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ABSTRACT 

 The areas around Hartford, Rome and Shanghai have abundant marine, river, and 

wind energy resources which can be used to generate usable energy. These three cities 

were chosen because of their similar resource availability including rivers that run 

through the city centers and a close proximity to a major coastline. The available 

resources were quantified using an annual variance analysis which was used to design 

renewable energy plan for each city. 

 A plan was created for each city individually to harness the renewable resources 

using the most advanced wind and water technologies. In Hartford 16.2 MW can be 

generated through a combination of small wind turbines, hydrokinetic turbines and wave 

energy converters. The plan proposed for Rome will harness wave and off-shore wind 

energy in the Tyrrhenian Sea as well as hydrokinetic energy from dams along the Tiber 

River. These two energy sources will produce over 280 MW of renewable power. Finally, 

the Shanghai plan incorporates the resources available in the East China Sea to produce 

over 1000 MW of wave and tidal power. Each of these power plans meets around 2% of 

the cities’ energy needs. 

 Environmental impact analyses were done for each proposal to evaluate both 

positive and negative impacts of the installation of the proposed technologies. General 

effects of both wind and water-based energy generation were observed including wildlife, 

local ecosystems and aesthetics. In addition to the general impacts the individual plans 

were analyzed for any site-specific environmental impacts that may occur.  Because 

water-based renewable energy remains at low levels of development the environmental 

effects are uncertain. Quantifying the exact impact of the installation of these power plans 

will require continuous monitoring.   

 As part of the environmental impact analysis a life cycle analysis (LCA) was done 

for the PowerBuoy 150 device, which is proposed for use in the Hartford power plan. The 

analysis observed the associated greenhouse gas (GHG) emissions through the 

development, operation and disposal of the product. The analysis concluded that the 

pollutant emissions off-set by the device are far greater than the emissions produced in 

the production, installation, and disposal stages. 
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1. Introduction  

 Renewable energy power plans were developed for the cities of Hartford, Rome 

and Shanghai based on their abundant water and wind resources. The purpose of these 

plans is to replace a portion of the fossil fuel energy which is currently supplied with 

cleaner and more environmentally benign sources. These cities were chosen primarily 

because they are a part of the International Scholars Program (ISP), a summer-long 

program focusing on the differences in energy policies in the US, Europe, and China. 

During the ISP, information was collected about renewable energy in each of these 

locations and site visits were taken which provided some hands-on experience. These 

cities were also chosen for analysis because of their similar marine energy potentials, 

despite their difference in geographic location and energy policy. Hartford lies in the US 

which is a leader in renewable energy installation and research; Rome exhibits the aging 

infrastructure of Europe and its need to retro fit in order to move forward; Shanghai is a 

quickly expanding city that can tailor its new construction to adapt renewable sources. 

Each of these cities has access to rivers and seas which can all be used to harness energy.  

Additionally, all of these countries have expansive wind energy programs already 

installed. Energy production proposals were designed to generate the maximum amount 

of energy using current energy technology and the specific site characteristics in each 

city. 

1.1  Analysis of Cities  

 Hartford lies in the middle of Connecticut in close proximity to wind energy 

resources and is only 40 km from the Long Island Sound (maps.google.com/maps), 

which serves as a source of ocean energy sources. The city is also split by the 

Connecticut River which flows continuously to the sound and can provide hydrokinetic 

power. The most impressive feature of Hartford’s renewable energy sources are the 

incentives provided by the Connecticut government. The Connecticut Clean Energy Fund 

(CCEF) has many plans to decrease the portion of fossil fuels used to power the state. 

With help from government subsidies, installation of the renewable energy plan is far 

more feasible. 
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 The city of Rome is divided by the Tiber River which flows continuously in all 

seasons. Energy is already being generated by this river through five major hydroelectric 

plants placed outside city walls. Additional power can be generated through the kinetic 

energy from the outflow from these plants. An even larger water resource, the Tyrrhenian 

Sea, lies approximately 30 km away from Rome (maps.google.com/maps). The wave and 

wind energy from the sea lack ideal intensity, but can be combined to produce energy. 

Existing fossil fuel power plants are currently placed near the sea eliminating the need to 

create new transmission lines and allowing for simple adjustment to this new energy 

source. All together, the natural resources close to Rome can supply a portion of the 

existing energy demand.  

 Shanghai has abundant access to water both in and outside of the city. The 

Huangpu River runs through the center of the downtown area and many other ponds and 

channels flow through and around the city center. It also lies around 30 km from the East 

China Sea (maps.google.com/maps), a source of significant wave power. Wind power is 

experiencing significant growth in China, notably in the past 5-10 years (Global Wind 

Energy Council [GWEC], 2010). Though there is very little existing wind in the 

Shanghai area, continued development could make wind energy transmission to the city a 

feasible and desirable option. 

 All three cities have vast water and wind resources at their disposal. This 

renewable energy can easily be transmitted to meet the demand in these areas. Utilizing 

emerging technologies can sufficiently harness the wind and water resources and replace 

a portion of the fossil fuel energy that is currently being used. 

1.2 Technology overview 

 Each of these cities has access to ocean waves, tidal currents, river streams and 

wind patterns which can generate usable energy. The kinetic energy of their motion is 

converted to mechanical energy through a hydraulic motor or turbine which can then 

generate electricity. The technological developments for each source are broken into a 

few major categories which have been tested and proven most efficient for energy 

capture. A few state-of-the-art designs have been identified as having the maximum 

energy generation efficiency, but the technology may still change with future 
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development. The water energy technologies are currently in early stages of development 

whereas wind technology has been more fully developed and is widely implemented. 

 Though wind energy is highly developed, it is an intermittent energy source.  

Wind is caused by uneven solar heating of the atmosphere which creates pressure 

gradients. The air flows from high pressure (cold) areas to low pressure (warm) areas. 

The kinetic energy from this moving air can be harnessed by the turbines with rotating 

blades. The blades are connected to a rotor in the turbine that drives a generator which 

creates the electricity. This technology can be adopted in large turbines, as are commonly 

used, or for smaller turbines for use in urban areas, such as those currently being 

implemented in Hartford. 

Wind turbines have been installed in several countries around the world, including 

Italy, China and the US (GWEC, 2010). Wind power can offer reliable and fully 

developed technologies, but the resource itself is intermittent and relatively 

unpredictable. In order for wind to be a viable option of a replacement to fossil fuel 

energy it will require some sort of energy storage device. Excess wind that is generated in 

suitable wind conditions must be stored for later use when the wind speeds are below the 

minimum operating value. Without storage devices wind cannot be a viable energy 

option. These characteristics make it difficult to power a city using wind power alone. 

When the wind is available the generated energy offsets a large portion of fossil fuel 

energy demand, but when the wind is not available a supplemental energy source will be 

needed.  

 Waves and wave energy are more consistent and predictable than wind energy 

and could provide base load energy for these cities. Wave technologies use the kinetic 

energy of the vertical wave motion to generate electricity. This is done by two major 

methods: one which uses a hydraulic motor or linear generator and one which uses a 

turbine. Both of these methods are in early stages of development, but have great 

potential. Waves are generated mainly by the frictional drag forces of wind across the 

ocean surface (Tidal Energy Ltd, 2011). Waves, however, do not disappear without the 

wind; they just reduce their power potential. The intensity of these waves is dependent on 

many factors such as location, climate, and ocean currents. The most intense wave 
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conditions occur in the UK near Scotland. The resources found in these areas are not on 

par with those of Scotland, there are suitable resources available. 

 Tidal power is also uses the ocean to generate electricity, but does so by using the 

kinetic energy in the horizontal motion of the current. The tides are caused by lunar and 

solar gravitational forces which act on the oceans in a push and pull fashion (Tester, 

2005). Tidal power can be consistently generated twice a day and is easily predicted. 

Though it is not constant, it can provide significant energy when it is present. The 

technologies used to harness tidal energy can be ocean bed or shoreline technologies. The 

devices can be further separated into three major categories: tidal stream, barrages and 

oscillating surge converters. With wave energy covering base load and tidal covering 

peak energy load, the majority of the energy demand can, ideally, be provided by marine 

technologies. 

 Hydrokinetic energy is another water-based energy source that is widely available 

in these areas (Department of Energy [DoE], 2006). The term hydrokinetic energy 

encompasses a large variety of technology and developments, all of which use a 

consistent flow of water, such as rivers or tidal streams, to provide a reliable flow of 

energy. Much like wave energy, hydrokinetic energy can be generated at all times of day. 

Typically a hydrokinetic device – either turbine or non-turbine – can be placed in a 

channel of flowing water that will generate electricity. The most developed of these are 

the vertical and horizontal axis turbines which can be placed in tidal streams, rivers, or 

man-made channels depending on the specific need.  

 There are rivers within each city whose flows can be harnessed and used to 

generate energy. The energy generated by these rivers will require little transportation 

and can be consumed directly where it is generated. Hydrokinetic technologies have great 

potential in each of these locations, but are in early stages of development. The 

technologies which are ready for commercialization have experienced little large-scale 

testing. There are high hopes but little data to indicate that hydrokinetic energy has the 

ability to meet the energy demand of a city.  

 A few problems have stalled the growth of these energy sectors, all of which must 

be addressed before water or wind energies can be widely installed and used. The first is 

the level of development, applying mainly to the water-based generation. Few of the 
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water technologies are at a commercial level of development, and thus cannot be 

implemented right away. New technologies lack extensive test and project experience 

which is necessary in streamlining the design. The lack of technological maturity makes 

it difficult to predict performance of these devices in each of the three cities. The 

technologies are currently designed for a specific set of ideal conditions and are not yet 

adaptable to a wide variety of sites. As the technology develops it will be implementable 

faster, more successfully, and in more areas. 

 One reason why wave and tidal energy has not been extensively developed is the 

technology’s susceptibility to damage during storms. When the wave energy densities 

become too great the device becomes vulnerable and can malfunction (Langhamer, 

2010). During intense storms the increased wave intensity damages the internal workings, 

often inactivating the device. Passing ships are also a threat to wave and tidal 

technologies. Collisions can destroy the device and its energy generating ability. The 

most dense and ideal waves lie great distances off-shore, making maintenance difficult 

once these issues do occur. Many of the new technologies have designed storm mitigation 

measures, similar to modern wind turbines. 

An issue that specifically applies to wind power is the intermittency of the resource, 

as mentioned. The hourly variance makes reliability on wind power impossible without 

the inclusion of an energy storage device. Though not included in this analysis, there are 

several types of energy storage devices that can supplement wind energy devices. This is 

a major issue with wind power that requires a feasible solution.  

 The last major problem is public opposition. This especially applies to wind and 

wave power. The public is often opposed to the installation of miles of large wind 

turbines because of the visual and aural aesthetic effects. Wave devices are often visible 

from shore, also causing aesthetic issues. Issues in public opinion are of concern because 

the governments in Hartford and Rome make decisions based on the votes and opinions 

of the people. A positive public opinion is the greatest tool needed to implement these 

power plans. In China, the situation is slightly different because of the communist 

government in power there. A positive public opinion is not, however, ignored in China 

and must still be present for this renewable energy plans to be successful. 
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 The purpose of this study was to replace fossil fuel energy in the Hartford, Rome 

and Shanghai areas with renewable energy sources, namely water and wind power. There 

is a large potential of all of wind and water resources in the three cities. The use of these 

renewable energies will reduce the need for fossil fuel energy, which will in turn reduce 

the associated environmental pollution and degradation. The following plans aim to 

generate the maximum amount of energy from wave and wind power given the available 

resources and current technologies. The implementation of these plans will not be 

without consequences. The environmental impact of each of these plans, both the positive 

and negative effects, was analyzed. The environmental impact analyzed both general 

effects and site-specific impacts. All in all, renewable technologies have less of an 

adverse environmental impact than the fossil fuel technologies which they are replacing.  
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2. Methodology 

2.1  Primary Research 

 The primary and most important stage of the methodology was the research of the 

current state of these renewable energy technologies. A literature review was completed 

as the first step of this process. Numerous review articles have been published dealing 

with marine, hydrokinetic and wind power generation. This included specific electricity 

generation processes including details of the mechanisms and components involved in 

each device.  The descriptions often included an analysis of the level of development of 

each device. The study provided the base information about the renewable resources and 

the current technologies used to harness them. The total information was summarized to 

provide a brief background of the current state of technology for each energy resource. 

 After the background information had been gathered, specific characteristics of 

each technology were analyzed such as the ideal operating conditions and locations. Each 

type of technology will have an optimum condition which can be matched with an area 

that exhibits those characteristics. These studies were then matched with the found in 

each of the three cities. The comparison of these studies was the main driver behind the 

design of the plans.  

 Another portion of the research explored the current energy consumption in each 

city. The energy consumption is of interest to the plan proposal because it is necessary to 

understand the total amount of energy needed to supply to these cities.  The ultimate goal 

is to replace all fossil fuels energy with renewable sources. In order to do that, the amount 

of fossil fuel energy being replaced must be known. 

2.2 Resource Availability 

 Each city was analyzed individually to determine the annual availability of the 

resources in the area. Average monthly values of wind speed and wave height were 

plotted against time to represent the annual resource variance. The averaged values do not 

take into account the hourly fluctuations of the resource availability, but will provide a 

general view of the resources in each area. The average values were then compared to a 

minimum performance value. The minimum operation value refers to the minimum 
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required renewable energy needed to operate an energy device. The comparison between 

the annual monthly averages and the minimum performance provides an estimate of the 

annual percentage during which energy can be properly generated from the resources in 

these areas. This annual variance factor was taken into account when calculating power 

outputs of the planned installments.  

 One issue that was not addressed in the resource variation is daily or hourly 

variations. Wind energy in particular is intermittent and can vary drastically throughout 

the day as well as throughout the year. This variance is not represented by the monthly 

average values which were used in this analysis. One way to address the intermittency 

issue is energy storage. Energy storage devices can be implemented along with the wind 

turbines to allow for a more consistent power output.  

2.3 Device Comparison 

 Once the background information about the technologies was collected, the 

existing devices were compared to determine the most suitable for the power plans. 

Information was then gathered about individual energy generation devices from the 

National Renewable Energy Laboratory (NREL), company websites, and published 

articles. NREL maintains a database of the current projects in wave, tidal and 

hydrokinetic energy sectors (National Renewable Energy Laboratory [NREL], 2011). 

This database also rates each device on its level of development, providing a start point 

for technology comparison. Seemingly suitable technologies were then researched further 

on their individual company websites. Many of the companies published journal articles 

summarizing device performance in test or project environments. All of this information 

was then compiled for side-by-side comparison of specific devices. The analysis included 

individual level of development, economic requirements, ideal conditions and suitability 

to the sites in these cities. After the technologies were compared the best suited 

technologies were chosen to create each city’s energy plan proposal.  

2.4 Plan Proposals 

 Finally, specific devices were chosen to form an individual plan for each of the 

three cities. The plans proposed for each city were designed to best utilize the available 
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resources in the city area. The devices were matched to each city based on the availability 

of the technology’s optimum operating conditions. Size requirements were also taken into 

account; both the actual size of the device and the required spacing between devices. The 

plans were also designed to maximize power output per area. The final power output 

proposed in each plan was calculated and used to quantify the energy generation 

capabilities of each area.  

 Once made, these plans were analyzed in terms of feasibility. The total economic 

requirements of installing each plan were roughly estimated using cost values from past 

projects. An analysis of the required permits and associated regulations was used.  Types 

of organizations and groups that have authority in this process, both in the US and 

internationally, were identified and discussed. Additionally, the logistical feasibility of 

construction and installation of the plan was briefly explored.  

2.5 Environmental Impact Analysis 

 The plans were analyzed to determine their maximum environmental impact; both 

the positive and negative aspects. First the general effects were examined, including 

predicted effects. The specific plans were then further analyzed for any additional effects 

that may be associated with installation. The major negative impacts to the local 

ecosystem and the wildlife were discussed for water-based and wind technologies. 

Aesthetic impacts were also estimated. Positive effects include reduced pollution of 

greenhouse gases.  

 One of the devices used in a power plan was analyzed in terms of a life cycle 

analysis. The life cycle analysis focused on estimating the environmental impacts of the 

device from the very early stages of production to the end-use disposal. This ―cradle-to-

grave‖ analysis will assess if the positive environmental impacts of renewable device 

installation outweigh the negatives. The purpose of the life cycle analysis was to 

determine the true environmental benefit of renewable energy compared to fossil fuel 

sources. 
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3. Background 

3.1  Overview of Cities  

3.1.1 Current Energy Demand in the Three Cities 

 Before a renewable energy plan could be developed, the total energy demand was 

estimated for each of the three cities. The goal is that all of the energy in these cities will 

be produced by renewable energy sources. Completing this goal requires an 

understanding of the current energy consumption conditions.  

 A distinct and consistent time period was uniformly used calculate both the 

consumption and population in each city. The total energy consumption for each of the 

cities was analyzed from 2000 to 2010. A ten year analysis period was chosen to observe 

any trends or patterns in energy consumption. For example, if energy consumption is 

following an increasing trend it would be ideal to create a renewable energy plan that 

meets more than current needs. The ten-year analysis is also a way to reduce 

inconsistencies in consumption estimations.  

 The population and energy consumption data used in the analysis were found 

through online databases. All energy consumption data came from the Energy 

Information Agency (EIA) (DoE, 2011). The population data for the countries came from 

the United Nations database and provided data for the entire time period. The city 

population data was collected from national organizations within each country. For 

Hartford, it was the US Census Bureau (US Census Bureau, 2009); Rome population data 

came from the Istituto Nazionale di Statistica (Demo.istat.it, 2011); and Shanghai’s 

population data came from the National Population and Family Planning Commission of 

China (NPFPC). The data sets were often incomplete over the ten-year analysis period, so 

approximations were made for missing values such as linear interpolation (Table 1). The 

complete tables of population and energy consumption for each city can be found in 

Tables A2-A4 in the Appendix. 
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Table 1.  Total Population, per capita energy consumption, and overall energy demand estimates for 

2000-2010 for all three cities 

  Hartford Rome Shanghai 

Year 

Pop. 
a 

(10
3
) 

Per 

capita 

(kW) 

Total 
b
 

(MW) 

Pop. 
c 

(10
3
) 

Per 

capita 

(kW) 

Total 
b
 

(MW) 

Pop. 
d 

(10
3
) 

Per 

capita 

(kW) 

Total 
b
 

(MW) 

2000 121.6 8.4 1020.9 3685.1 4.5 16504.8 14780 1.0 14055.7 

2001 121.9 8.2 996.2 3694.8 4.5 16570.5 15179 1.0 15158.0 

2002 122.3 8.1 988.7 3704.4 4.5 16593.8 15589 1.1 17689.7 

2003 122.7 8.6 1057.6 3723.6 4.6 17129.9 16010 1.3 21071.7 

2004 123.0 8.9 1098.3 3758.0 4.6 17425.9 16442 1.6 26442.7 

2005 123.4 8.6 1062.3 3808.0 4.6 17661.0 16886 1.7 29156.8 

2006 123.8 8.0 998.1 3832.0 4.6 17498.9 17342 1.8 31776.9 

2007 124.2 8.2 1028.1 4013.1 4.5 17919.0 17810 2.0 34792.2 

2008 124.5 7.6 957.0 4061.5 4.4 17904.5 18291 2.1 38965.8 

2009 124.9 7.4 934.1 4110.0 4.4 17935.7 18785 2.3 42882.4 

2010 125.3 7.3 924.2 4154.7 4.3 17964.7 19210 2.4 46558.1 

Source 

a- (US Census 

Bureau, 2009) 

b- (DoE, 

2011) 

 c- (Demo.istat.it, 

2011) 

  

d- (ESCAP, 2000), 

(NPFPC, 2008)      

  Denotes a calculated estimation 
    

  

 

 This analysis identified consumption trends in each area that have occurred in the 

past decade. In Hartford, as with much of the US, the energy consumption is slowly but 

steadily decreasing. Despite a few spikes, both the total and the per capita energy 

consumption demanded in the city is being reduced. The consumption in most of Europe, 

including Rome, has plateaued for the most part. The energy demand has remained 

relatively steady since 2007, with little major variation before that. To contrast these 

stable energy trends, Shanghai’s energy consumption has expanded a great deal with the 

exploding population. Though the per capita energy consumption remains lower than that 

of Rome and Hartford, it is increasing at an accelerated pace. 

In addition to trend within each city, there are drastic differences among the per 

capita energy demands. Hartford has the largest demand due to its high standard of living. 

Energy efficiency measures have been overshadowed by the comforts of clothes dryers 

and house-hold air conditioning. The Romans have halved their per capita demand while 

maintaining a high standard of living. Their awareness of energy efficiency practices has 

greatly reduced the energy demand. A large portion of the city of Shanghai remains in the 

third world lacking comforts such as television. The lower socio-economic status has 
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accounted for the difference in per capita demand. As the city becomes more industrial 

these numbers will continue to increase. 

The current energy status of each city was then analyzed. This was done in terms of 

major sources of energy, extent of installed renewable power and the current government 

policy. Each city’s specific characteristics in these areas will play a role in the 

development of renewable energy plans. 

3.1.2 Hartford 

 The largest portion of Hartford’s energy supply comes from coal and natural gas 

providing 48.5% and 21.7% respectively (Environmental Protection Agency [EPA], 

2011). Only 4.2% of the energy comes from petroleum sources that are transported up the 

Connecticut River to the city. Connecticut does not have any fossil fuel reserves of its 

own and therefore imports all consumed fossil fuels.  State authorities have many 

initiatives in place to reduce the impact of this fossil fuel use. For example, to offset the 

use of petroleum in the transportation sector, the state now requires all gasoline to be 

mixed with ethanol (DoE, 2011). To meet demand Connecticut also produces its own 

nuclear energy. In 1968 Connecticut began producing nuclear energy (DoE, 2011) and 

today nuclear energy contributes to around 19% of the total energy consumed in 2010 

(EPA, 2011).  

 Connecticut has a variety of renewable resources that it can harness to meet 

demand (Fig. 1). The largest potential resource, as shown here, is wind power which is 

distributed across the state. The wind potential varies across the state and lies mostly 

outside of Hartford, especially in off-shore locations on the Long Island Sound. A more 

feasible solution would be small turbine technology within the city center. Urban wind 

generation is becoming more popular and developed and would be easily adopted within 

Hartford.  
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Figure 1.  Map of Connecticut's renewable energy resources (DoE, 2011) 

 The Connecticut River flows through the city of Hartford and can provide on-site 

hydrokinetic energy. The river flows year round, potentially generating consistent power 

for the city. One key point to consider is that the Connecticut River is tidal and has the 

tendency to flow backward at some times. In low river flows, and/or large tidal 

conditions, the water in the river will be pushed from the Long Island Sound northward. 

When designing hydro turbines, this characteristic will need to be accounted for with the 

inclusion of rotating turbine heads. 

 One tool that was used in developing wave power in the Hartford area is Georgia 

Tech’s GIS application for portraying tidal conditions in the US.  The application 

displays water depth, wave speed and power density potential along the North American 

coastal regions. This application shows that the Long Island Sound has above average 

tidal conditions, which could be put to use in order to power Hartford (Fig. 2). This tool 

can be used to depict tidal energy potential for any US tidal project and serves as a great 

resource for tidal energy developers (Haas, 2011). 
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Figure 2.  GIS depiction of tidal conditions in the Hartford area (Haas, 2011) 

 The state has many renewable energy incentives, mostly for solar and geothermal 

energy technologies. Though there is no incentive for wave power, it is likely that 

increased emphasis on the technology will encourage subsidies. One of the largest 

projects currently underway by the Connecticut Clean Energy Fund (CCEF) is Project 

150, formerly Project 100 (Connecticut Clean Energy Fund [CCEF], 2011). The goal of 

this initiative is to increase Connecticut’s use of renewable energies by 150 MW. There 

have already been several successful renewable energy plants installed statewide ranging 

from biomass to fuel cells. The initiative is continuing to develop projects that emphasize 

the switch toward renewable energies. 

 Another initiative that has been developed by the CCEF is the Small Wind 

Turbine Demonstration Project (SWTDP) to incentivize the development and 

implementation of small wind turbines in the state (CCEF, 2011). Because Connecticut is 

a small state it has little area for large wind farms. It does, however, have opportunities 

for smaller scale wind power. This incentive has constructed three small wind test sites 

with plans for a fourth. These sites are located in a variety of environments – coastal, 

inland, and near coastal – to observe their effectiveness in different areas and to collect 

performance data. Small wind turbines can be installed in urban areas to capture and use 

wind power at the site of consumption.   
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3.1.3 Rome 

 Oil and natural gas are the major sources of Italy’s energy, amounting to 45% and 

31% of energy consumption in 2004, respectively (Renewable Energy Policy Network 

for the 21
st
 Century [REN21], 2009). Italy is a net importer of energy, the majority of 

which are oil and natural gas imports. Though Italy’s domestic oil supply is the third 

largest in the EU, it only meets 9% of the country’s oil consumption per year (European 

Renewable Energy Council [EREC], 2007). The majority of the oil imports are supplied 

by Libya (25%) and Russia (23%) (EREC, 2007). Natural gas imports constituted 84% of 

the energy consumption in 2004, with 38% coming from Algeria and 32% from Russia. 

Italy’s reliance on energy imports has caused problems in terms of supply, such as the 

blackouts in the summer of 2003 (EREC, 2007). A domestic energy supply plan would 

reduce reliance on imports and ensure consistent energy supply. Nuclear energy is only a 

small portion of the Italian energy supply because its production was banned in the 

country. Referenda have been passed to stop nuclear energy production because of such 

events as Chernobyl and Fukushima. Italy does import some nuclear energy from 

Slovenia, but this only constitutes a small portion of the energy supplied to the country 

(Encyclopedia of Earth [EoE], 2008).  

 Renewable energy accounted for 1.5% of total energy consumption in 2004. This 

figure rose to 6.8% in 2008 (REN21, 2009) due in part to assistance from government 

tariffs and incentives. In terms of renewable energy potential, Italy is rich in solar and 

wind resources.  Many solar and wind based power plants have been built near the city 

center. The city itself has less renewable potential due to its high population density, but 

can rely on the surrounding areas which are rich in renewable resources.  

 One potential source within city walls is the Tiber River. This river flow steadily, 

but slowly, through the city. There are five hydroelectric dams operating along the river, 

the outflow from which is much faster than the natural river flow. Turbines placed in 

these areas would have higher energy potentials than turbines placed directly in the river. 

The hydropower plant could easily harness this energy and transmit it to the grid, much 

like it does with the hydroelectric energy already generated on site.  

Wave energy can be generated near to Rome in the Tyrrhenian Sea, about 30 km to 

the west (maps.google.com/maps). The wave energy in the sea is lower than typical wave 
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energy sites, but can have great potential if harnessed in the correct way. The sea also 

provides a sheltered environment for the wave energy devices, reducing the risks of 

damage both by storm surges and large freight ships. In addition to wave energy, off-

shore wind energy can be harnessed in the sea area. The combination of wave and wind 

energy could produce significant amounts of energy for the city.  

Wind energy on-shore in Italy has been largely developed in recent years including 

within the Rome area. In 2010 Italy’s installed wind capacity was 5.7 TW, with 950 MW 

new in 2010 alone (GWEC, 2010). Two major energy companies, Enel and Gamesa, are 

among companies that have operating wind farms outside of Rome with plans to expand. 

Wind potential near Rome lies mainly in the hilly region to the northeast. The power 

generated there can be transmitted to the grid and back to Rome (Fig. 3).  

 

 

Figure 3.  Wind farm near Rome 

 There are numerous incentives provided by the Italian government to support the 

development and production of renewable energies and the national goal of 17% 

renewable energy by 2020 (REN21, 2009). Though many of the grants, subsidies and tax 

credits are for solar PV technologies, there are feed in tariffs provided for wind, tidal, and 

wave energies. Along with renewable energy incentives, the Italian government has taken 

steps to reduce air pollution and improve environmental conditions. Air pollution from 

automobile traffic has caused respiratory problems in many cities and has begun to leave 

residues on buildings and monuments in major cities. As a result of this, and in 
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compliance with EU standards, the Italian government has become stricter on 

environmental regulations (EREC, 2007).  

 The government initiatives in place which promote renewable energy generation 

have facilitated expansion in many areas of the renewable sector. Wind especially has 

been benefitting from the government assistance. Future growth in this area can utilize 

the wealth of resources in the Rome area and reduce the need for fossil fuel energy.  

3.1.4 Shanghai 

 Energy demand in Shanghai is much greater than that of Rome and Hartford at 

about 40 GW of energy demanded in 2010 due to its explosive population. The majority 

of this demand is met by coal power. There are many programs in place by the Chinese 

government that focus on energy conservation and efficient energy use. China is actively 

researching and exploring renewable energy options, especially for its large coastal cities. 

 Currently China receives most of its energy from coal; about 70% (Fig. 4) (DoE, 

2011).  Large coal reserves in the western part of the country have been used to meet the 

increasing energy demand. This contributes to significant air pollution and smog in cities 

such as Shanghai. Replacing this fossil fuel energy with clean energy will drastically 

improve the air quality nation-wide. 

 

 

Figure 4.  Summary of China's energy consumption by type (DoE, 2011) 



 18 

 Interest in renewable energy has been growing in China for over 50 years, both 

with the government and with the people themselves. Around 1980 the government 

began to develop renewable sources, mainly wind. Since 1980 several wind projects have 

been installed and wind was previously included in the ―Eleventh Five Years‖ plan. 

Despite the sustained dependence on fossil fuel energy, in 2009 China had the largest 

installed renewable electricity capacity, followed by the US (DoE, 2011).  

China has substantial wind energy potential and is currently rushing to take 

advantage of it (Fig. 5). In 2010 China had the largest installed wind capacity with 42,000 

MW with most growth occurring in the last year (GWEC, 2010). Though many of these 

installed turbines are located in the northeast, northwest and southeast coastal areas, plans 

to expand China’s wind capacity are still underway. Transmission lines from these wind 

rich areas to Shanghai are a likely possibility within the near future (GWEC, 2010). Off-

shore winds in the Shanghai area have potential for significant energy generation. Speeds 

to the south of  the city can reach up to 8 m/s corresponding to a surface power density of 

800 W/m
2
 (NREL, 2004). 

 

 

Figure 5.  Wind power distribution in China (Wang, 2011)   
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 The country also has access to significant volumes of water for both ocean and 

river power generation. The East China Sea is a vast resource of wave and tidal energy 

that is in close proximity to Shanghai. Because the majority of the population lives on the 

Eastern coast of the country, installing wind and tidal devices off-shore and near these 

million plus cities will reduce the need for energy transmission and can provide clean 

energy almost on site. 

  China is currently behind in the ocean energy sector in relative comparison to the 

US and the UK. Very few projects or tests have been implemented in Chinese seas. 

Multiple Chinese universities are researching to develop technologies suitable for 

conditions around China. This sector will expand with help from new governmental 

policies encouraging research and development of marine technologies (Lui, 2011). 

 The Yangtze River flows near Shanghai which deltas to the north of the city 

where it meets the East China Sea. This large river is an extensive and available resource 

if harnessed by the correct technology. The Huangpu River is a branch of the Yangtze 

River that runs through the center of Shanghai. Like the Connecticut River, the Huangpu 

River is a tidal river, meaning that it is highly affected by the changing tides in the nearby 

East China Sea. The river flow changes direction when the tide is high, and reverses the 

direction when the tide recedes.  This must be accounted for in the design process.  

Between the wealth of resources, public support and government policies, China 

appears to be in a perfect position to adopt renewable energy plans to meet its growing 

energy demand. The vast countryside can provide increasing amounts of wind power, the 

Eastern shore is ideal for wave and tidal power, and the entire country – including the 

Shanghai area – has a wealth of rivers that can be used to drive turbines. Shanghai has the 

greatest potential of the three cities analyzed and the greatest demand. 

3.2 Description of Resources 

 Wind and water energy sources are abundant and together can more than meet 

current global energy demand. Suitable marine energy resources are available in almost 

every coastal country and wind is widespread across the globe. Water based power is a 

consistent and predictable energy source, whereas wind power generation is an 

intermittent source.  As for technology, wind power is more highly developed than water 
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power and can supplement the energy produced from marine sources. With water energy 

providing base-load power and wind meeting peak needs, this combination of resources 

has great potential to meet energy demand.  

3.2.1  Marine Power  

 Water covers around 70% of the earth’s surface, the majority of which is held 

within oceans. The waves and tides of these oceans are constant and reliable, regardless 

of time or seasonal factors. Water, especially sea water, is around 800 times denser than 

air (Atlantis Resource Corporation, 2011) and offers higher energy yields and power 

outputs than wind power when properly harnessed. Global wave power alone is estimated 

to have a maximum potential of up to 10 TW (Angelis-Dimakis, 2011).  

The power generated by this resource is a function of resource energy density. The 

energy density of the waves varies by location, climate, and time but can be accurately 

calculated. The amount of power and energy that can be generated by wave energy 

devices is dependent on the wave intensity. This can be determined based on physical 

factors of the waves, such as height (H) in meters, wave density () in kilograms per 

cubic meter, and frequency () in seconds or its reciprocal wave period (T) in Hertz. The 

energy output of a wave per unit width is given by (Bahaj, 2011): 

   
   

   
          (1) 

Where E is the total energy output and g is the acceleration due to gravity in square 

meter per second. This calculation provides a prediction of the wave energy in watt-hours 

for deep water waves. As the waves reach the shore they dissipate and have lower energy 

output potentials. The estimation for shallow waves is slightly different to predict lower 

energy outputs. This difference in power output is the motivation for placing technologies 

in deep, off-shore locations.  

The power output is also used in wave energy design. It measures the energy output 

per unit time based on the same characteristics of wave height (H), wave period (T), 

water density (), and the acceleration of gravity (g). This value can be predicted 

similarly to the energy output calculation (Bahaj, 2011): 

      
    

   
          (2) 
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Wave power intensity varies by location but is available to some extent to most 

coastal countries. Figure 6 shows the global wave power intensity estimations (Voith 

Hydro, 2011). Northern UK and Scotland regions have the greatest energy potentials, as 

well as the southern tip of South America and New Zealand. Though the three cities in 

this analysis are not leading in wave energy potential, there are suitable resources in each 

area. Portions of China, such as the East China Sea, have greater local wave intensities 

which are not shown on this figure. The Tyrrhenian Sea is also excluded from the figure’s 

estimate, but has consistent available wave energy. In general, this figure presents a basic 

idea of the optimal wave and tidal energy sites in a global context:  

 

 

Figure 6.  Global wave energy levels kW/m (of wave front) (Ocean Power Technology [OPT], 2011) 

 The power intensity (P) of tidal resources as measured in kW per unit area can be 

estimated using similar calculations to the wave estimations, although tidal energy is 

dependent only on water density and wave speed (Haas, 2011):  

      
 

 
         (3) 

The density of the water is given by kg/m
3
) and V (m/s) is the depth averaged 

maximum velocity. This is to account for the velocity gradient in the water column of the 

tidal stream. The speed and density data can be attained from the National Oceanic and 
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Atmospheric Administration (NOAA) and its various observation stations around the 

country. These monitoring stations are positioned mainly at inlets and estuaries, with few 

stations in general coast areas. These stations are used for both real-time data and for tidal 

predictions (Haas, 2011): 

 Hydrokinetic technology is a general term to describe harnessing energy from 

moving water. In this analysis hydrokinetic refers to river and tidal stream energy 

applications. Numerous articles and papers have been published concerning these 

renewable technologies and their progress. Hydrokinetic technology is currently in early 

stages of development and has had few commercial or test projects. Studies and reviews 

have been published analyzing the device prototypes and their future commercial 

potential. The following is a compilation of review articles and other papers that discuss 

all three renewable technologies. 

 A review article, Ocean Wave Energy Conversion -- A Survey, by Muetze 

(Muetze, 2005) assesses wave energy converter (WEC) technology in terms of function 

and environmental impact. The article describes the existing WEC varieties, 

characteristics of a ―state-of-the-art‖ model, and suggests ideas for technological 

improvement. The article also outlines the specific criteria needed for maximum 

efficiency, such as wave height and speed including the equations required for 

calculations.  

 Wave energy technology can be divided into two main parts: turbine-type and 

buoy-type. The turbine-type includes oscillating water column (OWC) and overtopping 

technology. OWC devices consists a vessel with a central air cavity that is partially 

submerged in water. As the waves flow in and out of the device, pressure changes force 

the air in the cavity to flow in and out of the vessel. A turbine is placed in the air cavity 

which harnesses the air flow to generate energy. Typically a Wells turbine is used in 

these devices. A Wells turbine is designed to flow mono-directionally, regardless of 

which direction the air is flowing. This will provide consistent energy flow and reduce 

any gaps in energy production. The key design component in this type of technology is 

the bypass valve. In severe storm or excess pressure conditions the air must have an 

alternative exit so not to damage the turbine. An issue faced by these OWC devices is the 

anchoring system. A fixed mooring is more stable but does not adapt well to changing 
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wave conditions. Slack mooring allows for large variability in wave height, but this 

movement decreases energy collection efficiency. The anchoring will need to be designed 

specifically for each project. The devices can be placed in on-shore or near shore 

locations, but deep sea potential is also being explored. 

 Overtopping technology works much like a hydroelectric dam and generates 

energy using falling water to spin a turbine, converting potential energy to electricity. As 

the wave hits the device an angled overtop converter directs a portion of the water to the 

turbine for instant energy generation. The remainder is directed to a small reservoir where 

it is stored temporarily and re-directed to the center turbine once the initial source has 

passed. These types of WECs are commonly placed in near shore locations, but can do 

well on shore as well.  

 Point absorbers and attenuators use the vertical motion of the wave to generate 

power. The difference between the two is that the attenuator is perpendicular to the wave 

direction while the point absorbers operate up and down in one position. The most 

popular attenuator is the Pelamis sea snake, and a point absorber would be a buoy device 

(Muetze, 2005). 

 The point absorbers are divided into tube-type or floating buoys. The tube-type 

consists of a submerged, buoyantly-neutral, hollow tube with a turbine or piston in the 

center. Passing waves create a pressure gradient which causes water to flow into the tube. 

A turbine is placed in the tube to harness energy from the moving water. As the wave 

crest hits the tube the high pressure forces water downward and as it passes by the tube, 

the internal water level rises. This type of buoy can operate from any shore location or 

ocean depth.  

 The floating buoy works in a similar way but is closed at both ends. The device 

consists of two pieces, one which is anchored to the sea floor and one which moves 

independently up and down to drive the motor. As the waves pass the air inside the 

device will expand and contract in reaction to pressure differences. This motion is 

controlled to drive a power generator to generate electricity. This type of point absorber 

can be partially submerged or fully submerged, but must maintain neutral buoyancy. 

 An environmental study compared the OWC models to point absorber models in 

terms of impacts to animals, fauna and seabed, coastline, visual impact and pollution. 
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Renewable energy technologies have both positive and negative effects on the 

environment. The OWC devices affected all comparison categories and in some cases 

had the largest impact than any other technology in the field. The point absorbers 

impacted all comparison criteria except ―current sediment changes for shoreline devices‖ 

and ―animals swept into chambers‖ (Muetze, 2005). As for pollution, the two categories 

were oil leakage during operation and the waste from shipwrecks on the products. Both 

of these devices, however, are favorable to the environmental impacts of current fossil 

fuel.  

 Another more general review was done by Adam Westwood entitled Ocean 

Power: Wave and Tidal Energy Review (Westwood, 2004). This review looks very 

broadly at the current state of wave and tidal technologies and specifically outlines the 

leaders in the field at the most advanced stages of development. The article also 

addresses some of the challenges for wave and tidal implementation.  

 The first major argument made in this discussion is the need for financial support 

from the government in order to achieve market success. The industry is too young and 

under-developed to progress without financial assistance. The development of large scale 

ocean power generation farms will need financial assistance if it is to provide a 

competitive energy alternative to fossil fuels. Even the most developed wave and tidal 

technologies cannot proceed to a commercial production without subsidies, feed-in 

tariffs, or shareholder investment. Some countries already offer tariffs, such as Italy and 

Portugal, and others such as the UK are in the process of funding these technologies. 

More support will need to be provided for these energy production plans to be feasible. 

 Westwood’s overall message was that wave and tidal power generation has huge 

potential for the near future, but is still a new idea. There has also been substantial growth 

in ocean power capacity – on the order of megawatts added per year – over the past few 

years, especially in the UK. If this type of growth is to continue as predicted, then the 

prospect of large scale ocean power is a real possibility. Once this final breakthrough in 

technological advancement has occurred, then marine power has the potential to provide 

base load power to coastal cities without the need for fossil fuel power.  
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3.2.2  Hydrokinetic Power  

 Hydrokinetic power is the least developed of the options considered. Little full-

scale testing has been done on these products and large-scale commercialization is not yet 

feasible. They are, however, the most flexible of the technologies, meaning that they are 

suitable for a larger variety of water applications than wave or tidal technologies. 

Hydrokinetic technology can be developed for tidal currents, river flow, and man-made 

channels and streams. There is also a variety of types of technology that can be adapted 

to most scenarios.  

 There are two major types of hydrokinetic power technologies: rotating and WEC. 

Rotating bodies mainly refers to a turbine, or similar device, that rotates within the water 

stream. Calculating the power outputs (P) in kilowatt for hydrokinetic turbines are the 

same as wind power because of the similarities in wind and water turbine technologies. 

The major difference between hydrokinetic and wind power is the fluid density. Water is 

much denser than air, yielding greater amounts of energy. The fluid density () is 

measured in kilograms per cubic meter. The power output is largely dependent on fluid 

speed (v) in meters per second and area. The area (A) in square meters used is the total 

rotational area of the turbine, creating a correlation between blade length and power 

output. (Bahaj, 2011): 

  
 

 
          (4) 

  The WEC devices are similar to those described for wave energy generation with 

stable and moving body components which absorb the energy as they move around each 

other. The WECs are categorized by their interaction with the waves in the water. A 

terminator is a device that operates perpendicularly to the wave direction, such as a 

breakwater. The other categories – point absorber, attenuator, OWC, and overtopping – 

have been previously discussed as wave or tidal technologies (Muetze, 2005). The WEC 

models are not as commonly used for hydrokinetic energy generation in smaller areas 

like rivers. The technology is not advanced enough to be supported by river currents, but 

may someday be scaled down for these smaller scale resources (Muetze, 2005). 

 A review article on hydrokinetic devices analyzes 76 hydrokinetic products in this 

article and evaluates their development based on application, technology type, duct 

installments, and placement in the water column. They are separated into two major 
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categories: turbine and non-turbine. Beyond this there are five sub-categories for each 

type that further distinguish the specific hydrokinetic energy generation processes. The 

turbine sub-categories refer to the orientation of the turbine and its placement in the water 

stream. The non-turbine technologies have drastically differing generation processes, 

such as vortex induced vibration and oscillating hydrofoil.  Most of these technologies 

are designed to be applied to either tidal streams or river streams.  

  The two most developed types are axial and vertical turbine systems. The axial, 

or horizontal axis turbine technologies look and act similar to wind turbines and use 

rotating blades to convert water flow to electricity. These can operate in one directional 

flow or have rotating heads to function in multiple directions. In contrast to water, many 

of these turbines are placed so that the rotor is not facing the flow direction, but is 

oriented in the same direction (Wang, 2011). They are often anchored to the floor and 

have a suitable height to capture the faster moving streams closer to the surface. These 

technologies can be applied to tidal or river currents that support a suitable flow rate. The 

minimum flow speed needed to operate these turbines is around 2 m/s. With future 

development the minimum speed may decrease allowing for expansion to lower flow 

streams. 

 Vertical axis turbines occupy more of the water column, thus has greater energy 

to area ratio. These turbines can be adjusted for tidal or river flow streams. This type of 

technology has also been used for wind energy generation, but has become less popular 

than the horizontal axis type. The most attractive feature of the vertical axis turbine is that 

the body of the turbine can be on the river bed while the generator lies at the top of the 

axis, out of the water. This will reduce any problems caused by submerging the electric 

components. This protrusion from the water can create navigation problems, but will 

reduce operation and maintenance needed. One major issue with vertical axis turbines is 

the difference in flow velocities from top to bottom of the water column which can cause 

shearing stresses. Vertical axis turbines have had little testing experience in river or tidal 

environments. 

 Another type of hydrokinetic technology that is being developed is the open 

center turbine. This is also a type of axial flow turbine, but with a different approach than 

the typical turbine. The electrical components, the duct, rotor, stator and generator, are all 
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contained within the outside of the turbine. The external component can act as a duct to 

control water flow to the turbine. This design provides protection to shield the moving 

components of the turbine, which will reduce damage from contact with wildlife and 

floating debris. This compact design is more efficient use of space and a sturdier product 

(Fig. 7). 

 

Figure 7.  Open center turbine and its components (OpenHydro, 2008) 

 The design techniques used for installing hydrokinetic devices differ for tidal and 

river stream applications. The first distinction is the flow direction in tidal versus river 

streams. Tidal streams are bi-directional, changing either twice or four times daily, 

whereas rivers flow in one direction. Tidal turbines will need a yaw component to adjust 

the direction of the turbine to match the flow direction. This will ensure that energy is 

generated consistently, reducing gaps in the energy flow. Sea water in tidal streams is 

denser than fresh river water, meaning that tidal streams will cause more physical damage 

to the devices. Sea water will create more stress on the tidal devices in a shorter amount 

of time than those in river sites, requiring additional support mechanisms. The denser 

fluid will contain higher energy densities, increasing the amount of energy that can be 

produced. These and other site characteristics must be explored so that hydrokinetic 

turbines are designed specifically for their application.  

 Anchoring systems and duct fixtures are design components that must be taken 

into account for both river and tidal device design. The anchoring systems vary 

depending on the device and can be designed to provide effective support while also 

reducing environmental impacts. These designs must factor in the effect on wildlife 



 28 

during operation and on sediments during construction. Duct augmentation can be a 

supplement to hydrokinetic turbines to control the stream flow as it contacts the device. 

Use of ducts in hydrokinetic technology provides a way to channel the stream, allowing 

for control over flow direction and speed. The ducts, however, also take up space in the 

water stream and require an additional level of design when developing these 

technologies. Characteristics such as rotation ability and duct dimensions will affect the 

feasibility of duct use in hydrokinetic applications. Through further development, this 

could provide the solution to harnessing energy from slower flowing streams. 

 Placement of the hydrokinetic devices refers to their location in the water column, 

whether it be floating structure mounting (FSM), near-surface structure mounting (NSM) 

or bottom structure mounting (BSM).  FSM and NSM are attractive to technologies that 

require a surface level generator that would not perform well while fully submerged. The 

FSM and NSM will also capture more energy-dense surface waves. BSM are ideal when 

there is a shared waterway and traffic may be impeded by the use of surface devices. The 

trade-off is that the sea-bed waves have much lower energy densities. Placement in the 

water column must be considered for each site.   

 Hydrokinetic power generation is a broad category that encompasses many 

technologies, techniques, and designs. The interest in this type of renewable energy 

generation has evolved greatly over recent years. With continual growth and development 

hydrokinetic energy sources could be ideal in cities near waterways and channels.  

3.2.3 Wind  

 Wind energy is a clean and abundant energy source that is highly developed. 

Mass commercialization of certain technologies in large-scale farms has simplified initial 

installation process and allowed for continuous global expansion. Wind energy 

installments are currently found in over 80 countries worldwide for a total global 

installed capacity of 200 GW (GWEC, 2010). The biggest issue with wind, however, is 

its unpredictability. It is an intermittent resource that cannot provide a consistent energy 

supply without a storage device. 

 Turbines are used in wind power generation, similar to the horizontal and vertical 

axis turbines used in hydrokinetic applications. The calculation for power estimation is 
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the same as used in hydrokinetic applications (Eq. 4). With wind there is another 

component, however, which is the Betz limit. This coefficient describes the amount of 

energy that can possibly be harnessed by a wind turbine. The Betz law states that only 

59.3 % of wind can be successfully harnessed by wind turbines to maintain consistent 

flow through the turbine. If more than 59.3% is collected then the air exiting the turbine 

will have too low of a speed to allow more air to enter the turbine, creating stagnant 

conditions. The inclusion of the Betz limit brings the wind power estimation to: 

                 (5) 

 The turbines used for wind energy generation harness the kinetic energy from a 

flowing stream of fluid, in this case air, to drive turbine blades. The blades are connected 

to a generator which converts the mechanical energy of the moving blades to usable 

electricity. There are two types of wind turbines: vertical axis wind turbines (VAWT) and 

horizontal axis wind turbines (HAWT) wind turbines.   

 VAWTs use curved blades for energy generation which are symmetrical around 

the axis. The most common of these technologies is the Darrieus turbine. VAWTs can 

operate independently of wind direction and can function at ground level. The current 

challenges involved with VAWT technology are the variability in power output and lack 

of wind speed control (American Wind Energy Association [AWEA], 2011). These 

turbines also experience fatigue issues on large scales. As with the water column, wind 

speeds vary with height, which will cause shearing in the turbine if the speed differential 

becomes too large. These turbines are more feasible in small scale applications such as 

urban areas. 

 The most common and highly developed type is the HAWTs. The HAWT designs 

act like a propeller, using airfoil technology and aerodynamic lift. The shape of the blade 

is the same as an airplane wing which splits the wind current to create a lift force, 

spinning the blade and driving the turbine. The blades are elevated into the air to harness 

the winds aloft, which have more energy density than surface winds. The turbines also 

have an anemometer and yaw components that can adjust the turbine to harness the most 

intense wind. The yaw meter ensures that the turbine is always pointed in the direction of 

the wind and the anemometer measures the speed of the wind and engages a brake in 

intense wind conditions. When the wind reaches extreme speed conditions, such as 
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during storms, the intensity can damage the turbines. The anemometer brake reduces this 

risk. Though there is continuous research being done on types of wind turbines, 3-blade 

horizontal axis turbines have become the standard in most applications.   

 Wind is further divided into off-shore and on-shore technologies. On-shore 

turbines are more common and have easier installation and maintenance. Access to land-

based turbines is easier when operation and maintenance services are required. 

Installation of on-shore wind farms is easier and faster than their off-shore counterparts. 

One issue facing on-shore winds is the associated aesthetic impacts of installation. The 

on-shore turbines pose visual and noise impacts which have created public opposition 

issues. On-shore technologies are in advanced stages of development whereas off-shore 

technology is still relatively new.   

 In contrast, off-shore winds have higher energy densities than on-shore winds and 

therefore have greater power output potential. Off-shore turbines are designed to be 

larger and generate more power. If continually developed, off-shore turbines will be able 

to power coastal and near-coastal towns and can be installed out of sight of the coastline, 

providing clean energy with little opposition. 

 Wind turbines can be designed in a wide range of sizes to suit site conditions. The 

largest known turbine is a 6 MW model from Enercon which has a diameter of 126 m 

(GWEC, 2010). Larger turbines such as this require extensive plots of land for proper 

wind collection. Plots of this size are not common in the urban areas, so small scale wind 

turbine systems have been developed for use in a wider variety of locations. Smaller wind 

turbines can be used to generate on site wind power within the city center. Small turbines 

typically refer to devices with rotor diameter less than 10 m and have power outputs in 

the kilowatt range; around 1-100 kW. Turbines of this size have been rated at a wide 

range of efficiency factors with an average efficiency near 20% but can be as high as 

80%. The technology in small turbines is different from the larger models in terms of 

electrical system and rotor design and is less developed.  

 Though the power outputs are much lower in turbines of a smaller size, a higher 

quantity of turbines can be placed within a city. One example is the installation of wind 

turbines on streetlights. The turbines can be placed on every street light and the lamp 

posts will elevate the turbines so to capture greater energy dense winds. Simple solutions 
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such as this could add up to a sizable amount of energy generation directly in the city 

center (Iuga, 2011). Because people do not often choose to live in areas with consistently 

high winds, the turbines must also be adapted for lower wind areas. The goal is that one 

day small turbines will become common fixtures on every household and business, much 

like heaters and air conditioners (AWEA, 2011). 

 Small turbine technology has not seen the type of development that the larger 

scale models have. Large technologies are in the seventh or eighth generation whereas 

small turbine technologies are in their second or third (AWEA, 2011). The technology 

lacks the popularity of the larger models and faces several obstacles. The small models 

are less reliable and more expensive, contributing to a slow emergence of the market. The 

small turbines require financial assistance and further development before reaching the 

commercial level of the larger models. Small wind turbines have experienced continuous 

development to perfect the design for more effective energy capture. The airfoils, 

generators, electronics and towers have all been designed in order to reduce energy costs 

and increase output (AWEA, 2011). 

 Issues with current wind technologies include fatigue failures in the blades and 

intermittency of the resource. New blade types and designs are being developed in order 

to address fatigue failures and limit the frequency of the issue. As for intermittency, there 

is no technological innovation that can create a consistent wind source. In order to 

address this issue an energy storage device must be developed to store excess wind and 

distribute it in low wind periods. There are many types of storage device available that 

can supplement wind energy devices. Fuel cells and fly wheels can temporarily store 

excess energy and deliver it as needed in low wind situations. Despite these few issues 

wind power has the potential to power a large portion of Hartford, Rome and Shanghai. 
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4. Resource Variance 

 Analysis was completed to determine the annual variance in resource availability 

of wave and wind sources. The wave and wind intensities will vary over the course of the 

year, which will affect the amount of power that can be generated by the devices. As 

intensity decreases, so does power output potential. This annual variance was used to 

determine a power output variability factor for each device that could be used to estimate 

power output of the devices.  

 The first step was to find monthly average wind and wave conditions in the site 

areas. The average resource intensity values were collected for each month and plotted 

together to display variance. This information came from tables and figures from various 

sources. The monthly averages were then compared to either a general minimum device 

operation value, or a company-provided output value. The comparison values varied 

based on the device and the specific site variance. This comparison value was used to 

determine the percentage of the year when the resources met the specified condition and 

could successfully generate energy. This percentage then became a factor that was used 

in power output calculations.  

4.1 Wind 

 The off-shore wind data for the Tyrrhenian Sea came from the Solar and Wind 

Energy Resource Assessment (SWERA) (Solar and Wind Energy Resource Assessment 

[SWERA], 2005). This organization provided a series of maps that displayed global wind 

speed and power densities for each month in 2005. The values were given in a range of 

speed conditions, but for simplification purposes the values used in this analysis were the 

mid-range values as specified by the map key. These mid-range monthly averages were 

plotted versus time to display the annual variance (Fig. 8). 

 The comparison value used was the a wind speed of 5 m/s. Wind turbines, 

especially large ones, require a minimum operating speed for power generation called the 

cut-in speed. This is the speed at which the turbine begins turning. This can vary by 

turbine size between 3 and 5 m/s. For this analysis, we will assume a cut-in value of 5 

m/s to give a more realistic estimate of power output. The efficiency factor then 

represents the portion of the year when the wind speeds are above 5 m/s. The wind speed 
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is greater than or equal to 5 m/s for 10 months out of the year, or around 85% of the time. 

This value is then used when calculating power output of the device (Fig. 8).  

 

 

Figure 8.  Annual wind speed variability at the Tyrrhenian Sea (SWERA, 2005) 

 The resource variability for the Hartford area follows a similar pattern, but at 

higher wind speeds. The measurements were taken from a NOAA weather observing 

station located in Hartford (National Oceanic and Atmospheric Administration [NOAA], 

2006). The provided data is a compilation of averages over a span of 48 years, ending in 

2002. These averages were graphed over time to display the variance. The cut-in value of 

5 m/s was also plotted for comparison (Fig. 9). As seen on the plot, the average wind 

speed in Hartford is always greater than or equal to 5 m/s. This assumes that these 

turbines can operate during all 12 months of the year. For power output calculations, the 

annual variability factor that will be used is 100%, or 1.  
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Figure 9.  Annual wind speed variability in Hartford, CT (NOAA, 2006) 

4.1.1 Energy Storage 

 In addition to annual variation in wind power there are also daily and hourly 

variations in wind intensity. Wind power is intermittent and can vary throughout the day, 

which is not represented in the monthly average values. In order for wind energy to be a 

viable energy source this issue of intermittency must be addressed. Energy storage 

devices can be implemented as a solution to this problem. These devices will capture 

excess energy that is produced when the wind is blowing and will distribute the stored 

energy when the wind is below the cut-n value. This will regulate the energy output of 

the wind device into a more constant supply. Though not addressed further in this 

analysis, energy storage devices are important to mention when looking at wind energy 

resources. 

4.2 Wave 

 Each of these cities has vast wave power resources in close proximity to the city 

center. Wave power outputs are highly dependent on wave height, which varies 

throughout the year. The summer waves, much like the summer winds, are less intense 

and thus are at a lower height. The data collection for wave data came from NASA’s 

Jason satellite (University Corporation for Atmospheric Research [UCAR], 2009). The 

satellite circles the earth to provide information about the world’s ocean. Jason took 

theses two images in 1995 depicting global wave heights, one in January and one in June 

(Fig. 10).  
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 From these figures we can see that wave heights in China, the Eastern US, and the 

Mediterranean Sea are lower in June than in January. Each of these areas appears to have 

an average winter wave height near 3 m and a summer height of less than 1 m. Wave 

devices, like wind turbines, have a cut-in value that is the minimum wave height required 

for operation. For a vast majority, this value is 1.5 m. Assuming that the wave heights 

follow the same annual pattern as wind speeds, then the wave heights will be below the 

cut-in value for approximately 4 months out of the year: June-September. This correlates 

to a factor of around 65% which will be the efficiency used in power output calculations. 

 

Figure 10.  Global significant wave height measurements as taken by the Jason satellite (UCAR, 

2009) 

4.3 Tidal 

 The variance in the tides is different than that of wind or wave power in that it has 

a daily variance as well. The tides in Shanghai change four times a day, with two high 

tides and two low tides daily. The constant changing of flow direction will ensure that 

water is constantly flowing in the tidal stream near Shanghai. Regardless of direction, this 

tidal current will support tidal power generation all day. When calculating the power 

outputs of tidal devices, it will be assumed that the device will operate year-round; a 

factor of 1 will be used. 
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5. Technology Comparison 

 Tidal and wave energy technologies are still in their infancy when it comes to 

full-scale development, but research and interest into these sources is continuously 

expanding. Many types of marine power technologies have been developed and tested, all 

with different approaches to ocean energy harnessing. These many devices were explored 

and compared to find the best fit for each of the three cities. 

 The level of development was the primary means of comparison. Technologies 

which are at their later stages of development were chosen over less mature devices.  

Technologies involved in projects and/or testing stages are favorable for immediate 

implementation and successful energy generation. More mature technologies were not 

exclusively selected, however. In a few cases, the newer technologies present a greater 

energy generation potential and were chosen over a more mature counterpart. Overall, 

development level is a key component to immediate implementation of these energy 

plans. 

 Power output was another factor that was looked at closely. The larger power 

output devices were preferred because of land use efficiency and reduced construction 

and installation impacts. These cities do not have vast expanses of land available for 

energy generation, so minimizing space with fewer high power output technologies is the 

most attractive option. The use of fewer devices will decrease environmental impacts and 

the cost of installation. Many of the devices currently offered are scalable to provide a 

variety of different power outputs at varying sizes. In these cases, the largest possible 

option was chosen depending on site suitability. Suitability to city conditions had to be 

kept in mind for all device decisions. The optimization speeds, area requirements, and 

aesthetic issues were all matched to find the devices with the largest outputs to suit the 

available conditions. 

 Other comparison characteristics that were used for analysis were cost and size. 

Cost of the devices was largely unavailable for specific models, but rough estimates were 

used for the sake of comparison. Size considerations were used when matching the top 

technologies to the specific cities. These factors were merely secondary considerations 

when finalizing the plans. 
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 The National Renewable Energy Laboratory (NREL) has a database that provides 

all or most of this information for every recorded device (NREL, 2011). This was the 

primary tool used for the comparison analysis. NREL compiles all of the known projects 

and technologies and provides basic information for quick comparisons. This information 

served as a starting point for technology research and analysis. Once this list was 

narrowed down to a set of top contenders, the options were then explored on individual 

product websites for more in-depth analysis.  

 The following analysis compares several of the state-of-the-art devices in each 

resource category. Some of this analysis provides side-by-side comparison of multiple 

devices in the same technology category. Other analysis simply describes the best choice 

in a specific category. For both, a description of the device was provided in terms of 

development, current projects, power output as well as other device-specific 

characteristics.  

5.1 Marine Technologies  

 Wave power energy conversion devices are the oldest type of marine power 

generation. Wave technology has developed several devices with a range of applications. 

These devices have been developed, set-back, and re-designed through extensive research 

and development over the past decade. Tidal power technologies have also been through 

several stages of development. They are becoming increasingly more researched because 

of their reliability versus wind energy and increased power density versus most 

hydrokinetic technologies.  Tidal power has fewer aesthetic impacts than many other 

renewable energy technologies, increasing the feasibility of large-scale installation.  

 Though there are still some fundamental issues, the wave power sector is 

currently the most promising of the water based technologies. Wave intensity varies by 

location but remains highly available and accessible through a number of technologies. 

The ideal site for generating wave power is near Scotland, specifically at Orkney Island. 

Many of the wave and tidal technologies are being tested in this area at the European 

Marine Energy Centre (EMEC). This testing provides real-time performance data in the 

most intense marine environment. With a few exceptions, almost all of the following 

technologies have been tested at EMEC.  
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 The PowerBuoy by Ocean Power Technology (OPT) is at the most advanced 

stages of commercial development with multiple projects currently in place. The Power 

Buoy is a point absorber buoy device with a sea bed anchoring system that uses the 

mechanical wave motion to drive a piston which generates the electricity.  A majority of 

this buoy’s volume is submerged with about a third remaining on the surface. These 

buoys can be placed offshore in waters 30-50m deep and can be connected in series to 

generate up to a combined output over 100 MW. The buoy is designed to work in 

locations with wave intensities around 20 kW/m, which includes the eastern coasts of 

both the US and China. From these offshore locations the electricity generated can be 

transferred back to the shore via underwater cable (OPT, 2011).  

 OPT’s largest buoy device, the PB500, has a 500 kW capacity rating and is 

projected to finish development in 2013. One PowerBuoy model that OPT offers is the 

PB150 which has a capacity of 150 kW and has been implemented in several areas 

globally including projects in Oregon and Scotland. The most widely tested and 

developed of their models is the 40 kW PB40 which began initial development in 1997 

and has proven successful in several projects. One of OPT’s current projects includes a 

power plant off the shore of Spain that is designed to provide 1.39 MW of energy. This 

project includes nine PB150 models and one PB40 model along with a 6 km undersea 

cable. The Power Buoy is at advanced stages of development and can provide significant 

energy outputs which can be successfully transported back to shore. As for area 

requirement, a 10 MW array system requires 30 acres of space, or 0.125 km
2
. The 

PowerBuoys are often placed in rows of two or three to further reduce the project 

footprint (OPT, 2011). 

 The Pelamis Sea Snake is another wave energy device that is in commercial 

stages of development. The Pelamis is an attenuator, meaning it is placed perpendicularly 

to the wave travel. This device is a wave energy conversion device that consists of 

multiple cylinders which are attached by a hinge, allowing for independent movement of 

each portion. Each independent component has an internal hydraulic arm which generates 

the electricity. The vertical wave motion moves the arm in and out within each cylinder 

separately, capturing a larger percentage of the passing waves. This device has been rated 
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at 750 kW and has experienced more testing than any other device analyzed (Fig. 11) 

(Pelamis, 2011).   

 

 

Figure 11.  Schematic of the Pelamis P2 with hydraulic cylinders (Pelamis, 2011) 

 A Study by G.J. Dalton, R. Alcorn and T. Lewis discusses the performance of the 

Pelamis Sea Snake. For this study the Pelamis was tested in multiple sites – Ireland, US, 

Canada and Portugal – to determine the test performance under various wave conditions. 

The device produced between 500 and 750 kW each, depending on local wave 

conditions. In perspective, one Pelamis in operation can power approximately 500 homes 

for a year. This device not only has a promising power output, but has also been 

successfully implemented in many places around the globe (Pelamis, 2011).  

 The state of the art technology in overtopping devices is the Wave Dragon. This is 

a terminator overtopping device with large wave reflectors which resemble a breakwater 

or wall. The reflectors re-direct the wave energy to the center where the water flows 

through several Kaplan turbines to generate energy. These types of devices function 

above 20 m deep water, but operate better at depths above 40 m where there are higher 

energy waves. Placement of this device at such great depths minimizes the aesthetic 

impacts to the shoreline.  The annual power output is 11 MW for each of the largest 

devices as tested at Tapchan in Norway (Wave Dragon, 2005). An issue with this type of 

technology is the biofouling that can occur without proper maintenance (Wave Dragon, 
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2005). The wave dragon is the state-of-the-art overtopping device currently involved in 

installed testing.  

 A combined wave-wind technology was also analyzed called Poseidon’s Organ 

developed by Floating Power Plant (Fig. 12). The platform is a WEC which harnesses the 

wave motion through its use of pistons. The panels of the platform move independently 

of each other in response to the waves. Each piece of the platform drives internal pistons 

which provide the electricity. Because each panel operates independently, a greater 

portion of the waves in the area can be harnessed individually. This transfer of power 

from wave to platform will reduce the intensity of the waves and create calm waters all 

around the device.  

 The wind component of this device is comprised of three off-shore wind turbines 

attached to the platform. Off-shore devices such as this are used to capture the higher 

energy winds found over bodies of water. In the full scale models, each of the three 

turbines is rated at 2 MW (Lindoe Offshore Renewables Center [LORC], 2011).  The 

combined output is rated at 160 MW (FPP, 2011).  It can provide sufficient energy even 

in low wind and low wave areas, such as those which exist near Rome (Floating Power 

Plant [FPP], 2011).  

 

Figure 12.  Schematic of Poseidon's Organ prototype (Lui, 2011) 

 There are two advanced-level Oscillating Surge Converter devices which are 

equally suitable for these energy plans. The first is the Oyster by Aquamarine Power (Fig. 

13). The device uses tidal currents and vertical wave motion to oscillate its large fin back 
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and forth. The fin looks like a wall that is placed perpendicular to wave and current 

flows. It rises and falls in response to the aquatic pressure changes. The fin is attached to 

a hydraulic arm which is driven by the oscillating motion (DoE, 2011). A portion of the 

arm is designed to lie above surface of the water to capture the more powerful surface 

waves.  

 The Oyster technology can be placed in off-shore locations with a minimum depth 

of 10-15 m, usually about 1 km offshore. The close proximity to the shore provides 

protection against severe storms without sacrificing the large amounts of energy 

produced at greater depths. The largest Oyster project is off the coast of Scotland which 

is a full-scale test of a 315 kW Oyster model. Recently this project reached 6,000 hours 

of testing (Aquamarine Power, 2011). A new Oyster is being developed to provide 800 

kW, appropriately named the Oyster 800. The Oyster is both efficient and commercially 

developed, but has some aesthetic issues that may make it a less viable option to be 

placing near coastlines and beaches.  

 

Figure 13.  Oyster pre-installation (Aquamarine Power, 2011) 

 The bioWave device uses the same hydraulic arm process as the Oyster for 

harnessing wave energy (Fig. 14) but has some advantages over the Oyster. The arm of 

the bioWave is less restrained and can fall bi-directionally. Unlike the Oyster, the 

bioWave will perform the same despite the direction of water flow. The arm is also 
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equipped for protection during intense tidal events. When the water flow becomes too 

intense, the arm will fill with water and lie flat on the sea floor, away from the storm 

effects. 

  The bioWave can operate at 40-45m to water depth which is around four times 

the ideal operation depth of the Oyster. This allows the bioWave to be placed farther 

offshore than the Oyster where it can experience more energy dense waves. The bioWave 

will also have less of a visual impact on the shoreline near to where it is installed. 

BioWave Power Technologies is currently in the early stages of testing this device in San 

Francisco to power the city. The bioWave has additional projects in Australia and Spain. 

These large devices are designed for coastline areas, such as the three analysis cities. 

Multiple bioWave devices can be connected under the sea to create an underwater power 

plant. The energy created by these devices can easily be converted and connected directly 

to the grid (BioPower Systems, 2011).  

 

 

Figure 14.  Schematic of the bioWave (BioPower Systems, 2011) 

 The Land Installed Marine Power Energy Transmitter (LIMPET) is an OWC 

device made by Voith Hydro, a company which manufactures hydroelectric turbines, 

among other things. Energy generation from this technology occurs through the kinetic 

motion of air flowing in and out past a turbine. The air flow is in response to the pressure 

changes caused by waves entering and leaving the device. The LIMPET funnels the 

incoming waves into an air-filled channel. The pressure from this entering wave forces 

air through the turbine at the opposite end of the device. As the waves recede, the 
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pressure drops allowing the air to flow the opposite direction back through the turbine to 

its original position in the channel (Voith Hydro and Wavegen, 2011).  

 For this device a Wells turbine is used to harness energy from flowing air in the 

channels. A Wells turbine will rotate in the same direction, despite the direction of air 

flow, to provide a consistent energy output and avoiding any stalls due to change in 

rotation direction. The turbines used in the LIMPET devices are rated between 100-500 

kW per unit. Currently the LIMPET is installed in Islay, Scotland and generates 500 kW. 

The largest LIMPET project in Scotland completed 10 years of operation in November of 

2010, making it one of the oldest wave power projects. The project is a 4 MW project 

that has logged around 60,000 hours of grid connected hours (Voith Hydro, 2011). 

 The device is installed directly on the shore, causing some aesthetic issues. The 

device is large and will be clearly visible to residents in the area. The sound caused by the 

crashing waves may also increase the noise levels in the area. A portion of the LIMPET 

is submerged and can act as an artificial reef, which can have either positive or negative 

environmental impacts. This device is currently one of the most highly developed and 

efficient wave technologies (Voith Hydro, 2011). 

5.2   River and Tidal Stream Turbines 

 Hydrokinetic power is the least developed and least researched of the four energy 

sources discussed. The most promising types of hydrokinetic technology are the turbines 

used to harness kinetic energy from flowing water currents, much like wind turbines. The 

transition of horizontal and vertical axis turbines from wind to water seems to be smooth 

and successful. The close relationship to the surface-based technology seems to be 

accelerating the progress of hydrokinetic technology. Though the technology is 

advancing rapidly, the hydrokinetic field seems to lack a definitive direction as of yet.  

 The Atlantis Resources Corporation has developed a series of hydrokinetic energy 

devices including several turbine models. This UK based company has created three main 

technologies that have been developed for both tidal stream and river applications. Since 

the first successful grid connection in 2006 the Atlantis turbines have been continuously 

tested and developed. As of 2010 its maximum installed capacity was a 1 MW turbine 

operating at 2.65 m/s in a tidal stream. A new project proposed in Norway will supply 50 
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MW for $150 million, or $3 million per kilowatt installed (Atlantis Resource 

Corporation, 2011). 

 Their AS series turbine is a ducted horizontal axis that is used for one-directional 

river flows. This is also rated for a stream speed of 2.6 m/s and can generate up to 1 MW 

of power. These turbines have a maximum rotor efficiency of 42%, which is the largest 

test efficiency of any horizontal axis turbine as of 2008. As for cost, the AS model has a 

large start up cost, particularly in relation to fossil fuels. This turbine is designed for a 

power plant-like set-up which involves the installation of a field of turbines along the sea 

or river bed, generating a larger amount of energy (Fig. 15).  

 

 

Figure 15.  Atlantis Resources Power System (Atlantis Resource Corporation, 2011) 

 Verdant Power is currently leading hydrokinetic turbine technology development. 

Similar to the AS turbines, Verdant’s Free Flow System is installed as a power plant, 

comprised of multiple turbine units. The turbines used in this application are installed 

directly in the water stream and do not require a re-direction of water flow for successful 

operation. They are fully submerged, therefore eliminating any visual or noise issues that 

are typically opposed by the public. The turbines are three blade units with a diameter of 

five meters and have a similar design to wind turbines (Verdant, 2011).  

 Verdant currently has two major projects: one in the East River near Roosevelt 

Island and one on the St. Lawrence River in Canada. The East River Project called the 

Roosevelt Island Tidal Energy (RITE) Project began in 2002 and will supply 1 MW to 

the island in a combination of 30 turbines. The system has already generated 70 MWh of 

grid-connected power. The St. Lawrence project is in earlier stages of implementation but 

have similar project goals of river power generation (Verdant, 2011). 
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 The DeltaStream by Tidal Energy Ltd. is a turbine device used in tidal stream 

applications. It is a 1.2 MW unit which consists of three horizontal axis turbines 

connected on a shared base that is 36 m wide (Fig. 16) (Tidal Energy Ltd, 2011). Because 

all three turbines are on a shared base, the device is more stable in the stream and has less 

risk of overturning or sliding once installed. The base is heavy enough that here is no 

need for an anchoring or mooring system for this technology. It is installed on the ocean 

floor to avoid the harmful effects of surface waves in storm or intense wave conditions.  

Sea or river bed installation eliminates any visual aesthetic impacts and reduces 

probability of collisions with passing ships (Tidal Energy Ltd, 2011). It can be installed at 

a variety of depths, including the deep sea. The turbines spin relatively slowly — 

especially in comparison to their wind power counterparts — which will decrease the risk 

of adverse impacts to fish and other organisms that may come into contact with the 

device. The turbines can also change their direction in order to follow the changing flow 

of the tidal stream. 

  The largest DeltaStream project is in the Ramsey Sound in the UK which is a 12 

month commercial test to observe the impacts to the environment (Tidal Energy Ltd, 

2011). The DeltaStream is in early stages of development, but has great potential if 

applied at commercial scales. The 1.2 MW power output is an attractive feature unrivaled 

by any current turbine technology. Tidal Energy Ltd. also claims that the power density 

harnessed per square kilometer is greater by any other device currently offered. This 

makes it an attractive option for harnessing ocean power generation near coastlines. 

 

 

Figure 16.  DeltaStream turbine (Tidal Energy Ltd, 2011) 
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 As for open center style turbines there are very few viable technology options 

currently available. One of the front runners in this category is the Openhydro model. The 

open center models, including this one, include a duct configuration. This controls the 

speed and direction of the incoming water, allowing for increased flow intensity at all 

sites. Ducts decrease the mobility of the turbine and increase the size, but do make power 

generation possible in many locations where the current would otherwise be too slow 

(OpenHydro, 2008). This turbine was being tested at Orkney Island in Scotland in 2006 

and has projects in the UK and in Nova Scotia.  

 An example of a vertical axis turbine comes from the New Energy Corporation in 

Canada. The EnCurrent Power Generation system uses a Darrieus or whisk turbine 

placed directly in the water column. The drag forces and kinetic energy of the water 

together turn the turbine to generate electricity. The 250 kW system is being implemented 

in British Columbia’s Canoe Pass. New Energy predicts to achieve a resource efficiency 

of up to 50% in this area.  The majority of the device, including the electrical 

components, is above the water surface. The turbine itself is the only submerged 

component. Because of this design, the system can only operate in near-shore or river 

applications. Each turbine comes in full-speed and low-velocity models operating at 3 

m/s and 2.4 m/s, respectively. This expands the available sites for potential energy 

generation from these devices (New Energy Corp., 2009). 

 A company from the UK called TidalStream has developed a type of floating-base 

turbine apparatus called the Triton (Tidal Stream, 2011). The Triton consists of one or 

two floating columns that are semi-submerged in the water. The Triton’s column bases 

are loosely anchored to the sea floor and are free to float and move with the tides. 

Attached to these columns are between two and six turbines, depending on the model. 

The turbines themselves are provided by a separate manufacturer, allowing for a variety 

of design options including two-blade, three-blade and open center designs. 

 The Triton 6 is a model which consists of two column bases and six turbines 

which are each 20 m in diameter (Fig. 17). The Triton 6 operates at depths between 60 

and 90 m. This device can generate up to 10 MW (Tidal Stream, 2011). Because the 

column bases are partially above the surface, there is some visual impact associated with 

the installation of these devices.  
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 One major goal of TidalStream is to compete with other renewables, namely wind 

power, in all areas including size, impact, and cost. As for size, the Triton’s concentrated 

design takes up far less space than a typical wind turbine, especially off-shore turbines. 

TidalStream estimates that in ideal conditions and at maximum capacity, a Triton 6 

system can generate 1200MW in less than 9 km
2
. This is a much smaller footprint than a 

wind farm of the same power output which they estimate to be around 4 times the size 

(Tidal Stream, 2011). The Triton has completed prototype and full-scale testing, the 

largest being in Pentland Firth in the UK. Though this is a newer technology, it offers 

more power generation potential than most tidal turbines. 

 

 

Figure 17.  Schematic of a Triton 3 power system (Tidal Stream, 2011) 

 The discussed devices represent the leaders in the field of water based power 

generation. Other devices in each field were observed and compared but were dismissed 

for a number of reasons. The most common issue for elimination was the level of 

development. Most of the current technologies are in the research stages of their life 

cycle and would not be feasible to install in a commercial setting. Another common issue 

was the suitability to site conditions. Many of the more developed models that were 

eliminated were discarded because they either require more space or more power density 

than can be provided by these cities. Additional comparison information can be found in 

the Appendix in tables A5 and A6. The technologies discussed in the plan proposals are 

the highest quality devices for these conditions at the current time.    
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6. Plan Proposals 

6.1 Hartford  

6.1.1 Connecticut River   

 The Connecticut River runs through Hartford and has previously been used 

primarily as a means of navigation and shipping. The river can now be used for the 

purpose of renewable energy generation. The river has the potential to generate large 

amounts of energy through the use of hydrokinetic turbines.  

 Data collected on the river suggests that it has substantial flow during the majority 

of the year, with the exception of the low flow season. The United States Geologic 

Survey (USGS) has a gage station on the Connecticut River in Hartford 550 ft 

downstream of the Buckeley Bridge in the center of the city. This data provided the five-

year daily low flow conditions at this site for the period between 2005 and 2009. The 

lowest flow period of all five years occurred in September of 2007 and had a measured 

flow speed of 1.29 m/s. Assuming that turbine technologies require around 2 m/s of water 

speed for optimization, only about 50 days of even the lowest flow year conditions will 

be unsuitable for energy generation. As seen with the resource variance analysis, energy 

can be generated from the river 85% of the year.  

 Real time data from the same station in Hartford was also collected by the USGS 

(United States Geologic Survey [USGS], 2011). Real time measurements from August 

31, 2011 were used to represent the river’s low flow period. The data was collected 

through a probe placed in the water from a boat on the river providing accurate values. 

The measurements provided include flow rate of the river (Q), the cross-sectional flow 

area (A) and the adjusted water velocity (v) (Table 2) (Pollender, 2011): 

Table 2.  Connecticut River Data (Pollender, 2011) 

Trial Q measured (m
3
/s) Area (m

2
) Q/A(m/s) v* (m/s) 

Time 

measured 

0 2774.2 2464.1 1.13 1.19 9/31 8:32 

1 2849.0 2510.4 1.13 1.24 9/31 8:40 

2 2898.4 2524.2 1.15 1.23 9/31 8:48 

3 2878.9 2587.6 1.11 1.25 9/31 8:56 

Avg 2850.1 2521.6 1.13 1.23   

  *Accounts for boat speed when measurement was taken 
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 The data was then applied to software called WinRiver II (Teledyne 

Technologies, 2011) which compiles data and provides a complete picture of river 

characteristics. The software is used to show the geometry of the river bed, including 

height and width, as well as the flow speeds and their variation within the river cross-

section. A top, bottom, and mean flow rate value is taken and used to illustrate the flow 

gradient within the river. As seen in the figure, the center of the river has flow rates 

above the average measurement. These mid-river speeds are higher and more suitable to 

support turbines. This suggests that proper turbine placement within the water column 

will increase power output (Fig. 18).  

 

 

Figure 18.  Computer generated image of the Connecticut River at the test site including depth and 

width data 

 The turbine which has the lowest minimum speed requirements is the Verdant 

Power Free flow System. This installed system has been used in the East River which has 

similar flow and tidal conditions to the Connecticut River. These turbines will have the 

correct placement in the river to harness the fastest flows in the river. The Free Flow 

system was chosen based on its suitability to the conditions and its high level of 

development. The system will be installed as an array of turbines to act like a 

hydrokinetic power plant. A row of turbines will be installed along the center of the river. 
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 A line of turbines in the center of the river will provide the most energy with the 

lowest impact to navigation and aesthetics. The turbine installation could extend for miles 

both up and down river from the city itself. The concentration of the devices in the center 

would allow boat traffic on the sides of the turbines with the turbines becoming a sort of 

median in the river. The center of the river will also have the greatest flow speed, no 

matter the season, and therefore will generate the most power compared to any other 

location.  

 The design will include 50 turbines stretching through the center of the 

Connecticut River. Each turbine is rated between 60 and 80 kW at optimum flow speeds. 

An annual variance factor of 85% was assumed based on the annual availability of 

suitable wave heights. The estimated power output is represented through the following 

calculation: 

                                              (6) 

This system can generate over 2 MW with the available river resources. The use of 50 

turbines will occupy a stretch of the Connecticut River near downtown Hartford where 

the river depths are suitable. More than 50 turbines would stretch into areas of the river 

which could not support the Free Flow system. Though this does not meet a large portion 

of the city’s need, it only uses a small portion of the city’s resources and space.  

6.1.2 Wave 

 Hartford is around 30 km from the Long Island Sound which is a large source of 

wave and tidal energy. Georgia Tech’s wave power GIS application was used for this 

portion of the plan design. It predicts that the Long Island Sound has an average tidal 

power density of around 200 W/m
2
 and an average speed around 0.5 m/s with maximum 

depths up to 100 m (Haas, 2011).  Because the tidal speed is below the minimum 

allowable to support tidal technology, a floating structure such as floating point absorbers 

and attenuator technologies must be used to capture the marine energy in the area.  

 The PowerBuoy device will be used as the floating point absorber in this area. 

The PB150 is chosen because it has been involved in several projects with similar 

characteristics to the Long Island Sound. It is the most developed of the buoy devices. In 

addition, it will occupy little space, something that is highly unavailable in the Long 
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Island Sound. The PB150 is rated at 150 kW with a diameter of 36 ft and a base diameter 

close to 50 ft. Multiple devices can be connected to generate large quantities of combined 

energy which can then be grid connected. The buoy technology is estimated to provide 

around 10 MW in 30 acres of space in ideal conditions, but can be scaled up to provide 

100+ MW systems (OPT, 2011). Because the sound is a relatively small water body, this 

type of land use efficiency is ideal at this site. There is an area of the sound at the outlet 

of the Connecticut River that is approximately 500 square kilometers which has a higher 

power output compared to its surroundings (Haas, 2011). This area provides more than 

enough room for an array of PB150 devices. Three rows of 15 buoys will be placed in a 

portion of this area for a total of 45 buoys. The PowerBuoys are usually put in two or 

three rows to reduce their footprint thus are designed to fit this type of proposal.  The 

design will leave ample room between the devices to avoid interference. The estimated 

annual resource percentage factor is 65%. A power output is then estimated including 

these design characteristics: 

                                           (7)  

 Additional buoys can be placed to either side of the Connecticut River outflow 

area. Three additional rows of 20 buoys (a total of 60 buoys) will provide up to 5.8 MW 

of additional power. Placing the buoys in the center of the sound will meet the device’s 

depth requirement for optimum power output and will take advantage of the intense 

waves farther off-shore. As for aesthetics, this placement will reduce the visual impact on 

the shore and will maintain suitable room for boat traffic. 

 Pelamis Sea Snake attenuator devices will also be deployed in the Long Island 

Sound. This Sea Snake technology can generate up to 750 kW of energy per device. The 

snake devices, too, have been through several tests and engaged in full-scale projects. 

Their level of development is higher than most wave technologies making it a suitable 

choice for this plan. Because of its 180 m length it is optimized for locations farther off-

shore (Pelamis, 2011).The snake devices will generate the most energy with the least 

aesthetic impact if they are placed in the center of the sound.  

 For this plan, five devices will be placed in two rows – 3 in one row, two in the 

other—to reduce the footprint of the project. Because they are so large, only five devices 

will have suitable space to operate in the sound. Each snake device is 180 m long, and a 
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separation distance of 100 m is assumed. The annual variability factor used will be the 

same as for the PowerBuoys: 65%. Including the above assumptions, the five snake 

devices are estimated to generate around 2.4 MW of combined power. 

 The combination of both of these devices installed in the Long Island Sound will 

provide a total 12.6 MW of power to the city from wave power alone. Both the 

PowerBuoy and Pelamis technologies have a grid connectivity component to allow for 

easy power transmission to the area where it is needed. The field of PowerBuoys could be 

combined with Pelamis set-up in order to harness maximum amounts of energy. The 

cables of both technologies will be combined, converted, and sent through the grid to 

Hartford. A combined system similar to this proposal called the Wavehub has been 

installed in the UK (Fig. 19). The Wavehub project combines several types of wave 

generation technology and transmits the generated energy from the entire project through 

the grid to where it is needed most.  

 

Figure 19.  Schematic of Wavehub system in UK (Bahaj, 2011) 

6.1.3  Urban wind Turbines 

 The wind potential in Connecticut is limited by space constraints and is only 

available on a large scale outside of big cities. Within Hartford the small wind turbine 
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technologies are a more attractive option. Small turbines on buildings and in other urban 

areas can generate electricity for individual buildings. Small turbines come in a variety of 

designs and can be adapted to fit specific sites. Small turbines with grid connectivity 

options range from 1 kW to 100 kW. The average height of these turbines is 80 ft, though 

they can reach up to 140 ft (AWEA, 2011). One example of an urban turbine is a 

combined streetlamp-turbine device (Fig. 20). 

 

Figure 20.  Example of a small wind turbine in a city area 

 The streetlamp models are typically rated for 1 kW, but can be widely used in the 

city. Streetlamps which are currently used in the downtown area will be replaced with 

this model. It will be assumed for the sake of this plan that there are four streetlamps per 

block, on each corner. If streetlamps occupy 25 city blocks, that will total 100 streetlamp 

turbines which can generate 100 kW. This energy can be generated and used all year 
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round to power the streetlamps. These can also be grid connected in the case of excess 

energy generation. 

Rooftop turbines can be installed around the city as well. These models generate 7 

kW of power and can be grid connected (Iuga, 2011). Smaller turbine models can be 

installed on rooftops as well, but these will have smaller outputs. There is plenty of 

rooftop space downtown for 7 kW turbine installation. For this plan, it will be assumed 

that 50 rooftop turbines will be installed on downtown rooftops, generating 350 kW. This 

value was approximated based on the available roof space in the downtown area. This 

number can always expand with improved technology and additional suitable roof space. 

 The 100 kW models can be used in industrial and farm applications and require 

larger land areas than the small rooftop models (Iuga, 2011). An example of this type of 

application in the Hartford area would be placement in parks or large road medians.  The 

turbines are not significantly wider than telephone poles, but can be up to twice as high 

(AWEA, 2011). Bushnell Park and Capital Park lie within the city and could house these 

tall turbines without much intrusion. Installing 10 of these larger models will provide 1 

MW of power for direct use.  

 The wind portion of the Hartford plan will generate almost 1.5 MW. With the 

addition of the wind plan, the total proposed power output for the city of Hartford is near 

16.2 MW. This plan can replace almost 20 MW of energy that would have come from 

fossil fuel sources, ultimately reducing environmental degradation in the area. 

6.2 Rome 

 The Rome power plan proposal utilizes the extensive resources available to 

generate significant amounts of energy. The majority of this energy comes from the 

Tyrrhenian Sea, located only 30 km from the city center (maps.google.com/maps). The 

Tiber River was also used to provide power that could be used adjacent to the generation 

site, reducing transportation needs. 

6.2.1 Combined Wave/Wind 

 Though Italy has extensive coastlines, the surrounding seas have low wave energy 

densities. The average wave power output in these waters is 5 kW/m of wave front, and is 
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higher near off-coast islands such as Sicily. This limited amount can still be harnessed 

and utilized to supply energy, but to less of an extent than in Shanghai or Hartford. 

Despite the low energy densities, wave and tidal power are subsidized by the government 

by a feed-in tariff of 34 euro cents/kWh, the most of any renewable energy source 

(REN21, 2009). For this reason wave and tidal power can be successful in this area 

despite the low intensity.  

 The Poseidon’s Organ technology can be used in the Tyrrhenian Sea to harness 

both wind and wave power simultaneously. This combination is the most efficient way to 

capture the less than ideal resources available. This device can have aesthetic impact to 

the pristine coastline and therefore would have to be placed off-shore to reduce impacts.  

 When combining the WEC platform and its three wind turbines each device can 

generate 20 MW of energy in ideal conditions. The device is 230 m across which will 

require a large area. The Tyrrhenian Sea has suitable space to support the Poseidon’s 

Organ. The near-coast areas outside of Rome have a 40 x 40 km
2
 area that can support 

these devices (maps.google.com/maps). This site size was chosen to accommodate the 

size of these devices. Assuming that each device requires a 230 m length and a 230 m 

spacing it is estimated that the installation of one device will occupy a 0.5 x 0.5 kilometer 

square.  

When calculating the power estimate for this project, an annual variability factor of 

85% was assumed for the wind component based on the variability analysis. For the wave 

portion, the device is estimated to operate 65% of the year based on annual wave height 

variance. The power outputs of the wave and wind components were added together for 

total power estimation: 

                                      (8) 

                                           (9) 

The combined total power output of the floating power plant is 284 MW. A 284 MW 

power output  represents a substantial amount of energy generation. The energy can be 

transmitted via subsea cables back to the shore. On the shore there are several fossil fuel 

fired power plants which use an existing grid system. Connecting directly to this 

infrastructure will reduce costs and installation time.  
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6.2.2 Tiber River 

 The Tiber River is a large resource that is widely available and which runs 

directly through the city center. Analysis of the Tiber River concluded that the flow of the 

natural river through the city is insufficient to generate energy using any current 

technology. River flow, height, and characteristic data are collected by the Office of 

Hydrology and Cartography (Uffico idrografico e mareografico) in the Lazio Region 

(Ufficio Idrografico e Mareografico, 2006). This organization has compiled data from the 

river from 1924 to 1997, though not continuously. The time period runs from 1924-1930, 

1935-1983, and 1987-1997 (Table 3). The time period is incomplete but still has a very 

wide-range of data about the river’s history. The data collection station that was used for 

this analysis was at Ripetta, inside of Rome (Ufficio Idrografico e Mareografico, 2006). 

 The station collects flow rate and height measurements that were used to 

determine if the river could support turbines in this area. Over the entire time period the 

minimum, maximum and average flow rates (Qmin, Qmax, Qavg) in the river were measured 

to be 53, 2730, and 222 m3/s, respectively (UN, 2010). In order to determine the average 

speed of the water corresponding to these rates, the flow values were matched with the 

geometry of the river at the Ripetta station.  

 The height of the river at each flow rate measurement was provided in the data 

from the Ripetta station as a calculated value called hydrometric height. The hydrometric 

height (h) measurements are values that are associated with various flow rates on that 

portion of the river. The exact heights for Qmin, Qmax and Qavg were unavailable so were 

approximated assuming linear interpolation. The heights used to correspond to the 

minimum, maximum and average flow rates (Q) were 4.6, 8.78, and 16.4 m, respectively 

(Table 3). Finally, the river width (w) was approximated to be 100 m across estimated 

using Google Maps and the map scale (maps.google.com/maps). The height and width 

measurements were used to approximate the river speed (v) at each of these flow rates.  
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Table 3.  Flow rates, dimensions and calculated flow speeds in the Tiber River (Ufficio Idrografico e 

Mareografico, 2006) 

 

 

 

 

 

 

 As seen in Table 3, the minimum and average river speeds are below 0.3 m/s. 

Most of the hydrokinetic turbines are optimized for speed around 2 m/s and cannot 

operate in such low flow conditions. This analysis suggests that turbines in the naturally 

flowing Tiber River would not generate significant amounts if any usable energy.  

 Further analysis of the river examined the outflow of the hydroelectric dams 

which are placed along the river.  The Tiber River is broken up by five hydroelectric 

plants that generate usable energy for the area. One such plant is Castel Giubileo near 

Rome’s city center. This plant generates approximately 18 MW used to power the train 

system in Rome. At the facility there is a dam that diverts the river flow into the plant and 

through the turbine. The dam height is controlled to provide consistent volumes of water 

to the turbine. The remaining water is released past the dam back to the river, but at an 

accelerated speed in comparison to natural flow. This outflow moves at a suitable speed 

and has a greater energy density and can be used to generate electricity through 

installation of turbines. 

 Outflow rates were analyzed using data from the Lazio region’s Department of 

the Nation’s Environment (Direzione Regionale Ambient e Copperazione Fra I Popoli). 

The department publishes a yearly report on the conditions in the river, including those at 

the dams. It estimated that the average outflow from the dam is 3,300 m
3
/s (Direzione 

Regionale Ambiente e Cooperazione Fra i Popoli, 2007). Assuming an average river 

height around 9 m and the measured mean width of 100 m, this estimates that the water 

Time 

Period: 1924-1930,1935-1983,1987-1996 

 

Q (m
3
/s) h (m) w (m) v (m/s) 

Qmin 53 4.6 100 0.12 

Qavg 222 8.78 100 0.25 

Qmax 2730 16.4 100 1.66 
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leaving the dam has a speed of 3.67 m/s. This is well above the minimum speed 

requirements to run a turbine.  

 The OpenHydro open centre turbine would be ideal at this site. The turbine has a 

diameter of 6 m designed for bottom installation (OpenHydro, 2008). This turbine can 

include a duct configuration to control the turbulent, high speed water leaving the dam. 

Typical horizontal axis turbines would not function as well in the high speed and 

turbulent waters leaving the dam. The duct design of this device will streamline the water 

as it flows to the turbine, reducing the impacts caused by turbulent water such as 

cavitation. Duct devices can also control the speed of the water as it enters the device. A 

common issue with ducts is their reluctance to rotate. In this application the outflow 

water will be in one direction, eliminating the need for a yaw component to the turbine.  

 Each of these open center turbines is rated at 1 MW in ideal conditions. The base 

technology that anchors the turbine is larger than the turbine diameter which will affect 

the turbine distribution. It is estimated that five of these turbines can be placed in this 

outflow area without compromising efficiency. The width of the outflow is not wide 

enough to support more than five turbines. Five turbines operating 365 days per year at a 

speed of 3.6 m/s will generate 5 MW. This added to the 18 MW generated by the dam 

itself for a total of 23 MW that can connect directly to the grid. 

In combination, the proposed power plan for the city of Rome will generate over 290 

MW of additional power. This value will increase with the development of lower flow 

turbine technologies and marine technologies that can operate in calm seas. Until then, 

this renewable power will offset the fossil fuel energy that would have previously been 

generated to meet this demand. 

6.3 Shanghai 

 Shanghai’s most abundant resources are the large volumes of water at its disposal 

including many consistently flowing rivers and channels which maze through the city. 

These all originate from the Yangtze River which flows to the north of the city where it 

meets the East China Sea. Shanghai has strong ocean energy potential on its eastern shore 

for both tidal and wave resources. The city can drastically reduce its fossil fuel use by 

taking advantage of these sources of energy.  
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6.3.1 Hydrokinetic Power 

 The Yangtze River is the third longest river in the world originating in the interior 

of China and flowing to its delta to the north of Shanghai. On average, the river flows at a 

rate of 30,000 m
3
/s (Chu, 2010). Both width and depth on the river vary tremendously 

along its course. In some places, the river can depth is over 200 m, exceeding any other 

river depth in the world (Vanbeveren, 2004). As it reaches its delta it widens to a width of 

near 5 km with a depth near 10 m, which corresponds to an average velocity near 0.6 m/s 

(maps.google.com/maps). By the time it reaches the East China Sea it has picked up large 

volumes of water and sediment, decreasing its flow rate further to less than 0.15 m/s. The 

river does not have suitable flow rates in the Shanghai area to support any current 

hydrokinetic turbine.   

 Though the Shanghai portion of the river cannot support hydroelectric 

technologies, many other sections of the river do flow at a suitable speed. Areas farther 

west from the river’s delta will have less sediment and higher flow rates. Energy from 

these areas could be harnessed and used in nearby cities. The energy could also be 

transmitted along the river to Shanghai. 

 The Huangpu River is a tributary of the Yangtze River and runs through the 

center of Shanghai. The river is a tidal river which changes direction and intensity of flow 

frequently. The influence of the tides are so great that any turbine installed in the river 

would spend too great a time changing direction and not enough time generating energy. 

The average flow rate in the Huangpu is 315 m
3
/s. The average width is near 400 m and a 

typical depth is around 10 m. This corresponds to an average current speed of 0.06 m/s, 

which is not suitable to power state-of-the-art hydrokinetic turbine technologies. 

Therefore, it has been concluded that the Huangpu River cannot support hydrokinetic 

turbines in their current state of development.  

 The Huangpu could be slightly altered to allow for the installation of hydrokinetic 

turbines in the future. Diverting a portion of the river into a smaller channel and 

controlling the speed can create flows over 2 m/s which will support hydrokinetic energy 

generation. Turbines could be placed in this type of side channel to generate significant 

amounts of energy. Diverting the turbines out of the main river channel will also decrease 

navigation and traffic effects.  
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  Another option would be to attach ducts to the front of the turbines to channel 

and speed up the flow. Ducts are currently only being used in a few technologies and 

most of them are designed for ocean depths (DoE, 2006). These techniques can also be 

adapted to the many other natural and man-made channels that course through Shanghai. 

The flow rates in these channels are on the same order as the Huangpu River and are 

insufficient for current hydrokinetic technologies. Despite the underdevelopment, this 

technology has the potential to be adapted to river turbines and would be ideal in slow-

moving rivers such as the Huangpu. 

 Once final option for river generation would be overtopping devices adapted to 

the small scale. Currently these devices are only designed for open sea applications, but 

could be adapted for use in rivers. This technology would be ideal in the consistent flows 

of the man-mad channels all over Shanghai.  If hydrokinetic technologies can be adapted 

to function in low flow conditions then on-site energy can be generated in almost all 

sectors of Shanghai.  

6.3.2 Tidal Stream Energy 

 A more available energy source near Shanghai is the East China Sea which has 

renewable energy potential. There is a wealth of tidal power which is readily available. 

The nature of the tides also increases the energy generation potential. 

 The Triton 6 by TidalStream is designed to maximize space efficiency. The multi-

turbine structure can better utilize the entirety of the water column requiring a single 

anchorage. This device was chosen because of its land-use efficiency, high power output, 

and suitability to the changing tides near Shanghai. Each of the devices has a two-column 

design with six connected turbines. TidalStream estimates that an array of 11 Triton 6 

devices rated for up to 10 MW each can generate 140 MW per square kilometer (Tidal 

Stream, 2011). Further estimates state that 120 devices can generate 1200 MW in only 

8.4 km
2
. This estimation was done for the Pentland Firth site which has over double, 

around 2.3 times the wave intensity than China (Fig. 6). The tidal resources in Shanghai 

are assumed to be available year-round so it is estimated that this array would generate 

500 MW in an identical area in the East China Sea. This array will provide significant 

amounts of energy in a limited area.  
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 Two of these 120 device arrays will be placed in the East China Sea, providing 

almost 1000 MW of energy.  The energy generated could then be transmitted via sub-sea 

cables to directly power Shanghai. The value of 120 was chosen because of the space 

limitations in the East China Sea. The ocean depths are not suitable to support this device 

for a great distance into the ocean. The depths in this sea are shallow in near-shore areas 

due to silt and sediment deposits from the Yangtze River.  This reduces the usable area 

for installation. The Triton devices can be deployed in off shore locations where the 

depth reaches 60 m which is approximately 100 km from China’s city center (Chu, 2010). 

There are multiple sites near Shanghai that are of suitable size and depth to support this 

1000 MW project. 

6.3.3 Wave Energy 

 A wave power device that will be installed is the LIMPET technology from Voith 

Hydro. The LIMPET device is an OWC that is installed directly on the beach and is 

designed to take advantage of the waves that break on shore. The device generates energy 

through the movement of an air column in and out past a turbine, as dictated by the 

pressure changes caused by waves. The wave pressure changes drive the air through a 

Wells turbine on the opposite side of the air chamber. The turbines are rated anywhere 

from 100-500 kW per unit. A proto-type in Scotland which has been successfully been 

operational for over 10 years is a 500 kW prototype with two 250 kW turbines (Voith 

Hydro, 2011). 

 Installing LIMPET devices along the coasts around the East China Sea will 

generate significant energy. Compensating for space requirements, it is conservatively 

estimated that 25 of these device can be feasibly installed. LIMPET requires a large area 

of the coastline and in order to preserve some beach area only 25 devices are being 

proposed. Together these will generate 8.2 MW of energy for Shanghai consumption 

based on the 65% annual resource availability estimate. The site chose will be on coasts 

near the center of Shanghai, particularly near the Pudong Airport. The airport is currently 

a source of noise and visual pollution that is much greater than any caused by LIMPET 

installation. Energy from the project can be used at the airport itself, or can be transmitted 

to the grid.  
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Combining wave and tidal stream energy plans will provide 1008 MW of usable 

energy that can be used in Shanghai. This amounts to over 2% of Shanghai’s current 

energy consumption needs. Though not yet feasible, as hydrokinetic technology expands 

it can be used to supplement this plan to supply an even greater amount of clean and 

renewable energy.  
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7.  Feasibility Study 

 In order for the energy plans to be implemented in these cities, the economic and 

legal requirements must be met. All of the projects will need generous financial 

investments from either government or private sources to successfully compete with 

fossil fuels. Private investors can aid in funding research and start-up costs of these 

projects. Government agencies can assist with this type of funding but will also be 

needed to provide other incentives to support the energy produced after installation.  

Whether it be tax incentives, feed-in tariffs, or an alternate incentive the government 

must offer financial support in order for renewable energy to be successful.  

 Many regulations must also be followed before these projects can be deployed. 

Because the energy resources are so new the permitting and regulations are not fully 

established. The control over permitting requirements is shared by multiple agencies, 

which creates redundancy in the permitting process. As the number of projects increases, 

the process will become more streamlined and efficient. A number of agencies, both in 

the US and internationally, have regulations that must be followed before a renewable 

energy project can be deployed.  

 Finally, extensive planning and logistical information will be needed before 

installation can occur. This is an important primary step for installation which covers all 

aspects of the process. A major logistical consideration is the transport of the devices to 

their final location, including the routes and equipment needed. Logistics also includes 

ensuring that the public are not in contact with the project site by diverting both car and 

boat traffic. The planning stage is time-consuming and tedious, but is completely 

necessary for the progression of these plans. 

7.1  Economic Feasibility 

 The economic requirements for implementing the energy generation plans have 

been roughly estimated for each city. The cost of each device used in the plans was 

approximated to find an estimate of overall plan cost. These price estimates come from 

current projects that have already been installed using these devices. The actual costs of 

an installed device will differ depending on the specific characteristics of each site, but 
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for this estimation, the prices were assumed to be uniform across all sites. The cost 

estimates were then scaled to the size and site requirements proposed in the plan design.   

 The cost adjustment analysis assumed linear growth based on power output, 

available resources on site, or the number of devices used. This technique is called 

Empirical Cost Inference Approach using Linear Regression Analysis. In reality, the 

prices should be adjusted to suit the individual project. An example would be the 

economies of scale theory which suggests that the price will decrease with increasing 

production.  This and other theories were ignored for simplification purposes because of 

the high level of uncertainty already involved. The following feasibility analysis reflects 

a predicted estimation of what the cost of these projects might be. The cost estimations 

are not exact, but can provide an approximate price range for each power plan. 

This study also outlines any government incentives available from the individual 

governments. This can include both general funding for project development and price 

incentives for operation of these plants.  This financial assistance was not included in the 

overall price estimates, but was mentioned as another factor to consider when analyzing 

plan feasibility.   

7.1.1 Hartford Plan 

 The Connecticut government is committed to increasing the state’s renewable 

energy capacity. Their Project 150 Initiative is implemented to increase the installed 

renewable energy capacity by 150 MW (CCEF, 2011).  To reach this goal, the 

Connecticut Clean Energy Fund and the EPA offer long-term funding to renewable 

projects. Currently there are 13 projects being funded which are mainly biomass and fuel 

cell projects. As the project progresses, it will expand to include marine and hydrokinetic 

projects as well as those for other renewable sources.  

The small wind turbine portion of this plan will receive direct incentives, making it 

the most economically feasible. Connecticut provides state grants for small wind turbine 

projects through its Small Wind Turbine Demonstration Program (SWTDP) from the 

CCEF (AWEA, 2011). Currently only four small turbine projects are being funded by 

this program, but a project of this magnitude is bound to receive significant financial 

assistance (CCEF, 2011). The state is also proposing to implement a rebate program 
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similar to its existing photovoltaic plan which will support the operation of small wind 

plants (AWEA, 2011). 

 The American Wind Energy Association (AWEA) provides a wealth of information 

on installing these turbines at home or at an office location. AWEA estimates that a 100 

kW model will cost up to $350,000. The planned installation of 10 of these units will then 

cost $3.5 million. The smaller, 1 kW models cost around $10,000 each. Installation of 

100 of these will cost $1 million. The 7 kW models will cost around $50,000 each, 

brining the cost to $2.5 million for 50 of them (AWEA, 2011). The total initial cost for 

the wind installation will be $7 million.  

For the Connecticut River portion of the project the Verdant Free Flow system is 

used. Verdant Power has a large scale hydrokinetic project similar to the Connecticut 

River proposal in the East River. This RITE project in the East River is a multi-step 

project, the first of which is designed for 175 kW and will cost $8 million (Verdant, 

2011). Assuming a linear cost-power relationship, the 2.1 MW project proposed for the 

Connecticut River will have a $96 million price tag, or $46 million per megawatt. 

 The PowerBuoy has been involved in multiple projects that can provide cost 

information for use in this analysis. For this plan, the estimates come from a project that 

was installed in Reedsport, Oregon, which has similar characteristics to the Long Island 

Sound. This project consists of 10 PB150 buoys installed off the Oregon coast. Ocean 

Power Technologies estimates the cost of power of an installed PB150 is 7-10 ¢/kWh for 

a 1MW plant which includes operation and maintenance costs and a distributed capital 

cost (OPT, 2011). For this estimation, with the large amount of uncertainty involved, it 

will be assumed that a 10.2 MW system will have the same unit cost per megawatt. 

Therefore, the cost of the proposed plan is near $9 million. This is approximately $900 

thousand per megawatt for all 105 devices included in the proposal which is the lowest 

unit price for this plan. 

 Pelamis devices are also proposed for wave energy generation for Hartford. The 

Pelamis snakes are nearing commercial levels of development and have reduced unit 

costs of their technologies from the near £8 million per megawatt in the early generations 

to around £3.5 million for current technologies (Cresswell, 2011). This brings the cost of 
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this particular project to almost £8.4 million, or $12.6 million with a per megawatt cost of 

$5.2 million.  

Totaling these costs provides an overall cost estimation for implementing wave and 

wind power as replacements for current fossil fuel energy sources. If both buoy plans – 

the 4.4 MW and the 5.8 MW – and the Pelamis installation are included, then the total 

cost for the Long Island Sound portion of the plan will be $56 million. This can then be 

added to the cost of a 2.1 MW river turbine project which is $96 million. The wind 

component will total $7 million for 1.5 additional megawatts. The total cost estimate for 

the Hartford energy plan is almost $125 million, or an average of nearly $7.7 million per 

megawatt. This will provide the city with 16.2 MW of clean, renewable energy. 

7.1.2 Rome Plan 

 The Italian government has enacted a renewable energy plan with a goal for 17% 

of the country’s energy coming from renewable energy sources (RES) by 2020. In 

addition, 10% of the energy consumed in the transportation sector will come from RES 

under this initiative.  In order to accomplish this, a system of feed-in tariffs, tax 

incentives, and tradable green certificates has been developed to support new RES power 

plants. Unfortunately none of these current aids apply to the renewable plants proposed in 

this plan because of their size and type. As Italy progresses closer to its 17% goal, the 

incentives will be adjusted to apply to larger plants and to new sources (EREC, 2007).  

The Poseidon’s Organ device proposed in this plan has never been deployed a 

commercial project so there is no price information available. The device has been tested 

in many settings but has yet to reach advanced levels of development. So far, there has 

been at least $12 million invested in Poseidon’s newest project off the coast of Oregon. 

This project consists of the installation of one Poseidon device. If the price of one device 

is assumed to be $12 million, then the 20 devices proposed in this plan will cost 

approximately $240 million. This is estimates a unit cost of $800 thousand per megawatt, 

the lowest of the previously analyzed devices. This is only a rough estimate of cost based 

on loose estimations that will suffice in lieu of concrete values.  

The OpenHydro Company has spent over €50 million in the development and design 

of its open centre turbine. Because of this high upfront R&D costs, the cost of device 
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installation is now much lower. It is estimated that the cost of installation for one turbine 

is now near €5 million (OPT, 2011). Applying this cost to the five proposed turbines, the 

total cost of the Tiber River installation is €25 million, almost $33 million, or $6.6 

million per megawatt. 

In total the Rome power plan will cost almost $275 million for the generation of 290 

MW of additional power. The average unit cost is almost $1 million per megawatt, which 

is less expensive than both the Hartford and Shanghai plans. This plan will add to the 

continuously growing renewable energy sector in Italy. 

7.1.3 Shanghai Plan 

 Shanghai’s communist government structure gives the government power to 

install renewable power plants without having full public support. In recent years the 

Chinese government has become more interested in expanding their renewable energy 

portfolio. Every five years the State Economic and Trade Commission (SETC) creates a 

new Five-Year Plan which maps out the proposed governmental activities during that 

period. The Tenth, Eleventh and Twelfth Five-Year Plans have included renewable 

energy plans for New and Renewable Energy Commercialization Development (NREL, 

2004). This includes general goals for replacing fossil fuels with renewable energy power 

as well as source-specific energy goals. In order to achieve this, many regions in China 

have begun to offer subsidies and tax reduction for renewable energy support. This 

particularly refers to solar and wind, but can be adapted to other renewable sources. The 

government itself has also funded and built several renewable plants and research 

facilities. Due to the government structure, the Shanghai plan is the most likely to receive 

adequate funding. 

 The Triton 6 device used in this plan has not been implemented in any full-scale 

projects, therefore exact prices are unknown. The TidalStream Company has estimated 

installation costs for a Triton project that includes the cost of the device and the cost of 

the additional components such as anchoring and grid connection. This estimate 

calculates that the Triton 6 will cost £2 million per MW, bringing the total cost of this 

plan to £2 billion, or $3.2 billion. In perspective, the unit cost is $3.2 million per 
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megawatt. Though this portion of the plan has the greatest cost, it will also provide the 

greatest amount of energy. 

 The LIMPET devices have one of the oldest and most stable wave energy projects 

that is currently installed in Scotland. Extensive research and monitoring has been done 

on this project including cost estimates. The installation of the Islay Power Plant was 

estimated at ECU 1700 per kW. Based on this assumption, the 8.2 MW project will cost 

ECU 14 million, or nearly $17 million total and $3.4 million per megawatt (Wavegen, 

2011).  

 The combined cost of both the wave and tidal portions of the Shanghai energy 

plan will be over $3 billion and around $3 million per megawatt. Though this plan has a 

large price tag, it will off-set fossil fuel use in Shanghai which will have positive effects 

on the environment.  

7.1.4 Other Costs 

 Additional installation costs for these proposals include the transportation and 

construction costs of the devices and the operation and maintenance needed in the future. 

The transportation costs include the necessary shipping equipment, the cost of fuel, and 

any costs required for creating or expanding transport routes. Delivering the products 

from the manufacturer to the site contribute to a portion of overall costs. 

 Construction costs will also adjust the final cost estimates. Construction costs can 

include anything from site preparation to installation materials and tools. The anchoring 

and mooring system is a supplemental construction cost that will depend on the site. The 

amount and extent of necessary site preparation is dependent solely on the site 

characteristics. Construction costs are highly variable on a project-to-project basis, but 

will largely affect the final project cost.  

 Finally, operation and maintenance costs will play a role in economic feasibility. 

Regular maintenance will require access to the devices in terms of transportation to the 

site and the recovery of the device from the installation site. Maintenance may also 

require additional pieces, replacement parts, and updated installments. Operation and 

maintenance costs are difficult to estimate due to lack of available data. Regardless, the 

cost of these devices does not end with installation. 
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7.2  Permitting and Requirements 

 Wave-based power is a new idea that has only recently entered full-scale test 

stages of development. Because of this immaturity there are no established criteria or 

standards for implementing such a project. The permits and regulations for this type of 

project are still in their infancy, even on the federal scale. US and international agencies 

are in beginning stages of their own requirements. There are, however, many general 

environmental impact criteria that must be observed before a full-scale project can be 

implemented.  

7.2.1 US Requirements 

 The US has multiple levels of regulation for energy projects from federal, to state, 

to local, to non-governmental. Many regulations are redundant because of this 

decentralized authority. Multiple agencies claim authority over the permitting process, 

making it confusing and repetitive.  Authority at more local levels will also vary by 

location, adding an additional level of legislation. Many state and local governments have 

their own set of regulations and permits which are separate from the federal requirements. 

Non-governmental organizations vary across the nation and have separate sets of rules 

and regulations. Currently, the major federal authorities involved are the Federal Energy 

Regulatory Commission (FERC), the Department of the Interior (DoI), the Army Corps 

of Engineers (USACE), and the National Oceanic and Atmospheric Administration 

(NOAA). 

 Permits for all new power projects of any type must follow FERC requirements. 

These full-scale power generation plans must follow a licensing process for 

implementation. The first of which is a preliminary permit which gives the developer 

permission to study the site and the project details for the duration of the permit, which is 

up to three years. This study culminates in a report that must contain the schedule of 

target progress dates. Additional reports must be filed throughout the project to record the 

status of meeting these targets. The operation of this plant requires another license, which 

requires a lengthy process including commission site visits, pre-application 

documentation, and the license application itself (Federal Energy Regulatory 

Commission [FERC], 2011).   
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 The Bureau of Ocean Energy Management, Regulation and Enforcement 

(BOEMRE) is a sector of the DoI which has its own set of regulations for new marine 

power plants aimed at protecting the Outer Continental Shelf (OCS). The BOEMRE 

requires that a Construction and Operations Plan (COP) be created for each new 

renewable energy project. The COP outlines the purpose of the project, the site survey 

data and an outline of any project-specific requirements or needs. The COP also requires 

compliance with the National Environmental Policy Act (NEPA). The BOEMRE process 

applies not only to ocean power, but also to any renewable energy project, including off-

shore wind energy production (Bureau of Ocean Energy Management Regulation and 

Enforcement [BOEMRE], 2010). 

 The requirements from NOAA mainly refer to the welfare of the aquatic life on 

the site. NOAA requires permits for disturbing an ocean site, especially in estuary 

ecosystems. The permits are only given if tests and monitoring have been done to ensure 

that there will be no major adverse effects to wildlife. The permitting process requires 

continuous monitoring during operation as well (NOAA, 2006).  

 The USACE has a set of permits and regulations that mostly apply to navigable 

waters and the outer continental shelf. The Hartford plan includes installments in 

navigable waters and must follow the sets of regulations required. This includes obtaining 

proper permissions for device installation as well as a general permit. Additionally, the 

River and Harbors Act requires alternate permits that will ensure that the environment 

and wildlife around the device will not be harmed. In general, the USACE permits and 

regulations are concerned with the state of the environment in the installation area which 

will require monitoring and data collection throughout the entirety of device operation 

(United States Army Corps. of Engineers [USACE], 2011). 

 As for the small wind component of these tests, each state has their own set of 

requirements and regulations that must be followed for each project. Many small wind 

industry members have developed a set of standards to simplify and streamline the wind 

permitting process. There is one organization that is committed to assisting with the 

permitting process of wind projects. The Small Wind Certification Council (SWCC) is an 

international non-profit group that organizes and defines the permits that are required for 

the installation of a small wind turbine projects. The SWCC also helps with the testing 
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required before installation. The small wind regulations are more comprehensive than 

those for marine energy (AWEA, 2011).  

7.2.2 International Requirements 

 The permits and requirements necessary in Italy and China differ from those 

required in the US. The information regarding these permitting processes is not fully 

available, but a brief overview of governing agencies is provided. 

In Italy, the governing agency is the Council of European Energy Regulators 

(CEER). This group is in charge of all aspects of energy in Europe, from fossil fuels to 

renewable energy sources. This organization is also in charge of creating renewable 

energy policies including goals and the associated time frames. In order to meet these 

goals, CEER is committed to supporting renewable energy projects both politically and 

financially. CEER is actively trying to reach the public and help gain support for large 

energy projects meaning any new project must go through CEER before implementation 

is at all feasible (Council of European Energy Regulators [CEER], 2008).  

The Italian government has a ministry of the Environment, Land and Sea (Ministero 

Dell’Ambiente e Della Tutela del Territorio e del Mar) which is responsible for the 

permitting and regulations related to the environment and energy. This includes the 

installation of renewable energy plants. The ministry is focused on protecting the 

environment, so the permitting requirements are designed to reduce adverse 

environmental effects. New energy projects must provide evidence that implementation 

will not have severe environmental effects (Ministero dell’Ambiente e della Tutela del 

Territorio e del Mare, 2011). 

China’s permitting system is primarily governed by the People’s Republic of China 

Renewable Energy Law (the ReLaw) which was enacted in 2006 by the National 

People’s Congress. This ReLaw is designed to accelerate the development of renewable 

energy of all types. The ReLaw also implements the necessary regulations and 

requirements for this development. The ReLaw has enacted a sort of feed-in tariff to 

economically support the plans as well. All aspects of renewable energy production and 

expansion are governed by this law (REN21, 2011). 
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7.3 Logistic Feasibility 

 Many logistical components must fall into place before these plans can be 

implemented. Tests must be done on site to monitor and model the environmental 

conditions and mitigation measures must be taken to reduce environmental impacts. 

Transportation routes must also be designed to allow for construction and installation of 

the devices in each city’s area. These next steps will require cooperation from local and 

federal agencies as well as the company in charge of the device installation. 

7.3.1 Monitoring and Mitigation 

 Once the proposal has completed all legal requirements, acquired the necessary 

permits, and secured appropriate funding, the site assessment can begin. The first step is 

to observe and monitor conditions in the site area. The actual resource availability must 

be measured for true power output calculations. Measuring conditions year-round will 

also allow for design adjustments to optimize performance. 

 The exact environmental characteristics must also be modeled to predict the 

impacts of device installation. Any environmental characteristic that may be affected by 

the installation of this renewable energy plan must be observed and described. For water-

based power, this includes sediment disruption, wildlife inventories, and water column 

effects. Wind power must monitor the surrounding ecosystem and avian wildlife.  

 Both types of power plants should focus particularly on the nearby organisms that 

will be affected by installation. A wildlife inventory will need to be taken for both wind 

and water power project sites. This should also include an indication of strike potential. 

Endangered species in particular in the area will have to be identified because special 

measures are needed to ensure that these species in particular are kept out of harm from 

installation. All wildlife monitoring can be done through the use of underwater camera, 

radar techniques, and various other methods that can identify aquatic life. 

 Monitoring will also need to continue into the future to ensure that the devices are 

not causing any adverse effects once installed. Environmental monitoring is especially 

important for the installation of these new energy devices. Because of their immaturity 

the effects of these devices are unknown.  Most of the environmental effects will take 
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multiple years to take full effect. Continuous data collection will ensure that if any 

adverse effects caused by the devices, they can be mitigated immediately.  

7.3.2  Transportation and Construction 

 Installation of these power generation devices requires large machinery which 

needs ample space to operate. This includes both the land on-site and the necessary 

transportation routes needed for shipping these large devices. Whether by land or by sea, 

the vehicles transporting these devices will need travel routes of a suitable size. 

Roadways especially will need to be of a suitable width to accommodate the 

transportation vehicles. It is likely that roads near the sites will need to be widened to 

allow for this type of traffic, effecting nearby areas. The vehicles will then need room to 

operate, usually requiring the clearing of a large amount of land.  Clearing of these large 

plots of land may require displacing plants, animals and, potentially, people. Sufficient 

site planning is necessary to reduce the effects of clearing this land. 

 Traffic will need to adjust to these changes. Cars will need to be re-routed around 

the site and around the transport vehicles. This is also true for boat traffic. The project 

site will be blocked off to avoid any contact issues with the construction vehicles or with 

the installed devices themselves. Buoys or markers will need to border the site to mark it 

effectively. The markers may become permanent depending on the device and will 

remain in place after construction, which will cause long-term navigation changes.  

Other measures are more source specific. The installation processes for wind power 

specifically will require a cleared area and a crane large enough to hoist the pieces. Wave 

and tidal devices require boat transport to the site and the addition of ballast for 

installation, which will also require transportation. River power, on the other hand, 

requires diversion of the river flow during installation. The water must be temporarily re-

directed to allow for on-site construction. Once the devices are in place the river must 

then be directed back to its natural path. This adjustment can have some effects on the 

future of the river flow. This, like so many other things, will need consistent long-term 

monitoring. 
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8. General Environmental Impacts  

8.1  Analysis of water-based power 

 Placing a foreign object into an established ecosystem will have environmental 

consequences. The devices will obstruct and alter natural processes. The anchors, cables 

and moorings associated with these devices will also have impacts on the surroundings. 

The environmental effects of these devices have only been predicted and modeled but 

few have been observed. Short-term effects have also been studied and several have been 

tested, such as interaction with wildlife and actual physical changes during installation 

and operation. Other predicted effects are long-term and cannot be measured or observed 

for many years after installation. Studies have been done to try to prevent these long-term 

effects from occurring, but lack of full-scale power plants has made this analysis difficult.  

Another variable is the number of devices in the impact area. Effects such as physical 

disturbance and chemical toxicity will increase proportionally to the number of devices. 

Other factors such as noise and electromagnetic fields will increase with the number of 

units, but in a less linear pattern (DoE, 2009). Some of the issues will dissipate quickly 

and only have an effect on the micro scale while others will affect conditions downstream 

on the macro scale as well. The following are some general effects of water-based power 

for all scales, either observed or predicted. 

8.1.1 Precedent: RITE Project 

 The benchmark for the environmental analysis of water-based power comes from 

Verdant Power’s Roosevelt Island Tidal Energy (RITE) Project. This project is the first 

full-scale project in the world to generate energy from installed hydrokinetic turbines 

(Ocean Navitas, 2011). Because this project is the first of its kind, it has set the precedent 

for permits, regulations, testing and analysis that must be done on new projects for 

approval. Verdant Power spent the majority of 2002 to 2010 compiling the paperwork 

and performing the tests necessary to install the turbines. This included studies on 

temperature, current flows, and extensive looks at marine life in the surrounding areas. 

 The main regulating bodies involved in approving this project were National 

Oceanic and Atmospheric Administration (NOAA), the U.S. Department of the Interior 
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(DoI), the U.S. Army Corps of  Engineers (USACE) and the Federal Energy Regulatory 

Commission (FERC). Each of these agencies required specific assessments and tests to 

be completed before the demonstration could be installed. On top of these main four 

agencies, however, were many other state, federal, and non-governmental organizations 

that played some role in the environmental analysis.  

 The project began in 2002 by developing its Initial Consultation Document (ICD) 

with FERC. From there, discussions and edits to the ICD were made based on data and 

measurements that were collected from the site. This continued until the final RITE 

Monitoring of Environmental Effects (RMEE) plans were agreed upon in 2010. 

Additionally, Verdant developed their RITE Final License Application (FLA) as an 

assemblage of all forms, permits, tests and other paperwork required to install the 

turbines. These three documents are the main deliverables from the permitting process. 

Together they outline the exact test steps taken for monitoring, the results of this 

collection, and a summary of predicted environmental effects. 

 Through their extensive data collection Verdant has observed, tested, and reported 

the effects of these turbines on various aspects of the river environment. Verdant 

observed environmental impacts at the micro, meso and macro scales in order to address 

all levels of impacts. One area of particular concern was the potential heating of the 

surrounding water due to the motion and friction of the turbine. Only about 6% of power 

generated is predicted to be released into the water as heat. Testing was done to monitor 

river temperatures and their change with the introduction of the turbine and this analysis 

concluded that no major temperature changes occurred in the surrounding waters during 

operation (New York State Energy Research and Development Authority [NYSERDA], 

2011). 

 Verdant completed analysis of the potential effects to the sediment, particularly in 

regards to the disruption of any polluted sediments. The analysis was done using sonar 

imaging of the riverbed before and after the installation of the test turbine (NYSERDA, 

2011). After performing a single unit test, Verdant, the USACE and New York State 

concluded that there was no significant disruption of sediments and that disturbance of 

toxins would not be an issue. Similarly, the analysis also determined that turbidity would 

not be affected by the turbine either.  
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 Other factors that were tested include effects on water currents, underwater noise 

and changes to the chemical conditions in the water i.e. increased concentration of 

dissolved gases and the dissolution of paints used on the turbines. According to their tests 

Verdant has determined that installing the RITE demonstration the turbines will cause no 

major changes to the natural environment of the site.  

 Verdant also performed extensive tests on the wildlife in the area. There were 

many groundtruthing surveys performed on the fish populations in the test area. Fish 

populations present in the East River were observed through their DIDSON sonar device 

(NYSERDA, 2011). The sonar, in combination with video footage, recorded the 

interactions of the fish with the turbines. The analysis was concluded that most fish 

demonstrated avoidance behavior in the presence of the turbines, reducing the threat of 

strike effects. To continue analysis Verdant also performed some stationary net tests to 

examine the fish in the area for strike marks, particularly on larger fish. The primary 

concern is during periods of high fish concentrations near the turbines, such as migrations 

through the river. The tests ensured that even during these migration periods, the fish 

could avoid the turbines and travel safely through the area.  

  On top of this analysis, Verdant also analyzed impacts to birds in the area. The 

hypotheses were that the turbines would either 1) attract the fish, and therefore the birds, 

potentially causing injury to the birds, or 2) a reduction in fish concentrations which 

would result in a lack of food for the birds. It was previously determined through fish 

analyses that there was little effect to the fish behavior or concentrations near the 

turbines. It was similarly determined that there was no drastic change in bird behavior 

near the test area. The bird populations were largely unaffected by the project installation. 

 The final wildlife study done by Verdant was to ensure the safety of any 

endangered species that may potentially enter the East River and the test area. The 

endangered species included harbor seals, various turtle species and a few fish species. In 

all cases it was determined that these animals rarely, if ever, enter the East River let alone 

the RITE test area. They reside in the Long Island Sound and the Hudson River but do 

not travel to the East River very often. Tests were done to determine the effect to these 

species if they did enter the test area. Verdant determined that there was no threat to 

endangered species from the turbine installation.  
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 Finally, the navigation and traffic effects were measured. The site lies to one side 

of the river leaving suitable space for transport vehicles on the remainder of the river 

area. In addition, the US Coast Guard deemed the area above the turbines impassable to 

avoid ship collisions on the river. Buoys and markers were installed to mark off the 

project area, eliminating the risk of boat collision.  

 Though lengthy, this environmental analysis performed for the RITE project sets 

a standard for all future projects in both hydrokinetic applications and marine powered 

energy projects. The RITE Project has become a model for extensive and in-depth 

environmental impact analysis that is required for this type of brand new technology. 

This precedent was roughly followed when determining the environmental impacts of the 

power plan proposed here.  

8.1.2 Affected Regions 

 An important distinction when looking at the effects on the surrounding 

environments is the specific type of ecosystem in question. Near-shore devices lie in 

estuaries, a transitional area between fresh and salt-water ecosystems. Estuaries contain 

many types of ecosystems such as shallow water, river, marsh, etc. They are also home to 

most species of commercial fish (NOAA, 2006). A major source of nutrients in these 

areas is the deposited sediments. Settling studies will need to be carried out to observe the 

effects of installation in these areas. These areas must maintain a specific balance in order 

to support the type of life that resides there. Major changes to these areas could have 

more dramatic effects than the same device would in an off-shore location (DoE, 2006).  

 Another sensitive ecosystem is the continental shelf. Extending from the near-

shore to the deep ocean areas, this environment is habitat to many species of fish, plants, 

and other animals. The continental shelf is at an ideal depth for most of these devices and 

has other suitable site characteristics for installation of wave and tidal devices. The 

greater amount of devices installed in this area will increase the likelihood of interaction 

with the aquatic life residing there. Large aquatic mammals and sea birds are commonly 

found on the shelf which also increases the risk of strike effects. Testing on the shelf will 

need to spend suitable time on the wildlife analysis.  
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 River environments are sensitive ecosystems prone to disturbance. The silty 

sediments settle in a specific way to provide nutrients and habitats to bottom-dwelling 

organisms and plants. The channels themselves act as migratory paths – both up and 

downstream – for many fish species. The flow itself controls the width and depth of the 

river through its specific kinetic energy. Any change in the river bed or river flow, such 

as would be caused by turbines, will affect the river ecosystem and will need monitoring 

(DoE, 2006).  

8.1.3 Sediment effects  

 Deposited sediments are a major source of nutrients and also serve as protection 

for many microorganisms. The sediment in these areas is easily affected by disturbances 

in water flow and sea floor construction. Construction is the most invasive and disruptive 

step in the implementation of these devices. Large machines are needed to move these 

devices into place which will agitate the sea floor and sediment deposits. Sea floor 

disturbance will also occur during the anchoring process. Each of the devices must be 

anchored to the sea floor, further disrupting the underlying sediments and substrates. The 

extent of the disturbance varies by technology, but the general effects are the same.  

 The sub-sea cables and their installation will impact local sediments in a similar 

way. The cables are often buried, disturbing the top layer of sediment and substrate. 

Cable installation can also affect deeper substrate layers where the cables come to rest. In 

contrast, some installations allow for self-burial of the cables. This is less invasive and 

allows natural sedimentation to slowly cover the cables. Self-burial of these cables is 

estimated to take around 8 years. During those 8 years the exposed cables can have a 

number of impacts on the environment and may have adverse effects if there is any 

contact with aquatic life such as electrocution (DoE, 2009). Excess heat caused by 

inefficiencies in energy conversion is also a potential issue caused by these cables. A tear 

in the insulation or general wear and tear can increase the risk of electric or heat losses. 

This will be less of an issue for small river technologies, but wave power farms will need 

to ensure that the waste heat is not effecting the surrounding environment (DoE, 2006).  

 The operation of these devices can affect both the composition of the sediments, 

and the size distribution. The production of energy will harness some kinetic energy from 
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the water, causing slower currents and smaller waves. This will increase the settling 

velocity of suspended solids and result in a greater deposition of particles and nutrients 

near the devices. This will change the concentration of nutrients and the particle size 

distribution in the localized area. Both of these characteristics are important to the type of 

life that will be present there. The sediments that will be disturbed create the nutrient-rich 

top layer that serves as a food source for both plants and animals. An increased 

concentration of nutrient-rich sediments near the devices will draw in more bottom-

dwelling primary producers which will in turn draw in more higher-level organisms 

(DoE, 2009). The sediments also serve as habitats for small organisms. Changing the 

settling patterns will change animal behavior along the entire food chain. 

 The disturbance of the sediment in rivers will increase the turbidity in the water. 

Though temporary, this could cause issues if the water is used as a drinking water source, 

such as the Huangpu River in Shanghai. Even in water bodies not used for drinking 

water, the temporary disturbance will have effects. Displaced sediment will be carried 

downstream and deposited elsewhere along the River’s coarse, altering the riverbed and 

turbidity of the water downstream as well. Altering the settling patterns may result in 

insufficient amounts or types of sediments deposited in on the floor as well as affecting 

future turbidity (DoE, 2006). 

8.1.4  Water 

 Installation of these devices also may affect the behavior of the water column. 

Because the power generation devices harness the kinetic energy of the water the flow of 

the water column is altered. This will create calmer waters downstream of the turbines 

and may cause local turbulence. Some effects include the impacts to sediments, as 

discussed, while others include the impact to water turbulence.  Wildlife will also be 

impacted by the change in water speed, both in the current and on the adjacent shore. 

Changes in the water column can have both local and downstream effects on the aquatic 

environments (DoE, 2006).  

 A specific issue associated with river technologies is the effect of installation on 

the width and flow of the river. The installation requires displacing some water, then re-

directing it once the turbines are in place. This can have effect on the nearby shoreline 
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and floodplain. After installation, the slower moving water downstream of the turbines 

will have an increased surface level because of the size of the turbines. The new water 

level will decrease the shore’s capacity for flood conveyance (DoE, 2009). The 

floodplain effects may increase the risk of severe flooding during extreme rain events. 

Sites will need to be chosen to avoid flood damage to ecosystems and humans nearby. 

The opposite is likely in wave and tidal applications. The extraction of the kinetic 

energy will decrease wave height and decrease tidal intensity. It was predicted that an 

average decrease in wave height of 1% experienced at the coastline is likely in many 

cases. More dramatic estimations predict a 13% reduction in height (DoE, 2009). 

Estimates predict a 0.5- 0.8 m/s decrease in tidal velocity as well (DoE, 2009). In the 

three cities in this analysis, that is a significant decrease. This will leave some 

ecosystems, such as temporary tidal pool systems, in danger of drying. These effects are 

dependent on the scale of the project, but even small-scale projects will have some effect.  

The chemical composition of the water may also experience significant changes, 

mainly in terms of dissolved oxygen (DO) content. The turbulence caused by turbines or 

oscillating surge converters will cause turbulence in the water. Increased turbulence will 

either introduce an increased concentration DO, or will dissipate existing DO to the 

surface to decrease the concentration. Either increased or decreased concentrations of DO 

will affect aquatic life. Aquatic life relies on DO to support aerobic respiration in both 

small and large organisms. An extreme decrease in DO concentration in the area may 

become too low to support life and can create a local dead zone in the ocean. In contrast, 

an increase in DO may increase the populations of large species in the area (DoE, 2006).  

Another chemical effect to the water comes from the type of lubricants, paints, and 

hydraulic fluids used in the devices. The technologies call for various chemicals to keep 

them functioning in underwater environments. Some of these compounds can have fatal 

effects on local aquatic life. Leaks or spills of these chemicals will cause problems with 

the chemical composition of the surrounding water (DoE, 2006). Long-term effects of 

these spills include bioaccumulation in the surrounding populations (DoE, 2009). 

Salinity and temperature gradients will be altered by the mixing of the water column. 

The movement of the devices will change the natural mixing of the water and change the 

salinity and temperature conditions locally (DoE, 2009). Some natural processes rely on 
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these gradients for decomposition and nutrient cycling. This is particularly an issue in 

estuary environments where the transition from fresh to salt waters creates a habitat for 

many organisms.  

8.1.5 Wildlife 

 All levels of the aquatic food chain could potentially be affected by the 

introduction of power generating devices. In general, aquatic organisms display 

avoidance behavior to evade the installed devices. Some smaller organisms exhibit free 

float behavior through the water column and cannot voluntarily avoid contact with these 

devices (DoE, 2006).  No matter the organism, these installed devices are likely to have 

some effect on local aquatic life. 

 At the lowest levels, the sediment-residing bacteria and plants will have to adjust 

to the new settling patterns of the sediments discussed above. Many organisms reside in 

the top layer of the sea or river beds, which may not have the same composition after 

installation. Shade is another important factor to look at. These devices block sunlight 

from reaching the river or sea floor. This can affect any photosynthetic organisms who 

reside in the deeper waters. If the density of these devices is too great, then insufficient 

amounts of sunlight will reach the organisms that need it, which will impact the entire 

food chain (DoE, 2006).  

Primary producers on the surface can experience effects of floating devices. Algae 

formations on the water surface will be adjusted by the above-surface components of 

these technologies (DoE, 2009). It can either hinder the growth by decreasing surface 

area for growth, or it can support growth by slowing the current allowing for a more 

stagnant surface. The change in concentrations of primary producers in these areas will 

have an effect on their predators and the remainder of the food chain. Observations are 

necessary to determine the true outcome to surface organisms. 

Biofilms on these devices will accumulate in massive amounts. The devices provide 

an ideal surface for microorganisms to bind to in areas where these organisms are not 

commonly found. Biofilms do not often have substrate in the deeper ocean depths, so 

introduction of these organisms at new depths will affect other organisms in the area. 

This could provide an extra food source for secondary organisms in these areas. A 
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significant population growth can also attract large amounts of predators looking to take 

advantage of the new food chain. An increase of local animal concentrations will increase 

animal contact with the device, potentially injuring or killing more organisms. The 

biofilms will also degrade the device much faster than would be expected. The 

degradation of these devices will introduce harmful chemicals into the waters as the 

materials rust, oxidize, and break down. Maintenance and antifouling measures must be 

taken to prevent these effects (DoE, 2009). 

 Similarly, the new sub-surface devices can act as artificial reefs by creating a 

habitat where there previously was only open ocean. Such things as coral and other 

microorganisms which need a hard surface to anchor to can do so with the installation of 

the tidal and wave devices. The reef organisms can attach to the device itself, the anchor 

structure, or the cables which all provide a suitable structure for attachment. This leads to 

the risk of invasive species, typically found nearer to shore to be able to thrive farther off-

shore (DoE, 2006).  

Whether they lay in the migration path or not, fish will be swimming next to, under, 

or through these devices, which could have adverse effects upon contact. Animal 

migration patterns will be affected by the installation of energy devices in major 

channels, particularly river channels. The devices themselves can obstruct the usual 

migration paths of various animals from crabs to whales to turtles to birds. Any migration 

past the devices could potentially be altered with installation (DoE, 2006).  

The change in water composition will also have an effect on migration. Organisms 

often use clues from the water composition such as chemical or dynamic indicators to 

determine when migrations or movement should occur. These indicators can be altered in 

the installation areas, affecting the migration and development patterns (DoE, 2009). The 

migrations are also dependent on food concentrations in different areas. The settling and 

travel of this food supply can be impacted by the changing water speeds, impacting the 

movement of the predators.  

The risk of fish-device contact will increase during migration periods. A collision is 

defined as contact with either the device or its pressure field that could pose potential 

injury. Any moving part, such as rotors, blades and hydraulics, has the potential to cause 

contact effects to any passing animals. This type of collision is called ―strike‖ and will 
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inevitably occur for all devices. Mass migrations can decrease the amount of individual 

control that each fish has and can decrease their ability to avoid contact with the devices. 

The increased concentrations of fish will guarantee a higher concentration of accidents. 

More frequent maintenance will need to be done during and after these periods because 

of the increased contact. Monitoring will also need to increase to record the results of 

migration season. 

The change in pressure caused by these devices in the water can also have physical 

and navigational effects on the aquatic life. Cavitation caused by these pressure changes 

create shock waves in the water which could potentially harm any organisms that come 

into contact with them. The extent of the injury will depend of the extent and intensity of 

the cavitation, which will vary with each project (DoE, 2009).  

The electrical cables also pose contact problems. Taut, thin cables used for anchoring 

the devices to the floor can cause lacerations in animals that contact them. In contrast, 

slack cables have a higher risk of entanglement, also causing serious harm. Thick cables 

that can be seen at great distances that are reasonably taut are ideal to use. Increasing the 

visibility and decreasing the danger upon contact will reduce impacts to passing animals. 

Floating attenuators and point absorbers have less of a risk of fish injury, but may 

cause problems for birds or turtles. Sea turtles are known to be attracted to floating 

objects (BOEMRE, 2010) such as wave power devices. The turtles can feed on the 

biofilms and other organisms that attach to the structure. The attraction of the turtles to 

the devices may have adverse effects of collisions and any waste heat or electricity. 

Birds may perch upon the floating devices, especially if there is an increase in fish 

population in the area. If the installed device has a positive effect on local fish 

populations, the birds will be attracted to the high concentration of food supply near the 

device. They may then perch on the devices as they search for food, potentially causing 

contact issues (DoE, 2006). Diving birds will also be affected by the new structures in the 

water. Sea floor and submerged devices may be hard for the birds to see while diving, 

increasing the chance of collisions (DoE, 2009).  

A definite positive effect on the local fish populations will be the decrease in fishing 

activities in the areas. Fishing boats will not be allowed near the devices to avoid 

collision. This will create fish safe zone in these areas and increase the concentration of 
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fish near the device. On the other hand, this will increase contact between the fish and the 

device could potentially cause more injury and perhaps deaths. The overall effect of the 

fishing ban could potentially be either an increase or decrease in the local populations.  

Additionally, the idea has been brought forward to make these areas wildlife 

preserves. Because no transportation would be allowed through the site, it would not be 

difficult to preserve the area. The distinction would eliminate all fishing and hunting from 

around the devices. This will likely increase populations within the site, but could cause 

problems with overfishing at the perimeter of the site. Again, the devices could have 

positive or negative effects on the surrounding environment (DoE, 2009). 

8.1.6 Aesthetics 

 Visual and noise aesthetic effects must be taken into account, particularly in near-

coast wave and tidal applications. Floating attenuators and point absorbers in particular 

will have a visual impact on the nearby coast. Aesthetics are important when gaining 

public support for these projects. Limited aesthetics will gain greater support. 

 Any shoreline component of these technologies runs the risk of noise impacts. 

On-shore devices will have visual and noise impact in the area where they are installed. 

Because they operate directly on the shore the noise pollution is likely to affect nearby 

residents. Shoreline transformers converting the electricity from the subsea cables to 

usable power will also provide some noise pollution. Noise pollution will be an issue as 

the energy is transmitted from cable to the grid. Other sources of noise impacts could be 

from the floating devices as they generate electricity, such as the turbine on an 

overtopping device.  

 Underwater noise pollution can come from the submerged devices like oscillating 

surge converters and submerged point absorbers. This will have a great effect on aquatic 

life using sonar or echolocation, like dolphin or sharks (DoE, 2009). The noise below the 

surface will be harder to monitor for intensity and long-term effects. The noise pollution 

will be at its worst during the construction, both above and below the surface. Installation 

and driving piles creates high pressure sound underwater which often impacts local 

aquatic life (DoE, 2009). 
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 The aesthetic impacts of these devices will affect public opinion more than 

anything. Particularly in Rome and Hartford, the public opinion will dictate whether or 

not the legislation will be passed to install these energy farms. In China the public 

opinion is not as big of an issue, but will still facilitate the installation of the projects. 

8.1.7 Navigation and Collision Issues 

 The biggest pollution problem associated with water technologies is that caused 

by collisions with ships, tankers, and other ocean liners (DoE, 2006). Oil spills are the 

most hazardous results of these collisions. Collisions with oil tankers can spill immense 

amounts of oil into the ocean, creating multiple serious environmental issues. Shipwreck 

debris is also an issue caused by boat collisions. The build-up of metal and wood from a 

ship will pollute the surrounding waters after an encounter. This will introduce foreign 

chemicals and debris into the ecosystem, causing some harmful effects. 

 Some sort of visual indicator is necessary to mark the location of the devices. 

Markers can include buoys, ropes, barriers, or any other floating apparatus visible from a 

suitable distance. Whether the devices lie above or below the surface the markers will 

reduce collisions with boats, swimmers, or anything else that may be navigating the 

surrounding waters. The lack of markers will cause serious issues with boat collisions and 

the pollution associated.  

8.1.8  Electromagnetic Fields (EMF) 

 The cables used to transmit generated energy back to shore can be a source of the 

Electromagnetic Fields (EMF). The cables themselves will produce a magnetic field from 

the electricity travelling through them. When animals move through the magnetic field 

they will induce a secondary electrical field (DoE, 2009). The affects of the EMF on 

aquatic life is still uncertain, as is the intensity of the induced fields. Substations are the 

common destination of cables from multiple devices and will have the most intense EMF 

impacts. The EMF effects are assumed to be additive, so the substations will be the most 

hazardous portion of the device in terms of EMF.  

 Conducting layers can be placed around the cables to decrease the EMF intensity. 

Tests were done which showed that the higher the conductivity or permeability of the 
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armor material, the lower the EMF intensity (DoE, 2009). The effectiveness of the 

conducting layers can vary over time, so monitoring will be required for this as well. 

8.1.9 Greenhouse gas (GHG) reduction 

 Despite the negative impacts predicted from water-based power, there are also 

some positive impacts to the environment. The most important effect is the reduction of 

GHG emissions through the decreased need for fossil fuel combustion. When fossil fuels 

are combusted to generate power they emit harmful waste gases, most notably carbon 

dioxide (CO2). Carbon dioxide is only one of the gases emitted by fossil fuel combustion. 

Many other air pollutants, including particulate matter (PM) and sulfur oxides (SOx), are 

also emitted through this type of energy generation. 

  Renewable energy devices emit none of these air pollutants. Once installed, the 

devices will generate clean, pollutant-free energy. These emission reductions do not just 

impact the local environment, but have a positive impact on the world as a whole. Any 

reduction in pollution will have positive impacts on a global scale. Though the energy 

itself cannot be transmitted across the world, the positive effects can reach all corners. 

 Renewable energy technologies are not totally free of GHG emissions; the 

production and construction processes have some associated emissions. The production 

of the raw materials into a functioning energy generation device requires using processes 

which are not pollutant free. Processes such as steel and plastic manufacturing emit CO2 

and other pollutants. The deployment of the devices requires large construction 

equipment for transportation and installation. Trucks and cranes often run on gasoline 

which is a source of atmospheric pollution. Once the device is installed, there are no 

additional GHG emissions associated with renewable energy generation. In the long run 

increasing the amount of energy from renewable sources will decrease both air pollution 

and the effects of global climate change. 

One of the biggest factors with these and other potential impacts of marine device 

installation is that it will take multiple generations before the effects can be truly 

understood. The plant and animal life will not adapt quickly to these abrupt changes, 

therefore long term monitoring will be needed to ensure that the eventual effects to the 

surrounding ecosystems are not severe (DoE, 2006). The behavior predictions made in 
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this analysis may turn out to be the opposite of the outcome. There is too much 

uncertainty with this type of impact analysis to be sure of the outcomes. Until then, these 

predicted effects will have to be mitigated in hopes of lessening the impact to the 

environment.  

8.2 Analysis of Wind Power 

 Wind power technologies are far more highly developed than water-based power 

technologies. Wind projects have been installed around the globe with varying sizes, 

power outputs, and site characteristics. Large amounts of data exist on the effects of these 

installed wind projects. At this point, the environmental impacts have been measured 

extensively and are well understood.  

8.2.1 Surrounding Environment 

 The most important issue with wind turbines is the effects of the installation on 

the area. Ideal wind conditions are often found in more remote areas with little means for 

transportation or construction access. Roads must be constructed to allow for construction 

machines such as cranes to have access to the farm site. This requires leveling and 

clearing of the existing environment. The roads must stay intact after installation, to a 

lesser degree, to allow for maintenance vehicles to reach the turbines when needed. 

Though the area disturbed is often relatively small, there may be impacts on the micro- 

ecosystems in these areas.  

8.2.2 Wildlife 

 The effect of wind turbines on bird populations has been a controversial topic in 

recent years. The impacts have often been exaggerated in the media, despite the scientific 

evidence that has been presented. It has been argued that the wind turbines have adverse 

effects to the navigation of the birds, and therefore increases the likelihood that of 

collisions with the turbines. It is believed that the frequencies emitted by the turbine 

effect birds uniquely. In reality, it has been observed that birds will almost always display 

avoidance behavior in the presence of the turbines. The birds can see the turbines and 

properly avoid them, even at night. In periods of low visibility, they will slow down or 

potentially stop, reducing the risk of collision with wind turbines (DoE, 2009). Statistics 
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conclude that wind turbines contribute to significantly fewer bird fatalities per year than 

many other causes (Fig. 21) (Erickson, 2011 and GWEC, 2010) 

 

 

Figure 21.  Top causes of bird fatalities (GWEC, 2010) 

 Wind turbines can also impact bats. Bats traveling through the site area run the 

risk of collisions. Overall, bats have experienced fewer impacts than birds. Studies have 

concluded that bats, like birds, exhibit avoidance behavior and rarely ever come into 

direct contact with the turbines. The impacts of wind turbine installations on wildlife are 

minimal, but should be kept in mind when implementing new projects. 

8.2.3 Aesthetics 

 The largest impacts related to wind turbines are aesthetic issues. Large visual 

impacts are created by the installation of these devices. The turbines are large and occupy 

a major portion of the skyline at installation sites. These turbines are often installed in 

multiple numbers, causing even larger effects to the site and surrounding areas. Sites with 

good wind potential are very often areas of outstanding natural beauty, such as mountain 

ridges. Many countries have specified areas where wind development is not allowed such 

as national parks and nature reserves (GWEC, 2010).  

 In addition, there are associated noise pollution impacts of wind turbines. The 

spinning of the turbines creates a hum that occurs whenever the turbine is in motion. 
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Though not a loud or unreasonably pitched sound, the constant din is often opposed by 

neighbors of the wind farm sites. The sound has been measured at around a 40 decibel 

level from 350 m, which is louder than typical bedroom noise, but quieter than the noise 

associated with riding in a car (Fig. 22). Though the noise pollution is less than many 

everyday things, it still has impacts on the surrounding environment. 

 

 

Figure 22.  Decibel comparison of wind to common activities (AWEA, 2011) 

 Wind turbine proposals often become the victim of NIMBY, or the ―Not In My 

BackYard‖ theory. This occurs when the public has a generally favorable view on wind, 

but once a farm is proposed for their neighborhood, there is mass opposition. The driving 

forces behind NIMBY are largely aesthetic. The visual and noise impacts associated with 

wind are the major reasons for failure of wind projects. To combat the negative public 

image, many steps are taken in the planning stages to gain public support. Computer 

modeling is often used to predict what the site will look like after installation. It has also 
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been determined through public survey and other studies that the wind turbine 

installations are less intrusive and disruptive than initially thought (GWEC, 2010). The 

overall aesthetic effects are, in reality, small compared to the fears of the opposition.  

8.2.4 Greenhouse Gases 

 Wind power has the same positive impacts on GHG reductions as water-based 

power. The use of wind power will reduce the need for fossil fuel power. Though there 

are some associated emissions with the production and transport of these devices, once 

the turbines are installed they produce clean energy free of any air pollutants. It is 

estimated that within the first six months the installed turbine has off-set all of the 

emissions caused in the construction (GWEC, 2010). Using renewable energy will reduce 

the need for fossil fuel energy and will reduce the environmental degradation caused by 

this type of energy. 
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9. Plan-Specific Environmental Analysis 

 In addition to the general effects of marine and hydrokinetic devices, the proposed 

plans can have specific effects on the proposed site. Each device has particular effects on 

its environment which can be positive or negative. These include estimates of reduced 

pollutant concentrations, details on the anchoring and mooring systems provided by any 

testing and monitoring that has been done by the companies. The major impacts have 

been summarized for each device proposed. 

9.1 Hartford 

 The PowerBuoy technology is an environmentally benign technology with few 

associated adverse effects (OPT, 2011). The device itself has no gaseous, particulate, or 

liquid pollutant emissions during operation. The device operation relies only on the clean, 

kinetic energy of the waves themselves. This device is relatively benign aesthetically as 

well. The buoy has no associated noise pollution, other than the sound of waves crashing 

over the device. Visual impacts to the shore are minimal. Because it is a floating device it 

can be seen from the shore, but is often placed far from shore where the impact is 

minimized. The visual component will also reduce the risk of boat collisions. Because the 

buoys can be seen from a distance, the boats can navigate around them without any 

collision or contact issues. 

  In terms of seafloor and sediment effects, there are minor effects to the floor 

during anchor installation. The anchor is a weighted base which sits on the sea floor to 

hold the buoy in place. The operation of the device causes no additional sediment 

disturbance. The buoys may also have a positive effect in reducing shoreline erosion by 

reducing the intensity of coastal waves. The reduced erosion may affect sediment settling 

patterns, but additional monitoring is needed to determine the exact effects.  

 As for wildlife, there is contact potential from passing animals, particularly large 

mammals. Perching and diving birds may also experience contact effects due to the buoy 

installation. Current monitoring has not shown any serious impacts to wildlife within the 

buoy site. As for positive impacts, the buoy and cables can serve as artificial reefs for 

microorganisms. As previously mentioned, the true effects on the wildlife will take 

multiple generations to be quantified so consistent monitoring will need to be done even 
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after installation. Overall, the aquatic life should avoid the devices, reducing any positive 

or negative impacts (OPT, 2011). 

A PowerBuoy project in Hawaii has been analyzed for its environmental impacts. 

The results of this analysis have concluded that there are no adverse effects to 

oceanographic conditions, localized noise, or endangered species. Heat and EMF release 

was also observed to be minor with no impact to marine life. These tests were conducted 

by the US Navy and OPT, and both came to the conclusion that there was Finding of No 

Significant Impact (FONSI).  

The Pelamis Sea Snake technology has also been a part of several test projects all of 

which have provided sufficient and accurate data about the impacts of the device. 

Measures have been taken in the design process to reduce any impacts to the surrounding 

environment. As with all renewable devices, once installed the Pelamis provides clean, 

pollutant free energy. Pelamis estimated that it off-sets approximately 2000 tonnes of 

CO2 per year if it is replacing a combined cycle gas power plant (Pelamis, 2011). Its 

environmental improvements do not end with the CO2 off-set; every step in Pelamis 

production is focused on having the smallest environmental impact possible. 

One characteristic of the Pelamis are the materials chosen to reduce impact. The 

component with the largest weight percent is the ballast used to adjust its weight in the 

water. The ballast used is washed sand, free of any chemicals or pollutants. The main 

structure is made up of mild steel which requires less processing than typical stainless 

steel and therefore is less harmful to the environment. Within the steel case are hydraulic 

fluids needed in the energy generation process. The liquid chosen for this purpose is a 

biodegradable liquid in the marine environment, reducing the effects of an eventual leak 

or spill. Finally, the outer structure is painted with a single coating of marine paint 

designed to prevent corrosion. The Pelamis device remains unaffected by biofilm build-

up, so an anti-fouling paint is not used on the outer structure. Overall, the materials used 

in the Pelamis device contribute greatly to its positive environmental impacts (Pelamis, 

2011).  

Many of the impacts of the Verdant Free Flow system were explored through the 

analysis of the RITE project, but a few positive impacts have also been identified by 

Verdant Power. This system, similar to the other renewable systems, generates clean 
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energy and off-sets fossil fuel use. Verdant further discusses that hydrokinetic, unlike 

wind and solar, is a constant source of energy. This system can operate at all times of day 

and needs no supplemental energy from fossil fuel sources. Verdant also estimates that its 

river power system works at 80-90% efficiency; double that of many wind and solar 

installations (Verdant, 2011).  

 Another positive impact of the Free Flow system is its optional water purification 

technology. An additional component can be added to the turbine that will produce pure, 

potable water on shore. This can bring both clean energy and clean water to nearby areas. 

This type of technology combination would be especially useful in developing countries 

that are in dire need of both things. Therefore the Verdant system has positive impacts on 

local and global environments (Verdant, 2011).  

Wind energy has fewer potential risk factors associated with operation. There is no 

marine environment to pollute and very few organisms to contact. Small wind turbines 

also have the same positive effects on GHG reduction effects as the marine technologies. 

Estimates predict that average turbines – 1.67 MW in size – will off-set 1,200 lbs of CO2 

per year (AWEA, 2011). 

Many of the US small wind turbine manufacturers import several components, which 

will have negative environmental effects. Gearboxes especially are often imported from 

Europe (AWEA, 2011), requiring long-distance transportation. This type of transport will 

emit large concentrations of CO2 and other air pollutants. The turbines are also made 

using rare earth magnets as part of the electricity generation component. These elements 

are in short supply and soon more intrusive mining measures will need to be taken to 

extract supplies (AWEA, 2011). This will require mining and transport as well, causing 

further GHG emissions.   

On the positive side, the installation of small wind turbines on residential and 

business structures will increase energy awareness and promote efficient use of energy. 

More public awareness of energy usage will reduce the amount of energy consumed. 

Using wind energy when power is needed will reduce fossil fuel use. In conclusion, more 

wind turbines will mean less fossil fuel use and reduced environmental pollution 

(AWEA, 2011). 
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9.2 Rome 

 The Poseidon’s Organ device, like the other renewable devices, reduces the 

environmental impact of energy generation through reduction of GHGs typically emitted 

with conventional energy sources. The Floating Power Plant Company has quantified the 

decrease in pollution emissions in one year from using this device over traditional fossil 

fuels: 

 145 tons of SO2 

 120 tons of NOx 

 35,000 tons of CO2 

 2,600 tons of slag and fly ash 

These are substantial decreases in emissions from only a single unit (FPP, 2011). The 

greater number of renewable devices used the better for the global environment. 

 The device also creates calmer waters by extracting wave energy and reducing 

wave height. This will reduce coast line erosion and sediment disturbance. The less 

intense waves reaching the shore will have less of an impact on the soils, leaving more of 

the beach intact. This will also reduce turbidity in the waters near the shore. The calmer 

waters will benefit navigation and boat travel. Less intense waters will decrease the 

frequency of boat accidents in the area, reducing the pollution caused by this debris. 

The visual impact of this device on the Roman beaches is an aspect that cannot be 

overlooked. The beaches on the Tyrrhenian Sea attract beach-goers in all seasons that 

come to see the blue waters and white sand beaches. The Poseidon device will be visible 

from shore, especially the turbine components. This visual impact may cause some cause 

some problems with the initial approval of the project.  

 The OpenHydro turbine’s major environmental impact is the reduction in GHG 

emissions. The company estimates that one turbine unit can power 150 European homes 

each year in ideal conditions. The turbine is also estimated to reduce CO2 emissions by 

450 tonnes each year (OpenHydro, 2008).  

Major negative environmental impacts of this installation will be to the wildlife in 

the river. Wildlife in the dam’s outflow stream will have no control over their navigation 

and will not be able to avoid the turbines in the high speed water. Some diversion 

measures will need to be taken to manually direct fish away from the turbines and avoid 



 95 

strike and contact effects. The ducts could perhaps be designed with netting or mesh to 

keep the fish out of the turbine.   

OpenHydro has designed the turbine to reduce impacts to the wildlife in the event of 

contact. The connection cables used to anchor the turbines are clean, hydrodynamic lines 

meant to reduce the risk of entanglement with marine organisms. The turbine blades are 

completely housed within the exterior duct feature of the turbine, eliminating the risk of 

strike collisions. The turbines also rotate at a slow speed, further reducing strike risk. 

These and other measures have been taken in the design process to reduce negative 

environmental impacts of installation. 

9.3 Shanghai 

 Shanghai has some specific requirements because of the high levels of pollution 

found in the Huangpu River. The sediments contain heavy metals from decades of 

industrial discharge. Both industrial waste and wastewater has been pumped into the river 

for decades. Presence of heavy metals and biological contaminants could affect the 

performance and/or life expectancy of the turbines. Increased levels of harmful chemicals 

may break down the devices at an increased rate, requiring more frequent maintenance. 

Also, installation of any riverbed devices may stir up additional contaminated sediments. 

Many of the heavy metals that have been previously deposited are buried under more 

recent deposits. Disturbing the top layers of the river bed may re-suspend these metals in 

the water stream.  If the river is ever to be used to generate energy it must first be 

remediated to avoid any additional environmental degradation.  

 The Yangtze delta area is also a sensitive environment. Like the Huangpu River, 

it has experienced water pollution issues through history. The water quality will need to 

be analyzed before a device can be installed properly. Apart from the pollution, the delta 

area is a unique ecosystem of plants and animals that rely on the sediments. Any change 

in this sediment settling will affect the entire food chain and must be properly monitored. 

 The Triton arrays will be placed on the boundary of the Yangtze River delta 

where the River meets the East China Sea and deposits all of its sediments. The 

installation of the devices could affect the settling patterns of this sediment. This will 

have effects on the coast line and on the sea depth. It can also impact any organisms that 
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rely on the sediment for nutrients and/or shelter. Consistent monitoring will need to be 

done to observe these effects. 

 The Triton 6 device has been designed to have the greatest power output in the 

least amount of space. The combination of six turbines onto two column bases utilizes the 

majority of the water column in a concentrated area. The anchor system is also designed 

to minimize site impacts. There are three anchor design options meant to provide the 

most stable base and the lowest environmental impact. The least obtrusive anchor is the 

gravity base which simply sits on the sea floor and holds the device in place through 

gravitational forces alone.   

 The turbines are manufactured separately and can be designed to suit the specific 

site needs. They typically spin at a 12 m/s tip speed (Tidal Stream, 2011) to reduce 

impact of contact with aquatic life. This speed puts the turbine on the order of a yacht 

keel and much slower than the propeller of a ship. Instead of having negative impacts 

from strike, the Triton 6 will create calmer waters which can provide shelter for 

organisms which are typically caught in the tidal stream.  

 Contact with sea traffic is a potential issue. The devices are mostly submerged, 

but have an above-surface component. Collision with the devices could cause pollution 

and debris effects in the sea. Sea traffic will be mainly impacted by any maintenance 

devices or obstructions that will divert traffic. TidalStream estimates that each device 

requires semi-annual maintenance which can be done in situ. Maintenance vehicles will 

cause traffic issues in the area, so mitigation measures will need to be taken to direct 

boats away from the site area.  

 Aesthetic impacts of the Triton 6 devices on the coastal areas will be minimal. 

The ocean depth reaches 60 m only at a significant distance from shore which will greatly 

reduce any visual effects. The Triton 6 is also silent during operation, reducing any noise 

impact during energy generation. Animals should experience no adverse effects from 

noise, either above or below the surface.  

 The LIMPET generation device will primarily affect the shoreline on which it is 

installed. The device is designed to have low visibility issues through structure design 

and site selection. The device is often installed in rocky areas and is placed directly in the 
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rocks and camouflaged into the surroundings. This will decrease its visibility from a 

distance.  

 Despite its years of installed experience, there is limited available information on 

the impacts to the environment in the area. Because it is installed directly on shore, the 

wildlife issues will be limited to perching birds and biofilms. The birds are not harmed by 

perching on the exterior of the device, though the splash from wave contact with the 

device will not make an ideal perching area. The submerged portion of the LMPET can 

act as an underwater reef, allowing for the growth of microorganisms directly on the 

device. On the rare chance that an organism finds itself being forced into the device, it 

will not be harmed. The waves themselves do not contact the turbine but drive the inside 

air through the turbine. The fish will simply go for a ride within the device and be 

returned safely to the ocean (Wavegen, 2011). 

The installation and deployment of these proposed power plans will have an overall 

positive impact on the local and global environments. Their reduction of GHG and other 

harmful pollutant emissions will improve the environment and reduce future degradation. 

The quantification of the impacts will take years of operation and observation. The 

overall result of these power plans will be to provide clean and renewable energy to these 

three cities, off-setting a portion of their current use of fossil fuel energy which will be an 

overwhelmingly positive result. 
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10. Life Cycle Analysis 

 Life cycle assessment (LCA) is a tool used to analyze the overall effects of a 

product or process on the environment. This kind of ―cradle-to-grave‖ inventory provides 

a holistic view of the impacts of a product, both inputs and outputs (Neptune Renewable 

Energy Ltd, 2011). Inputs from the technoshpere include any electricity or fossil fuels 

needed to complete the process and inputs from nature would be raw materials. Outputs 

are measured in terms of GHG emissions as well as other pollutant emissions.  

 The majority of the data comes from NREL’s Life-Cycle Inventory Database 

(NREL, 2010). The data from NREL is a compilation of life-cycle data from multiple 

sectors and comes from many external sources. The data provides the total amount of 

pollutants released during the creation of a unit amount of a product such as 1 kWh of 

electricity or 1 kg aluminum. Because water-power energy devices are new technologies 

there is no specific data for this type of production. Several assumptions had to be made 

in order to apply this data to this analysis. The following values are estimates based on 

assumptions and the available data. All values come from this database and were altered 

in order to represent this specific project. 

 An LCA was completed for the PowerBuoy 150 device (PB150). The goal of this 

analysis is to observe the GHG and other pollutant emissions throughout the life of the 

device to determine if the clean energy provided can off-set the emissions produced 

throughout its lifetime. Pollutant emission data was collected on the materials production, 

the operation of the device, and the disposal. The data for the three stages was then 

compared to determine the overall effect of the PowerBuoy on the environment.  

10.1 Production 

 The outer structure of the PowerBuoy is made of rugged, simple steel (OPT, 

2011). Steel manufacture is, by nature, a carbon intensive process, and therefore has large 

associated CO2 emission values. A primary step in the steel process is the mining of iron 

ore. Iron makes up the greatest portion of the finished product by weight, requiring vast 

quantities of iron ore. The mining process utilizes heavy machinery that has associated 

CO2 emissions. It is estimated that the total contribution is near 0.3 tonnes of CO2 

equivalent per tonne of steel including an emission estimation for transportation from 
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mines to the steel plants. Most ore comes from mines in Australia or Brazil and is 

shipped to plants largely found in Asia and Europe (Steel Works and World Steel, 2011). 

Recycled and scrap iron is being used more and more in steel production instead of iron 

ore to reduce both costs and environmental effects (World Steel, 2011). This scrap comes 

from old structures, vehicle, and machinery. Compared to the other steel processes, iron 

mining constitutes only a small portion of the total emissions.  

  The melting, smelting and refining processes involved in steel production require 

large amounts of heat energy, often from natural gas. It is estimated that the creation of 

one ton of steel will require 21.6 Giga Joules of energy and will produce 2 tons of CO2 

equivalent and 5 kg of SO2 equivalent (Steel Works, 2011). The specific values will vary 

depending on the type of steel, but this estimation provides an approximation for use in 

this analysis. In addition, steel production emits many more chemicals which cause both 

land and air pollution (NREL, 2010). Based on the data from NREL, the production of 1 

kg of liquid steel produces a total of almost 2 kg from nearly 80 pollutants including 1.94 

kg of just CO2 and 0.19 g of VOCs. This estimate includes the mining and production of 

iron ore and the transport of the raw materials to the processing plant. Steel production 

also requires 1 MJ of total energy for every kilogram. Steel production produces twice as 

much pollution as it does steel which is far greater than any other process in the 

production of the PB150. 

 On the bright side, the steel manufacturing industry is very committed to reducing 

these emissions. Measures such as new materials and new processes have been taken to 

reduce the CO2 intensity of steel production. Since the Kyoto Protocol in 1990, the steel 

industry has cut the CO2 emissions by 35% to meet the standards (Steel Works, 2011). 

Continuous research is being done to reduce these emissions further. In the future the 

emissions associated with the use of steel in renewable energy devices will be reduced.  

Apart from steel, the buoy consists of several electrical components that make up the 

energy generation portion of the device. These are typically made up of metals, such as 

copper and lead. Creation of the electronics will require mining and harvesting of the raw 

materials, contributing to similar emissions to that of iron ore mining. The raw materials 

must then be processed to create the final, usable project, requiring energy and thus 

emitting more GHGs. This is also true of the subsea cables used to transmit the energy 
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back to the shore. The emissions from this portion of the PowerBuoy life are minimal in 

comparison to the steel manufacture.  

10.2 Installation and Operation 

Once the steel is manufactured it must then be transported to one of the OPT 

corporate offices, either in New Jersey or in the UK. Transportation creates considerable 

emissions. Transportation emissions will vary based on the type of fuel used, but the 

following estimates assume that transportation uses diesel fuel. NREL estimates that 

transport by diesel-powered truck for 1 tonne-kilometer (tkm) will emit 80 grams from 

around 12 different pollutants (NREL, 2010). This value is small in comparison to steel 

production, but considering a trip from New Jersey to Hartford will still produce a sizable 

amount of emissions. Transport by boat to the installation site has associated emissions as 

well. Freight liners emit a total 15 g from various pollutants for each tkm traveled.  

During operation the buoy provides clean and pollutant free energy. An 

Environmental Assessment was completed for the PowerBuoy for its project in Hawaii. 

In a combined effort with the Navy, OPT has determined that the operation of the 

PowerBuoy is clean and pollution free with no measurable particulate of gaseous 

emissions. The operation of the PB150 is also free of any water pollution. The overall 

surrounding environment experiences no contamination from the device. 

Putting this into perspective, every watt of energy provided by the Power Buoy 

equates to a reduction of a watt of fossil fuel energy, eliminating the associated fossil fuel 

emissions. Together, this energy produces over 850 g of pollutants per kWh of energy 

(NREL, 2010). Using the PB150 for an hour will save 130 kg of emissions. This off-set is 

far greater than the emissions created through production of this device. 

10.3 Disposal 

There limited information and data regarding the disposal of this device because it 

has not yet reached this stage of its life. This type of data may not be available for many 

years in the future when the newly installed devices reach the end of their usable life. The 

following is a speculation as to what may occur once these devices do reach the disposal 

phase. 
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Steel is continuously recyclable meaning that it can be used many times without a 

loss of performance. This reduces the need for future iron ore mining and new steel 

creation, which will ultimately decrease future emissions. The recycled steel is used in 

the same production processes as new steel but will require far less processing and will 

have fewer associated emissions. There will be some associated emissions with the 

recycling of the body of the PB150, but much less than the production.  

The electronic components of the buoy will also need disposal. A portion of the 

electronics can be recycled, namely the metals. Re-use of these elements will reduce the 

need for future mining. The remaining portions will need appropriate disposal as well, 

which often involves landfills. The transportation of this waste and the daily landfill 

activities will cause some emissions. These emissions, again, are far less than that of the 

production of the PB150. 

In conclusions, the net emissions from the PB150 device are positive. The 

production of clean and renewable energy has far greater positive impact on the 

environment than the negative impacts associated with production or disposal of this 

product used to generate the energy. The greater amount of renewable energy devices 

used, the greater this positive impact will be. Generation of megawatts of renewable 

energy, such as in the plans proposed here, will be a great leap forward in environmental 

remediation and pollution prevention.  
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11. Conclusions 

 The proposed marine and wind energy plans are guidelines for supplying 

Hartford, Rome and Shanghai with clean and renewable energy. The proposed plans are 

designed to evaluate the available resources in each city area and explore the most 

efficient means by which to harness that potential. All three areas have large volumes of 

available water energy as well as multiple megawatts of installed wind capacity. Taking 

advantage of these available resources greatly reduces the need for fossil fuel energy in 

these areas. The reduced use of fossil fuels will also reduce the harmful effects caused by 

these fuels. 

 Hartford currently consumes an average of 1000 MW of power annually which is 

largely supplied from coal and natural gas sources. This proposed plan can off-set almost 

2% of that fossil fuel consumption through the use of renewable resources. The largest 

renewable resource near Hartford is the Long Island Sound to the south. The waves in 

Long Island Sound have high power intensity and can provide consistent power. A 

combination of 105 PowerBouys arranged in multiple rows will provide 10.2 MW of 

power with a relatively small footprint. Five Pelamis Sea Snake devices will be used in 

this area to generate an additional 2.4 MW of power. The total power output from the 

Long Island Sound is around 12.6 MW which can be grid connected and transmitted to 

Hartford. In the city itself, the Connecticut River will be used to generate power through 

installation of Verdant Power’s Free Flow system along the riverbed. Installation of 40 

turbines in the center of the river can generate 2.1 MW with minimal effects on 

navigation along the river.  Finally, small urban wind turbines will be installed around the 

downtown area to provide on-site energy to the city. A total of 160 turbines of various 

sizes will be place in open areas and on rooftops to provide a total of 1.5 MW. In total, 

16.2 MW of power will be generated by this plan and is estimated to cost almost $125 

million.  

 The city of Rome consumes almost 18000 MW of energy which is currently being 

supplied by oil and natural gas. Rome has access to the Tyrrhenian Sea, a vast wave and 

wind energy resource. The waves near Rome are not as intense as those near Hartford or 

Shanghai, so a technology is used to harness both wave and off-shore wind energy. This 

device is called Poseidon’s Organ and combines three off-shore wind turbines installed 
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on a wave energy conversion platform. Each of these devices is rated at 20 MW at full 

scale. The installation of 20 of these can generate over 280 MW of energy for Rome 

annually. The flow of the Tiber River can also generate power closer to the city center. 

Hydrokinetic turbines can be placed in the Tiber River at the outflow of existing 

hydroelectric plants to harness energy from the fast-moving effluent water. Five 1 MW 

open center turbines from OpenHydro will be installed at the outflow of the Castel 

Guibileo dam to generate an additional 5 MW. The total Rome power proposal will 

generate up to 290 MW per year and will cost $275 million.  

 Shanghai has the greatest wave and tidal potential of the three cities. The waves in 

the East China Sea have large energy density that can be captured through multiple 

technologies.  On shore wave energy can be harnessed by the LIMPET oscillating water 

column device. Each of these devices is rated at 500 kW so the installation of 25 of these 

scattered around the city’s shores will generate 8.2 MW. The shoreline near the Pudong 

Airport is an ideal site for a portion of this installation. Farther into the East China Sea is 

steady tidal current energy which produces two high and two low tides daily. The 

constant flow of the tides can operate 240 Triton 6 devices to produce up to 1000 MW. 

The completed Shanghai energy plan will generate 1008 MW and cost over $3 billion 

making it both the most powerful and expensive of the three plans.  

 The proposed plans for each city can be developed and expanded to provide 

greater amounts of renewable energy in the future. As the technologies become more 

advanced and the government incentives become more established these plans can fully 

take form. At current stages of development the plans can be successfully deployed, but 

would require external financial assistance.  

 Each of these plans will have a specific impact on their respective sites, both the 

wind and the water components. The environmental effects of wind power have been 

more extensively studied and include – but are not limited to – effects on wildlife, 

surrounding sites, and aesthetics. The water-based power devices have experienced less 

testing, therefore the effects of these projects is uncertain. Some general potential effects 

include sedimentation disruption, changes in water flow and contact with aquatic life. 

Because of the uncertainties, these projects will need constant monitoring to ensure that 

the devices are not having too great an impact.  
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The life cycle analysis of the PowerBuoy 150 confirmed that the greenhouse gas 

(GHG) emissions created during production of the disposal of the device were 

significantly lower than the reduced emissions caused by replacing fossil fuels. The use 

of renewable energy will greatly reduce the negative impacts to the environment caused 

by fossil fuel energy.  

The result of this analysis is the determination that  renewable energy sources near 

Hartford, Rome and Shanghai can produce multiple megawatts of clean energy. It has 

been determined that there are adequate resources available in these three cities to meet a 

portion of energy demand with renewable alone. The major issue at this point is the 

development of the technology. The amount of renewable power generated is limited by 

device capabilities, and not available resources. With current technologies, only around 

2% of the energy consumption can be met with renewables. This percentage will continue 

increase as the technologies mature. Future work on this topic will include re-assessing 

output potentials with the introduction of new wave, tidal, hydrokinetic and wind devices. 

The development will eventually reach a point to which these renewable energies can 

replace fossil fuels as a primary energy source. Until then, a 2% decrease in fossil fuel 

use will have positive effects on local and global environments.  
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Appendix 

 

Table A 2 Complete data on population and energy consumption in Hartford, 2000-2010 

  Population Consumption 

  Connecticut Hartford Connecticut Hartford 

Year (Thousands) (Thousands) 

Total 

(trillion 

Btu) 

per capita 

(kW) 
Total (MW) 

2000 3405.61 121.58 855.4 8.40 1020.94 

2001 3422.07 122.08 835.2 8.16 996.17 

2002 3438.61 122.59 829.5 8.07 988.72 

2003 3455.23 123.10 887.9 8.59 1057.62 

2004 3471.93 123.62 922.7 8.89 1098.35 

2005 3488.71 124.13 893 8.56 1062.29 

2006 3504.81 124.51 840.3 8.02 998.05 

2007 3521.75 125.03 866.2 8.22 1028.13 

2008 3538.77 125.55 806.8 7.62 956.99 

2009 3555.87 126.07 788 7.41 934.07 

2010 3574.10 126.60 780.40 7.30 924.18 

Source

: 

US census 

bureau, 

SEDS         

 
Denotes a calculated estimation 

Table A 1 Data on Tiber River flow and height in the Lazio region for the year 1997 
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Table A 3 Complete data on population and energy consumption in Rome, 2000-2010 

 

Table A 4 Complete data on population and energy consumption in Shanghai, 2000-2010 

 

 

 

Population 

Data   Energy Consumption   

  Italy Rome Italy Rome 

Year (Thousands) (Thousands) 

Total 

(Quad) 

Total 

(MW) 

Per 

Capita 

(kW) MW 

2000 56986 3685.14 7.634 255225.26 4.48 16504.78 

2001 57199.00 3694.77 7.673 256529.14 4.48 16570.50 

2002 57499.00 3704.40 7.704 257565.55 4.48 16593.76 

2003 57864.00 3723.65 7.962 266191.19 4.60 17129.87 

2004 58264.00 3758.02 8.081 270169.68 4.64 17425.88 

2005 58671.00 3807.99 8.14 272108.78 4.64 17660.99 

2006 59082.00 3831.96 8.07 269801.92 4.57 17498.90 

2007 59495.00 4013.06 7.946 265656.27 4.47 17919.05 

2008 59891.00 4061.54 7.90 264018.06 4.41 17904.54 

2009 60249.00 4110.04 7.86 262918.96 4.36 17935.67 

2010 60551.00 4154.68 7.83 261819.86 4.32 17964.67 

Source: UN demo.istat.it EIA       

  Denotes a calculated estimate 

 
Population Energy Consumption 

  China Shanghai China Shanghai 

Year (Thousands) (thousands) 

Total 

(Quads) Total (TWh) 

Per 

capita 

(kW) MW 

2000 1277904 14780.00 36.35 10653133.88 0.95 14055.69 

2001 1285934 15179.06 38.41 11256860.31 1.00 15158.00 

2002 1293397 15588.89 43.9 12865820.56 1.13 17689.66 

2003 1300552 16009.79 51.2 15005239.46 1.32 21071.70 

2004 1307593 16442.06 62.9 18434171.14 1.61 26442.70 

2005 1314581 16885.99 68.25 20002101.44 1.73 29156.78 

2006 1321482 17341.92 72.8 21335574.86 1.83 31776.91 

2007 1328276 17810.15 78 22859544.50 1.95 34792.21 

2008 1334909 18291.02 85.06 24928626.35 2.13 38965.76 

2009 1334909 18784.88 91.15 26713062.90 2.28 42882.39 

2010 1341335 19210.00 97.24 28497499.46 2.42 46558.12 

Source

: UN 

npfpc, 

unescap.org EIA 

 

    

  Denotes a calculated estimation 



 

 

Table A 5 Complete technology analysis of marine power devices 

Type   Name Company 

Power 

output Size  Price  Depth Comments Source 

WEC Buoy Wavebob Wavebob 1.5MW 

20 m 

dia   33% 20m near shore wavebob.com 

    Power Buoy 

Ocean Power 

Technology 

10 MW/ 

30 acres   

.15/ 

kWh   

most 

depths 

Scalable to many sizes, 

optimized at 20 kW/m 

oceanpowertechn

ologies.com 

    

Aegir 

Dynamo Ocean Navitas 1.2 MW 

9-12 

m dia     25+m close to shoreline 

oceannavitas.co

m 

    

Float Wave 

Electric 

Power Station 

(FWEPS) 

Applied 

Technologies 

Company 50 kW         

works in variety of 

conditions atecom.ru 

  

fixed point 

absorber CETO 

Carnegie 

Corp 200kW       

20-

50m 

turbine use or 

desalination 

carnegiecorp.co

m 

Oscillating 

Surge 

Converter 

hydraulic 

arm Oyster 

Aquamarine 

Power 

800 

kW 13m       

partially above the 

surface, rated for 20-

year life 

aquamarinepo

wer.com 

 

  bioWAVE 

BioPower 

systems 

250k, 

1MW 

30m 

40-

45m   

40-

50%   

has storm mode for 

protection 

biopowersyste

ms.com 

Attenuator   Pelamis 

Pelamis Wave 

Power 750kW 

120 

m l,  

0.11/ 

kWh 

 

    

pelamiswave.co

m 

Overtopping 

floating 

concentration Wave Dragon Wave Dragon 11 MW 

390x2

20     40+  

16-24 Kaplan turbines, 

14000m3 reservoir wavedragon.net 

OWC   LIMPET 

Voith Hydro 

Wavegen Ltd 500 kW 7m   40%    

fixed, optimized for 15-25 

kW/m wavegen.com 

    Oceanlinx blueWAVE 2.5 MW       40-80m  

use for electricity or 

desalinated water oceanlinx.com 

Other   

Poseidons 

Organ 

Floating 

Power Plant 16MW 230   35%  40 m combined water/wind 

poseidonorgan.c

om 

 1
1
4

 



 

 

Table A 6 Total technology analysis of hydrokinetic turbines 

Type Name  Company 

Power 

output Size Price  Depth Comments Source 

Axial 

Flow  SeaGen 

Marine Current 

technologies 1.2MW     48%   min. speed at 2.4 m/s marineturbines.com 

  AR 1000 

Atlantis Resource 

Corp. 1 MW  18 dia   

 40

%  30-50 2.65 m/s 

atlantisresourcescorporation

.com 

  

Delta 

Stream Tidal Energy 1.2 MW         3 connected turbines tidalenergyltd.com 

  AS-1000 

Atlantis Resource 

Corporation .1-1MW 

 

30mill /kW 

install     2.6 m/s 

atlantisresourcescorporation

.com 

  

Free Flow 

System Verdant Power 

60-80 

kW 5m dia   

38-

44% Floor RITE, 35rpm verdantpower.com 

  

Smar 

Turbine 

Free Flow Power 

Corp. 40kW             

  T500 tocardo 500 kW 20m      surface  3m/s tocardo.com 

Open 

center 

Open-

Centre 

Turbine Openhydro         Floor 

silent and invisible, 

easy on fish openhydro.com 

  RTT Lunar Energy 1 MW 

19.5m l, 

15m dia 5c/kWh goal   40+ m 

"invisible", huge, easy 

O&M lunarenergy.co.uk 

Cross 

Flow  Hydroflow IBIS LLC 120 kW 

7 m l, 

5m w       3 m/s energy.gov 

  

Neptune 

Proteus 

NP1000 

Neptune 

Renewable 

Energy Ltd 

1000 

MWh 6x6  

1M 

Euro/MW 

45%

+   Venturi duct, 2.5 m/s 

neptunerenewableenergy.co

m 

Stream 

energy bioStream BioPower systems 250kW         2.5 m/s biopowersystems.com 

  Morild II Hydratidal 1.5MW 23 dia,      surface 

wooden turbines, pitch 

contrallable hydratidal.com 

 

Triton 3 Tidal Stream 2MW 20 m  

 

40% 30-50 m 

Floating base with 

turbines, 2.2 m/s Tidalstream.co.uk 

Vertical 

Axis  

 

New Energy 

Corps 250 kW 

7.6 h, 

dia 

 

35-

40% 

Above 

surface 

portion Canoe Pass in Canada Newenergycorp.ca 

 1
1
5

 


