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SPACE AID FOR OCEAN THERMAL ENERGY CONVERSION Mission Statement Our mission is to conduct an interdisciplinary study between traditional Ocean Thermal Energy Conversion plants and those augmented by a space-based solar reflector in order to promote interest in space aided renewable energy. This document summarizes the research conducted by the Space Aid for Energy, Environment and Economics (SAFE3) team during the 2004/2005 Masters Programs of the International Space University (ISU). This study, Space Aid for Ocean Thermal Energy Conversion (SAOTEC), explores the possibilities for Ocean Thermal Energy Conversion (OTEC) to become a competitive part of the future renewable energy market and discusses the use of space-based solar reflectors for the benefit of such power plants. The OTEC plants considered in the study are between 6 MW and 50 MW in power output. This output is low in comparison with conventional power plants which burn fossil fuels, and can achieve power outputs in the order of 1000 MW. On the other hand OTEC plants can provide electricity for smaller coastal communities, valuable by-products such as desalinated water, and they are without severe negative ecological influences on the Earth. After performing this interdisciplinary research, it is the hope of the SAFE3 team that the report will inspire others to further investigate and develop the OTEC technology. We also hope that the focus on space reflectors will inspire the reader to look to space for assistance when seeking solutions to future energy demands.
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Energy Situation



Solutions for the Future



All over the Earth today, an increasing consumption of energy is observed. Though nuclear energy and hydropower play an important role in the generation of electricity, the primary resources used for energy production are currently fossil fuels, i.e. oil, natural gas and coal. The main consumers of these resources are in the industrial and transportation sectors. The high consumption of energy today also leads to many concerns such as resource depletion and environmental damage.



The fundamentals for future sustainable development in the energy sector should include a reduction in negative environmental impacts and a consideration of the energy needs of future generations. To achieve sustainable development, renewable energy sources should become a larger part of the energy market. However, predictions for the next 25 years show that the increase in the energy market will come mainly from fossil fuels. Marine energy, geothermal energy, solar energy, energy from biomass, wind power and hydropower are all renewable energy sources which should play a more important role in the future.



This increasing energy consumption will decrease the amount of time that fossil fuels, in Electricity prices for particular oil, can industry in 2000. USD/kWh serve as the main 0.15 suppliers of energy. In addition, the price 0.10 of this energy will increase significantly 0.05 when the demand becomes higher than the resources OECD India Japan Russia USA OECD available. Europe



80 % 70 % 2002



60 % Pacific average



Environmental impact is another important concern associated with the burning of fossil fuels. The Kyoto Protocol, which was ratified by 141 countries, and which entered into force in February 2005, is a clear acceptance from politicians around the world that climate changes due to global warming are partially caused by human activities. Fossil fuels are the main emitters of greenhouse gases which contribute to the global warming. Nuclear power plants are often considered to be a clean energy source, but the processing and storage of nuclear waste and the possibilities of accidents are major concerns.
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Final energy consumption 2002 & predictions for 2030 (Shown in percentage of world total energy consumption in 2002).



2030 50 % 40 % 30 % 20 % 10 %
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Background



Economic Feasibility



The Ocean Thermal Energy Conversion (OTEC) concept utilizes the temperature difference between the warm ocean surface water and the colder deeper water to produce electricity and other useful by-products such as desalinated The water flow through an Electricity water. The Turbine Generator open cycle OTEC plant. power This cycle uses the warm Desalinated production water itself as a Water working fl uid, generating Flash efficiency of Evaporator both electricity and Condenser an OTEC plant desalinated water. is directly proportional to Warm Water Cold Water Pump Pump the temperature difference. A minimum Discharge difference of 15°C to 20°C is required for a Water positive net energy output.



As of spring 2005, commercial OTEC plants are not yet available. The largest test-plant, which has been successfully operated, was a 210 kW open cycle OTEC plant in Hawaii, during the early 1990s.



Agriculture



Electricity Desalinated Water



Discharge Water Cold Water Pipe



Warm water pipe
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Cold Water Air Conditioning



Apart from electricity production, an OTEC plant could have additional benefits and by-products.



NPV



IRR NPV



6%



10.0



5%



8.0



4%



6.0



3% 4.0 2% 2.0



1%



6 MW OTEC plant



16 MW OTEC plant



Calculated Net Present Value (NPV) and Internal Rate of Return (IRR) for the reference 6 MW and 16 MW OTEC plants.



The success of OTEC may depend on the ability to take advantage of its by-products. These could include desalinated water from the open cycle OTEC, hydrogen produced by electrolysis and aquacultural food produced by utilizing the deep sea water, which is rich in nutrients.



USD/kWh 0.30 0.25



Million USD



Aquaculture



In the Tropics, the temperature of the ocean’s surface is ~25°C, while at a 1000m depth the temperature is only ~4°C. This temperature difference of ~20°C makes this a suitable region for OTEC plants.



IRR



To make OTEC plants commercially viable, larger plants capable of producing more energy are required. In the study, two different scenarios for such plants were investigated: a 6 MW plant using similar ocean temperature inputs as the one in Hawaii, and a 16 MW plant using a closed off bay or atoll as a reservoir for the warm water. Calculated cost per kWh for the reference OTEC plants compared to market prices today.



0.20 0.15 0.10 0.05



6 MW OTEC plant



16 MW OTEC plant



Price for industry in OECD (2000)



Average price for industry in Pacific (2000)
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The Space Segment



Launch



Space reflectors are considered for use with OTEC because they can increase the temperature of the ocean surface water and hence the thermal efficiency of the OTEC plant.



In the report, the Soyuz-2 Launch Vehicle (LV), which will be available from 2007/2008 and launched from Kourou (French Guiana), was chosen to launch the space reflectors. One Soyuz-2 LV can accommodate three space reflectors, resulting in a total of seven launches to get the twenty reflectors into orbit.



To achieve continuous coverage, the space segment chosen in the report was a constellation of twenty space reflectors evenly distributed in the equatorial plane. The reflectors would orbit the Earth at an altitude of 1,750 km. Such a constellation could service several OTEC sites, increasing the incoming solar radiation at each site by 5 W/m2. m 2k



Space Reflector



1.



Space Reflector and Ground Spot.



The deployed space reflector would be a hexagonal truss structure with triangular, thin Mylar film reflector surfaces stretched between the trusses. A boom would extend from the center of the reflector and guy km wires would stretch between the boom 17 5 W/m2 and trusses to provide extra stability. The spacecraft bus would be located at the rear end of the boom. The estimated cost for developing the space reflectors was 380 USD million and the construction was estimated to USD 170 million (per reflector). Design parameters are shown in the table below.



Support Film Thickness (Mylar) Mass (Reflector) Mass (Spacecraft Bus)
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1.2 km 0.5 µm 1,100 kg 500 kg



Reflector Area



The space segment with 20 space reflectors. Reflector (0.1 m of Al + 0.5 m of Mylar)



Guy wires



Orbit 1,750 km



Trusses



Space Reflector design parameters Reflector Diameter



On the basis of European Space Agency project documents, the launch price of the Soyuz-2 LV was estimated to be USD 35 million.



Boom



1.1 km2



Aluminum Layer Thickness Mass (Support structure)



0.1 µm 1,200 kg



Total Mass



2,800 kg
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Combining Space Reflectors and OTEC



Economic Feasibility



In the report, space-based solar reflectors were discussed as a method to increase the OTEC plant’s efficiency by increasing the input surface water temperature. Due to the interacting ocean currents, and interactions between the ocean surface and the atmosphere, an enclosed warm surface water reservoir would be needed to reduce heat losses.



The report shows that 10 OTEC plants augmented by a constellation of 20 space-based solar reflectors could achieve the same cost per kWh as OTEC plants without space reflectors. Considering the high amount of investments needed and the level of risks, the internal rate of return is not high enough to attract private investors. Future developments of the space reflectors and a reduction in launch costs would improve the financial results. Funding from governments, international organizations, or public private Calculated cost per kWh partnerships would be needed to initiate an for the OTEC and SAOTEC OTEC or SAOTEC project. plants compared to market USD/kWh



Using the same warm water flow as the 16 MW reference plant, the report shows that 50 MW net power output could be achieved by raising the ocean surface temperature from 40 °C to 60 °C. The table shows some of the differences between the 16 MW OTEC plant and the 50 MW Space Aided OTEC (SAOTEC) plant (both would use cold deep water of 4 °C).



prices today.



0.30 0.25



Parameters Temperature difference Net power output Desalinated water output Warm water mass flow rate Cold water mass flow rate



16 MW OTEC



50 MW SAOTEC



0.20



36 °C 16 MW 36,000 m3/day 10 m3/s 17 m3/s



56 °C 50 MW 67,000 m3/day 10 m3/s 43 m3/s



0.10



0.15



0.05 6 MW OTEC plant



An increase in the production of desalinated water is seen, but on the other hand, more cold water would be needed.



IRR NPV



6 % IRR
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10 Price for Average SAOTEC industry in price for plants of OECD industry 50 MW (2000) in Pacific (2000)



NPV 1.0



5% 4% 3%



0.5



2%



Billion USD



Other than space reflectors, there are several space-based technologies which could be helpful for an OTEC plant. Telecommunication, navigation and remote sensing satellites could all be useful. Remote sensing satellites could be used for the selection of suitable sites and for weather forecasting during operation. The amount of solar radiation reaching the surface of the Earth is very much dependent upon the weather. Heavy clouds and high humidity will reduce the radiation from the sun and the solar reflector.



16 MW OTEC plant



Calculated Net Present Value (NPV) and Internal Rate of Return (IRR) for the OTEC and SAOTEC plants.



1% (0.007) 6 MW OTEC



(0.009) 16 MW OTEC plant



10 SAOTEC plants of 50 MW
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Environmental



Ethical



In comparison with fossil fuel burning power plants, OTEC is an environmentally friendly method of power production which does not release any harmful greenhouse gases into the atmosphere. Recent studies show that OTEC could potentially reduce the amount of atmospheric carbon dioxide (CO2) observed today. The transportation of nutrient rich water from the ocean depths to the surface would stimulate the growth of phytoplankton and micro-algae, which convert atmospheric CO2 into oxygen via photosynthesis.



For a continuous development of OTEC/SAOTEC plants it is important to consider the reaction of local communities. Support from the local community would be one of the key issues for the smooth operation of the plant. Concerning space reflectors, the string of “false moons” across the night sky would blot out the stars and interfere with astronomical observations from the ground in the affected areas. It could be difficult to gain acceptance from the public regarding the constant light from the space reflectors and the converting of an atoll to a warm water reservoir for the SAOTEC plant.



Legal



On the negative side, spillage or over-release of chemical biocides may occur if no adequate precautionary measures are taken. This would harm the surrounding marine ecosystems. For the SAOTEC concept, the heating of the water would have a negative effect on the environment in the warm water reservoir. Furthermore the space reflectors would light up the area around the plant permanently, which may cause extra stress on the surrounding ecosystems.
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Before developing and constructing OTEC plants, laws and regulations for these operations should be made in the countries affected and should comply with established international treaties. Today only the USA has such regulations. States or non-governmental entities planning to sell excessive or remaining amounts of OTEC producible energy have to consider World Trade Organisation rules, in particular the GATT and GATS agreements. The use of space reflectors for several OTEC plants, distributed around the world, would require the development of international regulations and agreements on the shared use of the space reflectors.
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Suggested Implementation Plan



Risk Management



In the report the SAFE3 team has suggested an implementation plan that illustrates how a SAOTEC project could materialise, if funding and interest would be available.



The primary factors influencing the commercial feasibility of a SAOTEC project are: funding, cost efficiency of the space segment and the technical maturity of the OTEC and the space segment. All these factors have associated with them various risks. A properly constructed implementation plan, including a risk mitigation plan, could positively influence the economics of OTEC construction and utilization.



The implementation plan assumes the commencement of an OTEC project in 2006. The time period for research, development and testing of the OTEC plant was set to 5 years. Implementation Plan: OTEC



Likelihood 2006



2007 2008 16 MW OTEC Plant Development



Initiate OTEC project



2009



2010



2011



2012 E



Schedule Delay



Commissioning



2016 2017 2015 Production and Launch of Reflectors



Environmental Law Funding Issues Water too Warm for Marine Life-forms



Carbon Dioxide Release from Ocean



C



Public Rejection of OTEC Plant or Space Cash flow issues Natural Disaters Reflector Local Community Issues



Governemntal Regulations



There will be high risks regarding economical, environmental and ethical concerns, if such a project was started in the near future.



Attracting sharks License issues Non-availability of RS imagery



B



Release of metallic ions from OTEC plant



2018 A Operation



Construction of 50 MW SAOTEC plant



Light Pollution Cost Overrun



D



Implementation Plan: SAOTEC
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Risk Matrix for the SAOTEC project.



Operation



Construction Phase



The implementation plan also assumes that by 2012, the technology of deployable space structures (e.g. solar sails) will have matured enough for the space-based solar reflectors to be developed. Another 5 year period is assumed for the development and deployment of the space segment, as well as the construction of a SAOTEC plant.



2012 2013 2014 Space Segment Development Initiate Prototype SAOTEC Space Reflector project



Organisms Trapped in OTEC Plant Machinery
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Deployment Failure Contracutal Failure Immature OTEC Disturbance of thermohaline Technology circulation



Reflector Design Failure



Space Reflector Degradation Space Debris Collision Economic Recession/ Inflation



In-Orbit Failure



Launch Failure



Interference with Satellites



Ship collision with OTEC plant



Environmental impact of terrorist attacks



Large chlorine discharge



Shortage of Construction Material
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4



Beam Pointing Failure Damage, OTEC Components
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Low Risk Medium Risk High Risk



Severity
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Conclusion



The SAFE3 Team Recommend that:



Though still in the experimental phase, Ocean Thermal Energy Conversion is a potentially viable option for countries in the equatorial region. It is a renewable source of energy which could produce desalinated water and improve marine biomass production. However, attention should be given to the potential changes in the surrounding marine environment and the possible effects on global climates.



…an international organization, such as the World Bank Group, should provide financial incentives for research studies on OTEC plants via its members in order to invoke global interest in this energy production method. The organization and promotion of OTEC should be conducted by the United Nations.



The study shows that space technology could assist with the establishment of OTEC plants. The use of current and well established space technologies, such as remote sensing, will enable the identification of suitable sites and the monitoring of weather and environmental conditions. A system of space reflectors for the augmentation of OTEC plants would only make economic sense under strict assumptions and scenarios. Due to the low power density of the reflected light, the space reflector system outlined in the report would be more suitable for illumination purposes than power generation via ocean heating.



…education and outreach, promoting OTEC as a renewable and sustainable energy alternative, should be aimed at people residing in locations where OTEC would be most advantageous as well as national and international organizations. …Environmental Impact Assessments should be carried out at an early phase of future OTEC projects. …international remote sensing organizations such as the Global Earth Observation System of Systems should continue to promote the integration of remote sensing data, in order to assist with site selection for OTEC plants and continuous environmental monitoring. …before the establishment of OTEC plants, regulations for jurisdiction and control of OTEC plants (such as those existing in the USA) should be implemented. …governments should consider future space-based sustainable energy systems when setting funding levels and making guidelines for their respective space agencies. …space reflectors should be used for several applications such as the artificial illumination of affected sites in certain disaster situations and the improvement of agricultural production. As the technology matures, space reflectors should be considered for power generation. …solar ponds, accompanied by the use of hybrid cycles, should be considered in conjunction with OTEC to increase the overall efficiency of the plant.
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