/m2 (A1.5). 

These are all assuming a depth of 50m. In total, nearly 836,000 km2 of the ocean has an average 

power density over 0.5 kW/m2, about 10% of this area possesses 1.0 kW/m2, and only 2% of it 

has 1.5 kW/m2.  100 
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Table 3.3.1: Average power per area information for each region. 100 

 

The depth of 50m was chosen because it is the average cut-off point for most of these 

regions before they begin dramatically decreasing in power. It is also an acceptable depth in 

relation to most commercial (boating or otherwise) traffic. The average power for all of the 

regions in relation to depth was 0.696 kW/m2. This has higher power density compared to 

wind/solar given normal conditions (10 m/s wind and average atmospheric conditions/solar 

insolation), which yield 0.6 kW/m2 kinetic energy density for wind and 0.432 kW/m2 of solar 

radiation a day for solar. 100 
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3.3.2 Resources In-Depth 

 

Figure 3.3.3: Average power density of each region in relation to depth. 100 

 

        The next factor we looked into was distance from shore. This is important because the 

further the turbines are from the shore, the higher overall costs (infrastructure, maintenance, and 

energy collection). While there is an abundance of energy as seen above, only a small percentage 

of it is within a reasonable distance from land. Of the regions with energy densities higher than 

0.5 kW/m2, only about 2% (1.67×104 km2) are within 25 km of shore, about 18% (1.5×105 km2) 

are within 50km, 33% (3.68×105 km2) are within 75km, and 44% (4.91×105 km2) are within 

100km. Despite this making it seem that the majority of power is far from land, the areas with 

average power density higher than 1.5 kW/m2 are actually closer overall. 75% of them (1.07×104 

km2) are within 100km. 100 
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Figure 3.3.4: Areas with power density higher than 0.5 kW/m2 in relation to distance from nearest land 100 

        Finally, we looked at the depth of the ocean floor in these areas. This was to get an idea 

of how costly it would be to build, install, and maintain turbines in these areas. Keep in mind that 

the average optimal depth to install turbines would be around 50m. The findings for seafloor 

depth were very similar to the data regarding distance to shore. The majority (67%) of the areas 

of interest were found to have seafloor depths of over 2000 m. However, again, areas with more 

significant power densities (over 1.5 kW/m2) had a more reasonable seafloor depth, the majority 

of which (54%) being between 400 and 800m. 100 

 

 Table 3.3.2: Percent of ocean area that have a given bottom depth for areas of 0.5 and 1.5 kW/m2 100 
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Figure 3.3.5: Areas with power density higher than 0.5 kW/m2 in relation to sea floor depth 100 

 

        The factors described above play a pivotal part in determining the feasibility of ocean 

current energy as a renewable resource. Another major factor, of course, is cost. 

Manufacturing/installation costs tend to be the highest factor for ocean current technology, 

however maintenance plays a large part as well (as with most ocean technology, strong currents 

and deterioration of material can be very costly). Below is a chart showing the cost of three 

different ocean current energy technologies and their corresponding short-term costs. We would 

like to emphasize the “short-term” part of this, as this does not include the cost of maintenance. 

However just looking at the short-term cost, these turbines appear to be cheaper than wind 

systems: wind costing around $4,800-$6,500/kW. Below this chart is diagram illustrating the 

cost of ocean current/tidal energy in the UK, where it has been implemented on a large scale 

more than any other region. The diagram also compares costs to wind energy and the ongoing 

reduction of renewable energy costs across major regions. 
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Figure 3.3.6: Short-term cost of selective ocean current turbine. 99 

 

Figure 3.3.7: Long-term cost of tidal/stream power in UK, with comparisons. 101 
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3.3.3 Turbines 

 

        Now that we have outlined relevant factors, we look to the current technology to see what 

is feasible. Below is a table of the most practical turbines to date (chosen primarily on the basis 

of capacity and readiness for deployment). Each device has its associated capacity, cost, 

conditions for rated capacity, cut-in speed (minimum speed the turbine will produce usable 

energy), size, and status (current state of the device), though some fields may be missing (namely 

cost, as many of the devices are not yet commercially available). We will use these turbines as 

our reference for the feasibility of the locations described above as potential energy sources, how 

much energy they may produce, and how much it may cost. 

Device 

Name 

Capacity Cost Rated 

Conditions 

Cut-in 

Speed 

Size Status 

Orca 7 1MW+ N/A Current of 

3.5 m/s and 

40m+ 

depth 

0.5-

1.5m/s 

20m 

height and 

13m 

diameter 

Scale model 

sea trials 

AK-1000 1MW $7.5 million per 

unit 

2.65 m/s 

current 

speed 

0.5-

1.5m/s 

22.5m 

height and 

18m 

diameter 

Commercial 

use 

HS1000 1MW Estimated $4 

million per unit 

1.8-4 m/s 

current and 

depths up 

to 100m 

N/A 30.5m 

height and 

23m 

diameter 

Full scale 

sea trials 

SeaGen 1.2MW $2,500/kW  small 2.4 m/s 0.7 16m Commercial 
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scale, $1,500/kW 

large scale 

(estimates) 

current and 

depths up 

to 30m 

m/s – 

100 

kW 

diameter use 

Deep Green 0.5MW $0.089/kwH 1.2-2.5 m/s 

and depths 

of 40-120 

meters 

1 m/s 

– 150 

kW 

8-14m 

long 

Scale model 

sea trials 

Pulse-

Stream 

1.2MW-

5MW 

$1.5 million per 

scaled prototype 

18-35m 

depth, 

2.5m/s 

0.5-

1.5m/s 

10m tall, 

13m wide, 

45m long 

Scale model 

sea trials 

DeltaStream 1.2MW N/A 3 m/s 0.8m/s 36m 

diameter 

Scale model 

sea trials 

DEEP Gen 

IV 

1MW N/A 2.7 m/s 

current 

1 m/s 22m long, 

18m 

diameter 

Full scale 

sea trials 

Triton 3MW ~$3,323/kW, 

~$0.2/kWh 

35-55m 

depth 

Less 

than 1 

m/s 

20m 

diameter 

Full scale 

prototype 

Voith 

HyTide 

1000-16 

1MW N/A 30m+ 

depth and 

3m/s 

current 

speed 

0.5-

1.5m/s 

16m 

diameter 

Full scale 

sea trials 
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AR1000 1MW N/A 2.65 N/A 18m 

diameter 

and 22.5m 

tall 

Full scale 

sea trials 

Kawasaki 

1MW Tidal 

Turbine 

1MW N/A 2.5 m/s N/A N/A Full scale 

prototype 

Open-Centre 

Turbine 

0.3-

1.5MW 

N/A 1.5MW at 

2.57m/s 

and seabed-

mounted 

0.7 

m/s 

10-16m 

diameter 

Full scale 

sea trials 

TidEl 1MW $0.09/kWh large 

scale (estimate) 

2.3 m/s 0.7 

m/s 

2 18.5m 

rotors 

separated 

by 22m 

long beam 

Full scale 

sea trials 

Underwater 

Electric Kite 

0.4MW $1,200/kW for 

installation and 

manufacturing of 

moderately-sized 

sites (3MW or 

larger). $0.0203 

per kilowatt hour 

delivered for 

annual 

maintenance and 

3 m/s 1.5 

m/s 

6.2m 

diameter, 

5m height 

Commercial 

use 
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operation. 

RTT 2000 2MW $1,500/kW 3.1m/s and 

10m depth 

1 m/s 32m 

height, 

30.5m 

length 

Commercial 

use 

Table 3.3.3: Most feasible ocean turbines based on capacity and status 128, 131, 130, 121, 129, 124 

 

        Now that we have modern day turbine data as well as the largest current energy sources 

worldwide, we can determine the ocean current energy potential based on this data. Table 3.3.1 

displays the power of currents in kW/m2, however the turbines require currents of certain 

velocities (m/s). The equation P = ½pV3 can now be used to figure out what the velocities of 

these currents actually are. p, the density of sea water, is about 1040 kg/m3. With this in mind, 

some simple math will show that areas with power equal to 0.5 kW/m2 have a velocity of about 

0.99 m/s, areas with 1 kW/m2 will run at about 1.25 m/s, and areas with 1.5 kW/m2 flow at about 

1.42 m/s. These are clearly lower than just about all of the turbines’ rated velocities, however 

that’s ok. These velocities only indicate what the turbine requires to reach its rated capacity. 

What’s important is that these speeds are well above most of the turbines’ cut-in speed, which is 

the minimum speed, required to generate usable electricity. With this in mind, we will determine 

a rough estimate of the electricity provided (as well as the cost) if these turbines were to be 

installed in the described areas. 

3.3.4 Theoretical Modeling  

        We will use Deep Green to estimate the amount of power that can be extracted from these 

currents. This is because it is one of the only two that have public data available detailing what 

power is generated at their cut-in speeds. Deep Green is chosen over Seagen due to its cut-in 

speed being closer to the velocity associated with 0.5 kW/m2, which is what all of the given areas 

have a minimum of. Therefore we can determine the minimum amount of power generated, 

though not the maximum. Because the current speeds will vary, and therefore larger turbines 
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may be desirable in areas with higher speeds, we will assume a mean size of the turbine at 11m 

length. Finally we must determine how many turbines can be fit into a given area of water. This 

varies greatly based on the turbine, for example standard horizontal axis turbines can be spaced 

based on their rotor diameter, while multiple Deep Green turbines may need to be spaced apart 

based on their tether length. With this in mind, we will be assuming spacing based on the needs 

of Deep Green. These turbines are required to be one tether length apart, meaning they must be 

spaced apart roughly the depth of the seafloor. This number will vary based on location from 

below 200 meters to above 2000 meters. Note that this number does not take into consideration 

unusable seafloor. In these cases we will assume either the amount of spacing between turbines 

will compensate for that or that this is a potential source of error. Finally, the turbines are 

assumed to have a minimum lifespan of about 20 years, though this is only taken from the known 

lifespan of the kite’s wing. 102 

Given that there is 835,905km2 area of ocean that that has a power of 0.5kW/m2 or higher, 

this results in a total of 1,356,620 turbines that can be placed. This number assumes that turbines 

can be placed at any seabed depth, given a large enough cable length. This has been confirmed 

with Minesto however has not been confirmed with mooring companies (as some of these depths 

are considered to be deep-sea). Minesto has stated that each turbine must be spaced one cord 

length apart, which has given us the needed information to calculate just how many turbines can 

be placed in the area stated above given its varying depths. Table 3.3.2 outlines the percentage of 

this area that occupies each range of depth, so we assumed a mean cord length for each bucket 

and calculated the max number of turbines. Table 3.3.2 also shows how much of these depths 

have a power of 1.5 kW/m2 or greater, allowing us to further refine our calculations of the 

minimum power generated. Table 3.3.4 below shows the number of turbines that can be placed at 

a given depth and current power. From these numbers we can calculate the minimum amount of 

power generated, which comes out to be around 210 GW. 
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Depth 

(m) 

Cord Length 

(m) 

Number of turbines possible in water 

of 0.5-1.5 kW/m2 

Number of turbines possible in 

water of 1.5+ kW/m2 

<200 100 523325 9097 

200-400 300 315208 4245 

400-600 500 178977 25472 

600-800 700 125507 7055 

800-

1000 900 52248 336 

1000-

2000 1500 70439 121 

2000+ 4000 44192 398 

 

Total: 500 Average 1309896 46724 

Table 3.3.4: Maximum number of Deep Green turbines that can be placed at given depths/currents  

To put this number into perspective, the United States used approximately 

3,700,000,000,000 kWh in electricity for the year of 2013 (Electricity 2014). Because these 

ocean currents are a constant force, they will be able to provide energy year-round at a constant 

rate. This means that the 210GW of power provided by the turbines can generate approximately 

1,800,000,000,000 kWh a year. This would account for nearly half of all of the United States’ 

electricity needs. This is very obviously an important renewable energy resource, so the next 

question is, how much would this cost? 
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Unfortunately Minesto cannot disclose the cost of their turbines, as this is business-

sensitive information. They have, however, said in the past that an array of two of these turbines 

would cost about $2.2-2.5 million to manufacture and install. 103 We can use this number to 

approximate the cost of implementing this system, however there will be two main sources of 

error. The first will be the unusual mooring depth. Deep Green is normally moored in waters up 

to 120m deep, however as we can see in table 3.3.4, the average depth these would be moored at 

would be 500m. This is bound to cost more for additional and perhaps stronger cable, as well as 

the extra cost of mooring a platform at such depth. The second source of error is the discount that 

would be involved with buying these in bulk, since it can be assumed that buying over one 

million of these turbines would cost less per turbine than buying two of them. With these sources 

of error in mind, we will assume that the cost is (according to Minesto’s statement) $1.2 million 

per turbine. This means the overnight capital cost of each turbine would be about $2400/kW. 

This is less than the overnight capital cost of coal plants (which can range from $2934/kW to 

$6599/kW) however is still more expensive than natural gas (ranging from $676/kW to 

$7108/kW). 104 When we factor in maintenance and fuel costs as well, we arrive at the cost per 

kWh. Deep Green can produce electricity at $0.089/kWh, coal electricity costs $0.0956/kWh at 

its cheapest, and gas costs $0.0663/kWh at its cheapest. 25 This gives heavy indication that ocean 

current technology is economically feasible to take the place of coal power plants however 

would still cost more than gas. 

At $1.2 million per turbine, producing 1,356,620 turbines would cost about $1.6 trillion 

for manufacturing and installation. A number such as this, however, usually has little meaning to 

the general tax payer. To help get perspective on this, let’s look at two aspects of the United 

States’ federal budget. The first thing we will look at is its GDP (Gross Domestic Product), 

which accounts for all of the money the U.S. “makes” in a year. The GDP of 2014 was about 17 

trillion dollars. 105 This is not the actual budget of the federal government; however it is where 

their budget is derived from. Looking at this, $1.6 trillion doesn’t seem to be an absurd amount 

of money if it means providing half of all of the electricity needed for the country. However let’s 

look at another part of the federal budget. The table below shows the amount of money in 

subsidies the U.S. government has given to energy production in the years of 2007 and 2010. We 

are only interested in the electricity subsidies of this, however the other energy subsidies are 
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interesting because they give us further perspective. As you can see, electricity production was 

only subsidized about $12 billion in 2010, which is only 0.75% of the money needed for the 

turbines.  

 

Table 3.3.5: United States subsidies for energy in 2007 and 2010 106 

 

3.3.5 Conclusions 

In conclusion, ocean currents show huge promise as a potential renewable energy 

resource. The Deep Green model has shown that a minimum of 210GW be provided, and 

Minesto claims this energy to cost around 8-9 cents per kWh. This is highly competitive with the 

current average cost of electricity in the United States which is about 13 cents per kWh (note this 

takes into consideration all sources of electricity, including renewables like solar and wind which 

tend to be higher than fossil fuels). 107 This could possibly provide up to half of the United 

States’ electricity needs, however would come at a steep price to implement and does not include 

the cost to maintain. Further research into ocean current technology should include turbines that 
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work at larger depths (due to the majority of ocean being too deep to moor to efficiently), such as 

innovative mooring solutions or turbine design.   

The California Current is not feasible for ocean current energy, as the highest speed the 

current flows at is about 0.5 m/s (0.125-0.25m/s on average, or 0.05-0.1 for undercurrents) 108 . 

Not enough information could be found for the Alaska Current to qualify it either. It is said to 

have speeds up to 1.7 m/s, however this is only a maximum and so it is not clear what the actual 

average of the currents is. 109  

The Gulf Stream, however, is a perfectly viable source. The Gulf Stream is a 

considerably strong Atlantic Ocean current that travels from the tip of Florida up along the 

eastern coast and then branches out across the Atlantic. It has been estimated that tapping just 

0.1% of the Gulf Stream’s power would be able to supply a third of Florida’s energy needs. 110 

This is a valuable energy resource for one important reason: consistency. While solar and wind 

energy sources tend to fluctuate depending on the time of day/year and weather conditions, 

ocean current energy is incredibly reliable. On average, the Gulf Stream flows at around 8 billion 

gallons per minute. 111 This constant flow of energy results in the capacity factors of turbines 

placed in it being very high. In fact, these capacity factors are usually in the range of 75 to 95 

percent, nearly equivalent to the capacity factors of many fossil-fuel plants. 110   Of course this is 

assuming that these turbines are placed at the right locations (where the Gulf Stream will be 

consistently strong enough to reach such capacity factors). These locations are illustrated on the 

charts below. 
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Figure 3.3.8 Illustration of Gulf Stream speeds 

 

Figure 3.3.9: Illustration of Gulf Stream speeds given geographic location and depth. 112 
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One concern about harvesting energy from the Gulf Stream is its environmental impact. 

This can be broken up into two sections: the impact harvesting energy will have on the Gulf 

Stream’s heat supply to Northern Europe and the impact placing turbines will have on marine 

life. The expected theoretical maximum energy dissipation from the Gulf Stream through the use 

of turbines is estimated to be between 20 and 60 GW, well below the Gulf Stream’s total energy. 

112 As a result, there isn’t expected to be any problem with climate change given modern turbine 

technology. According to the Bureau of Ocean Energy Management as well, there would be 

“minimal environmental impact”. Even the most optimistic research shows that less than one-

third of the Gulf Stream’s energy would be harvested. 111 How these turbines would affect 

marine life, however, is largely unknown. Because of this, Florida Atlantic University has been 

given a lease to test underwater turbines’ effects on marine life. This will also act as a testing 

area for full-scale turbines to see their cost-effectiveness. FAU has also offered their testing site 

to private companies for field testing their own models, such as Deep Green. Testing for the 

impact on marine life is important for many reasons, one of which is the large number of 

endangered species found in the Gulf Stream. For example, 16 populations of sea turtles found 

off of Florida’s coast are endangered. 111 Additionally there is concern for what is called a 

“Cuisinart effect”. This is when a number of aquatic animals go near a turbine (out of curiosity 

or otherwise) and end up being chopped up by their rotors. The remains of these animals could 

then attract larger animals to feed off them, which then in turn get killed by the rotors. 111 This 

process could continue eventually cause a major problem for underwater life in the Gulf Stream. 

It is therefore a priority to research how ocean current turbines can affect marine life before 

implementing them full-scale. 

3.4 Social implication 

Tidal range power generation is dominated by two large plants in operation, the ‘La 

Rance’ barrage in France and the ‘Sihwa dam’ in South Korea. The construction costs for ‘La 

Rance’ were around USD 340 per kilowatt (/kW) (2012 value; commissioned in 1966), whilst 

the Sihwa barrage was constructed for USD 117/kW in 2011. The latter used an existing dam for 

the construction of the power generation technology. The construction cost estimates for 

proposed tidal barrages range between USD 150/kW in Asia to around USD 800/kW in the UK, 

but are very site specifi. Electricity production costs for ‘La Rance’ and ‘Sihwa Dam’ are EUR 
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0.04 per kilowatt-hour (/kWh) and EUR 0.02/kWh, however these costs are very site specific. 

Tidal range technologies can be used for coastal projection or water management, which would 

reduce the upfront costs. On the other hand, additional operational costs may occur due to the 

control, monitoring and management of the ecological status within the impoundment. 

Tidal current technologies are still in the demonstration stage, so cost estimates are 

projected to decrease with deployment. Estimates from across a number of European studies for 

2020 for current tidal technologies are between EUR 0.17/kWh and EUR 0.23/kWh, although 

current demonstration projects suggest the level listed cost of energy (LCOE) to be in the range 

of EUR 0.25-0.47/kWh. It is important to note that costs should not be considered as a single 

performance indicator for tidal energy. For example, the costs for both tidal range and tidal 

stream technologies can fall by up to 40% in cases where they are combined and integrated in the 

design and construction of existing or new infrastructure. 

Tidal range energy has already been commercially applied since the late 1960s in 

Canada, China and France, and most recently in South Korea. With regard to the tidal range, the 

upfront costs associated with installation are high, however, they hold good pay-back properties 

over the longer term. Many of the installations from the 1960s and 1970s are still operational 

without many problems. 

There is, however, little economic data available. This is partly due to the fact that the 

cost are very site specific. The two main cost factors are: the size of the barrage (length and 

height) determining the capital costs, and the difference in height between high and low tide 

determining the electricity production. Some estimates taken from web based sources, for the 

largest and oldest tidal range installation in La Rance, indicate that costs range from EUR  0.04 

to EUR  0.09-0.12/kWh. 113 The Sihwa power plant in South Korea, is the largest tidal range 

installation in the world, is estimated to have cost around USD 300 million and produce 

electricity for USD 0.024/kWh. 113 
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Table 3.3.1: Estimated construction costs for existing and proposed tidal barrages.  

The construction costs, however, do not necessarily need to be assigned to power 

production. In the case of La Rance, the construction also functions as a highway, reducing travel 

distance by 30  km for up to 60 000 vehicles per day. 93 Similarly, the Sihwa lake tidal barrage is 

constructed on top of an existing dam. 

Besides the upfront costs, other considerable costs may be the control, monitoring and 

management of the ecological status within the impoundment. The costs for both tidal range and 

tidal stream technologies can fall up to 40% in the case where construction is combined and 

integrated in the design and realization of new infrastructure (e.g., sea defense, water quality 

measures or roads) as was noted from the study undertaken by the Norwegian Ministry of Road 

Administration (2012). Additionally, such an integrated approach that combines the planning and 

realization of coastal defenses and bridges with the realization of tidal energy installations can 

greatly reduce the maintenance and operation costs of devices. The development of commercial 

arrays of tidal current technologies is still in the demonstration phase, so liveliest costs of 

electricity (LCOE) are in the range of EUR 0.25-0.47/kWh with the lower range LCOE estimates 
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based on high capacity factors and low capital cost estimates. 114   The Carbon Trust indicates 

that the highest current costs, are related to installation (35%), the structure (15%), and 

maintenance and operation (15%), with installation costs varying greatly according to the 

location. 115 

Costs are projected to come down with deployment levels and resource quality as the 

important determinants. Furthermore, technology developers are working hard to increase the 

capacity factor of arrays from around 25% to 40% and availability factor from 70% to 90% by 

2020 (ETI/UKERC, 2014). If deployment is in the order of 200 MW by 2020, SI Ocean 

estimates an LCOE with a central range of EUR 0.21-0.25/kWh. 114 These estimates are similar 

to a study by the Carbon Trust, which estimated that the costs for tidal current devices will be 

around EUR 0.17-0.23/kWh in 2020 115. Deployment in high or low quality resource area can 

increase this range to EUR 0.16-0.30/kWh (SI Ocean, 2013a). Scaling up to around 2-4 GW – 

assumed to be possible by 2030 – could bring LCOE below EUR 0.20/kWh 114,115 

 

Table 3.5.2: Cost Comparison Summary 139 
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Tidal power plant could have significant impact to the local community such as Severn 

tidal power plant. The overall benefit to the regional economies of the South West of England 

and Wales of a Severn tidal power scheme is estimated to be positive in terms of gross value 

added (GVA) and employment. GVA measures the contribution of an industry, sector or people 

to the economy – in this case the GVA relates to the benefits and costs to regional economies 

from a Severn tidal power scheme. It is difficult to predict exactly what would happen so a 

number of possible outcomes have been tested which are reflected in the ranges around the 

figures presented. These represent best and worst case scenarios around a central estimate. The 

figure below shows the impact each scheme would have on GVA in low, central and high 

scenarios. 

 

Figure 3.5.1: Regional Net Gross Value Added for South West of England and Wales (£ billion) across 

high, central and low scenarios for each scheme 116 

 

A major source of value to the regional economy would be the several thousand jobs 

created in construction and support services, of which some (between 20-40%) will be taken up 

by those living in the region. A supply chain study (published alongside this report) has informed 

what adjustments should be made to these figures to provide an estimate of how many of those 
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jobs would be realized in Wales and the South West of England. Results show that an annual 

average of 3,000 additional construction and associated services jobs would be created in these 

areas (with a range of 2,000 to 7,000) as a result of a Cardiff-Weston scheme. The difference in 

gross and regional job figures reflects the expectation that given there is no UK hydro-

manufacturing facility, turbines are likely to be sourced from world-wide manufacturers. 

 

 

Table 3.5.3: Summary of regional jobs created for each scheme, central scenario 116 

 

Maintaining and operating schemes would also generate regional employment. For the 

largest barrage this is centrally estimated as 1,000 annual average jobs created in the South West 

of England and Wales (with a range of 500 – 1500) and 100 (with a range of 50-150) for 

Beachley, figures for the other schemes are presented in table 5. Although not quantified, there 

are also likely to be further regional employment opportunities through tourism and 

consequential development that a scheme might attract. 

However, the benefits described above must be balanced against potential job losses in 

the region that would result from the impact schemes would have on the Severn estuary and the 

businesses that use it. These include the estuary’s ports, aggregate extraction and commercial 
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fisheries, also existing tourism around the Severn Bore may be impacted. The ports in the Severn 

estuary handle a significant proportion of UK trade and support a large number of regional jobs. 

This sector, and in particular the ports at Bristol, Cardiff, Newport and Sharpness might be 

significantly affected by a tidal power scheme. Barrage options have the greatest impact on ports 

upstream of them as port traffic would be required to pass through locks to access port facilities. 

Changed water levels as a result of schemes, including the Bridgewater Bay lagoon, would also 

affect the access opportunities for vessels. 

For the ports a scheme could therefore mean: 

• Longer timescales for ships to reach them if they have to pass through locks. 

• Fewer opportunities for vessels to travel up the estuary as the higher tides that the larger ships 

need to reach the ports are reduced. 

• Sediment may collect in navigation channels which would need to be regularly dredged. 

• Potentially greater impacts on larger ships which bring the most value to the ports. 

Provision of locks and dredging would reduce the impact of the schemes on ports. These 

have been included in scheme design and costs. For example, the inclusion of a lock and 

dredging navigation channels for the Cardiff-Weston scheme is around £2.4 billion (excluding 

optimism bias) and for a smaller scheme like the Shoots barrage £220 million (excluding 

optimism bias). Although locks and dredging would largely mitigate the navigational impacts 

presented by barrages, port customers may still consider possible delays as a risk, thus 

potentially impacting on the competitiveness of the ports. 

In a scenario where a power scheme displaced 60% of port activity, job losses at the ports 

in the Severn estuary could rise to a peak of 3,900 during the nine year construction period for 

Cardiff-Weston. This means that in a typical construction year port-associated employment could 

be 2,100 (1,400 – 3,500) lower than it would otherwise have been (ranges represent 40% and 

100% displacement). For a Bridgewater Bay lagoon displacement is assumed to be lower and 

average losses are centrally estimated to be 200 (0 – 1000) and for the other schemes 200 (0 – 

400). 
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The Bristol Port Company (BPC) have recently been granted consent for a major new 

DeepSea Container Terminal Development (a £600 million investment). If these expansion plans 

are realized the figures on benefits and jobs for Cardiff-Weston are likely to change. We estimate 

that the net benefit to the region is reduced to £1.9bn (£-1.5bn - £5.5bn) GVA for a Cardiff-

Weston barrage since job losses during the construction period are estimated to be 2,500 (1,600 – 

4,100). 

The marine aggregates industry is another important commercial activity in the Severn 

estuary supporting around 1,100 regional jobs. Like the ports this sector would be affected by the 

impact of schemes on water levels, how sediment is moved and deposited and the necessity to 

pass through locks. The Welsh Grounds lagoon and Cardiff-Weston barrage would affect access 

to currently licensed areas and access to landing ports could result in annual average employment 

being 90 and 180 (respectively) lower than it would have otherwise been. 

Commercial and other employment generating fishing and angling in the estuary and 

surrounding rivers within the study area are estimated to support around 100 jobs. Any tidal 

power scheme has the potential to significantly disrupt both nursery areas and the passage of fish 

up the estuary which for some species may lead to the collapse of the associated fisheries. For all 

schemes around 60 fisheries jobs are expected to be lost. The impact that a development might 

have on offshore fisheries is un-quantified. The figure below shows the net job impact on the 

region23 taking into account both jobs created in the construction sector and those that could be 

lost in the ports, aggregates and fisheries sectors for low, central and high scenarios. 23 Note that 

the net job impacts for the UK economy as a whole are uncertain because, for example, jobs 

created in one region could displace jobs in another region. 
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Figure 3.5.2: Net jobs per scheme for the construction phase realized in the region  116 

More detail on the employment and GVA impacts can be found in the Regional 

Economic Impacts Study which follows on from a study by DTZ commissioned early in the 

feasibility study and which was subsequently peer reviewed. Infrastructure and services 

The SEA has considered how schemes could affect other activities and the people that 

live around the Severn estuary and particularly those close to the possible scheme landfall points. 

Any of the schemes would change the estuary landscape both as a result of the structure itself 

and the consequential impacts on the environment such as water levels. It is possible however 

that any structure could become an accepted, and appreciated, part of the landscape/seascape – 

like the second Severn crossing or the La Rance barrage in France. There would be an increase in 

heavy goods vehicle traffic during the construction phase of all schemes despite the large 

quantities of materials required to build schemes being brought to site on ships or via the rail 

network. The Highways Agency agrees with the study’s conclusion that this would not have a 

significant effect on the motorways and main roads in the South West of England but has flagged 

possible impacts on smaller local roads. Impacts on local road traffic congestion, noise and air 
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quality would be managed through transport planning and consultation with local authorities and 

community groups. 

In-migration of population is expected as a result of all schemes as some incoming 

temporary construction workers are likely to settle in the area with their families. This is not 

expected to have a significant effect on the population characteristics, the housing market or 

access to facilities and services in those areas as the numbers are low compared to the existing 

population. For a Cardiff-Weston barrage, which as the largest scheme would have the largest 

impact; the number of people anticipated to settle in the region from both construction Page 36 

of 75and operation would be less than 0.5% of the current population – which is estimated to 

be2.2 million in 2017. 

All of the schemes have the potential to have both a positive and negative influence on 

sustainable estuary based tourism through a reduced sediment supply to sandy pleasure beaches 

as well as increasing mud deposition at these sites. The extent of this effect is likely to be 

greatest for a Cardiff-Weston barrage, with beaches located along the Bristol Channel coastline 

potentially at risk. Effects to pleasure beaches such as Brean from the remaining schemes are 

considered to be less and are largely restricted to those sites in the Severn estuary and Bridgwater 

Bay. Any reduction in beach sediment supply could be countered through a coordinated program 

of beach replenishment although this has not been quantified. All three barrage schemes are 

likely to prevent the formation of a ‘surfable’ Severn Bore. All schemes are expected to provide 

an opportunity for development within the local area. 

Barrage schemes would result in calmed water conditions upstream of the structure and, 

for lagoon schemes, within the lagoon itself. The resulting increased potential for water-based 

recreation could benefit the 30 boat clubs (with a membership of around 9,000) around the 

estuary and increase the wider tourism potential of the estuary. 

The Severn estuary and Bristol Channel are important for marine waste disposal. The 

estuary contains a number of waste disposal sites, a large number of sewage and industrial 

discharges are made using the dilution and dispersion driven by the high tidal range and a 

number of power stations (Hinkley, Oldbury, Uskmouth and Aberthaw) abstract and discharge 
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cooling water. All options would disrupt this activity to varying degrees and may require a 

reassessment of the current consents to discharge. 

Also take the Swansea tidal lagoon as an example since it has a significant effect to 

Walsh’s economy: 

The first tidal lagoon to be built in the UK will be located at Swansea Bay and will 

involve an investment of £1,046 million (2014 prices). Close to half of this investment will be 

retained within the Welsh economy with Wales-based companies heavily involved in 

construction of the lagoon. This is expected to have a significant impact on the Wales economy – 

which can be measured using a regional input-output model. This section specifically focusses 

on the economic benefits of the construction and operation of the Swansea Bay lagoon on GVA 

and employment within the Welsh economy. 

It is estimated that the overall impact on annual Welsh GVA from construction of 

Swansea Bay tidal lagoon could amount to £316 million during the construction program. This 

would result in an estimated boost to Welsh GVA ranging from 0.02% to 0.23% over the 

construction period. The construction program will also generate significant number of jobs in 

Wales, not just in employment on site but also from purchases of goods and services from Welsh 

based companies. This will amount to approximately 1,900 jobs at the height of the construction 

programmer. A summary of construction GVA and employment impact from the Swansea Bay 

lagoon on the Welsh economy are presented in Table 3.3.4. 

 

 

Table 3.5.4: GVA and employment impacts during lagoon operation 102 

 



     Interactive Qualifying Project  

177 

 

It is estimated that the annual overall impact on Welsh GVA of the Swansea Bay tidal 

lagoon during operation could amount to approximately £76 million per year (2014 prices) over 

the 120 year design lifespan of the power station. This would result in an estimated annual boost 

to Welsh GVA of 0.14%. Annual operation of the tidal lagoon will also generate direct, indirect 

and induced jobs for the Welsh economy. This would amount to approximately 181 full-time 

equivalent (FTE) jobs each year. A summary of construction GVA and employment impact from 

operation of the Swansea Bay lagoon on the Welsh economy are presented in Table 12. 

 

Table 3.5.5: Summary of GVA and employment impacts 102 

 

It is understood that the ecological purity of a TPP is relative, since its construction and 

operation, like any of human intrusions in nature, could not remain without repercussions. TPP 

are distinguished, however, by the fact that these repercussions are minimal as compared with 

other types of power plants. Moreover they also have positive sides: the creation of favorable 

recreational conditions; protection of shorelines from wave action; reduction in the turbulence of 

the water masses and their purification, which is favorable to flora and fauna. The floating 

method of construction carried out at the Kislaya Guba TPP  makes it possible to transfer basic 

work associated with construction of TPP from an uninhabited region of a readily injured nature 

to an existing coastal industrialized center, avoid the destructive cessation of water exchange 

between the basin and sea during construction, while the model for use of a single-basin tidal 

plant, which has been developed in Russia and gained world-wide recognition, does not disturb 

the natural rhythm of power generation. All presently known impacts of a TPP on the 

environment may be generally summed up as follows: 



     Interactive Qualifying Project  

178 

 

1- Construction of the TPP barrage brings about an inevitable attenuation of the natural 

water exchange between the bay and the seas by 5÷75% depending on the types of 

models and regimes. 

2-  Distribution of water velocities in the bay area and seawards of the barrage is changed 

since the water motion after the bay enclosure occurs only through the water conduits. 

Because of this, high velocities will be maintained in the area adjacent to the central part 

of the barrage (the power house), while on the flanks of the water-retaining barrage a 

substantial decrease in water velocities occurs. 

3-  Attenuation of the water exchange and the alternation in overall hydrodynamic pattern 

result in the re-distribution of bottom deposits within a wide coastal zone of the bay - just 

those water area zones that are richest in bottom fauna and flora. 

4-  Restructuring of sediment deposits from conductive to alteration of the major part of the 

bay ecosystems. The duration of the alteration process is some 10 years. The ecosystems’ 

ability for self-renewal after this period is completely dependent on the TPP operation 

and this needs to be considered while analyzing the possible impacts of any TPP on the 

environment. 

5-  Attenuation of water exchange between the TPP basin and the sea enhances the 

dependence of the water area separated from the sea on the terrestrial processes (fresh 

water run-off, heat exchange etc.) and reduces its stability. Principally this can result in a 

certain desalinization of the water body in the process of spring ice melting and in the 

periods of heavy rainfall in the summer. 

6-  The experience gained during operation of the Rance TPP shows that as the result of 

attenuation of wave action and decrease of water turbidity in the TPP basin, mariculture 

can be successfully developed in the basin. Some ecosystems proved to be richer than 

before the TPP construction and compared with neighboring estuaries. In addition the 

protection of the TPP basin against storms favors navigation, aquatic sports and tourism. 
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7-  One further consequence of the decrease of water exchange and utilization of a portion 

of the tide energy is the decrease of the tidal range in the basin; this results in lowering of 

the tidal level, i.e. degeneration of the exposed zone upper part into a terrestrial biotope. 

8-  Lowering of the upper level of the tide can in turn bring about a change of the ground 

water level in the lowland territories immediately adjacent to the basin of the future TPP. 

Under certain conditions this can be detrimental for the vegetation and the ecosystem of 

marshes. 

9-  The barrage stands in the way of anadromous fish migration. Some of the migrating adult 

fishes can be injured while passing through the turbines 117 . 
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Chapter 4: Conclusion 

4.1 Conclusion 

Over the decades we have seen the stubbornness of people staying in the same “safe” 

energy sources such as coal, gas, and oil. These high energy density, non-renewable sources have 

started reaching the end of their reserves, causing many deaths and environmental pollution over 

the years. This notion has gradually led more and more people to invest time and money into 

renewable energy resources such as solar, wind and tidal energy. The issue associated with these 

sources is their high initial costs and their low energy densities. This implies that a good amount 

of effort is required for an affordable production of energy. Although fossil fuels cause pollution 

and have an end date, people vouch for them due to their consistency. They know that they can 

produce valuable energy at any point in time.  

In contrast, most renewable energy sources are not consistent; solar energy can be 

produced solely during the day when it’s not cloudy, wind energy can be produced only when 

there are strong wind currents, and so on. For this exact reason we recommend that a transition 

from fossil fuels to fully renewable energy sources will be attained only by the proposal of an 

energy basket which will include a variety of renewable energies. The two most prevalent and, in 

contrast to most renewable energies consistent, are jet streams and tidal energies. These sources 

are already in use, however just barely. It is our hope that they will be large contributors to the 

world’s future energy basket, and that our transition to them begins as soon as possible.   

Current, tidal, and jet stream energy appear to be highly appealing for the world’s future 

energy needs. Current and tidal already have commercial applications under way while high-

altitude wind farms are currently in testing. While these tests are very promising, suggesting that 

there is more than enough energy available in jet streams to supply the world’s electricity needs 

at prices competitive with the cost of electricity now, the technology still requires time to mature. 

Current and tidal operations have already proven they can provide renewable electricity at 

competitive prices, however it is not without problems.  

Undersea generators are notoriously troublesome when it comes to repairs. This is due to 

their requirement tethered/attached to the ocean floor in some way and operating at depths below 
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modern marine vessels (though not always exclusively at these depths). There are a few models 

that can resurface remotely, allowing for quick maintenance and possibly even deployment. 

These however are still in testing so it is uncertain what we can expect from them. The ocean is a 

harsh environment for technology to survive in; between constant abrasion and occasional 

storms, many generators have a lifespan of less than 20 years. This, combined with the severe 

operating depths, can also cause cleanup to be a problem when necessary. As the world has seen 

with the Pacific garbage patch and BP’s oil spill, cleaning the ocean once it is soiled is a near 

impossible task. Should underwater turbine farms be implemented on a massive scale world-

wide, debris within the ocean could also scale with them. This is a lesser concern when 

compared with the world’s treatment of the ocean (in regards to garbage and other debris), 

however still a valid one. A larger concern is the effect that these turbines will have on 

tidal/current-dependent climates. An example of this is the possible consequence extracting 

energy from the Gulf Stream could have on Western Europe, which receives a large amount of 

energy from the Gulf Stream’s current. These effects are completely unknown, and therefore any 

serious extraction of energy from the ocean will have to be monitored for possible side-effects. 

Finally, the effect these turbines could have on marine life is little, but still very real, as seen 

with the Cuisinart effect. It can be minimized by studying the behavior of marine life around 

given turbines as well as minimizing base platform sizes.  

Turbines capable of reaching the jet stream also come with problems. Namely, if a given 

model cannot be extended high enough, the jet stream becomes far less constant and therefore 

the energy supply would be less reliable. Jet stream turbines are also considerably less efficient 

than tidal/current turbines, often less than half. This, again, means that these turbines will be 

more volatile in terms of their ability to produce a consistent source of electricity. These also 

have the problem of effecting aerial life, however not in the way that traditional wind farms do. 

These will be too tall to directly interfere with birds, however it is unclear how they will affect 

the jet stream. Because of this, underlying wind currents could be affected as well and, as a 

result, the migratory patterns of birds could be in danger. In addition to birds being affected, 

these changes to the jet stream could cause unpredictable changes to temperature/airflow of 

surrounding regions. 
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Given the problems stated above, and the current state of technology, current and tidal 

energy appears to be a more viable energy source. This, however, could very easily change in the 

near future as jet stream turbines go commercial. Even considering all of these difficulties, 

however, both sources of energy are highly appealing. Their environmental effects would be 

insignificant compared to the fossil fuels they would replace, and the potential each of them 

holds is enough to supply the world with affordable energy for the foreseeable future. 

Unfortunately many technological advances will need to be made to make extracting a large 

amount of this energy feasible, as currently the majority of energy is not affordable to extract. 

Still, the energy that is attainable from these two sources is affordable, reliable, and clean.  

4.2 Recommendation for future IQP 

Our recommendations for future IQP research is: first to explore other renewable energy 

sources that we were not able to cover in detail such as geothermal, hydrogen, etcetera. All of 

these sources have the potential to contribute to the world’s energy basket and also have their 

own limitation. Some sources may be easy to obtain but have a relatively low efficiency and 

others may provide a significant amount of energy but have some major impact to the local 

environment. We suggest that future IQP groups focus on other sources and research their pros 

and cons, further exploring what resources would be reasonable for future energy needs.  

Second we think that the future IQP groups could focus on some new technologies for 

extracting traditional fossil fuels, such as fracking. Due to the development of these new 

technologies, the oil supply is surging and thus the price for oil lowering. With more supply and 

lower price, the traditional sources will keep their dominant position in the energy basket. This 

will have a huge impact on the development of renewable sources. In fact, due to the oil price 

drop by the time this report was completed, some research on renewable energy has been 

suspended. We suggest more effort be put into finding out how these new technologies will 

affect the energy supply. Additionally, while we do not wish to extend our dependency on fossil 

fuels, we would still like to recommend future students to investigate alternative ways of 

extracting these fuels. This is because of the extreme environmental impact current methods 

(such as fracking) have, which we need to put an end to one way or another.  
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Last but not the least we recommend students pay more attention to the social impact of 

individual energy sources. In other words, future research should focus more on economic 

effects/climate both locally and globally, as well as environmental effects when researching 

energy sources. Questions like why a specific energy source will be practical and how it will 

change the local and global community are just as important as what kind of technology we will 

use to attain it.  

We sincerely hope that future IQP groups doing this topic will get a more expansive 

picture of energy supplies and provide some insight into new energy sources, giving a new 

perspective of future renewable energy sources. 
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